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We have determined how the anomalous exchange bias effect in Co/CoO nanoparticles of 11 nm in diameter
depends on the Co core and CoO shell dimensions. The oxidation of the Co nanoparticles used in this study is
carefully controlled, yielding highly crystalline and oriented interfaces. The dimensions of the core and shell
are determined from magnetization and small angle x-ray scattering measurements. The exchange bias field in
Co/CoO core-shell nanoparticles depends nonmonotonically on the CoO shell thickness, reaching a maximum
value of �7 kOe at 30 K when the core and shell dimensions are similar. We propose that lattice strain induces
a net moment at the core-shell interface, and it is the variation of this moment with strain, which is responsible
for the vanishing of HEB at both large and small Co shell thicknesses.
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I. INTRODUCTION

The exchange bias effect occurs when a ferromagnet
�FM� in direct contact with an antiferromagnet �AFM� is
cooled below the Néel temperature of the latter in an applied
magnetic field. If the AFM anisotropy KAFM is strong
enough, the magnetization loop of such a system is shifted
along the field axis by the exchange bias field HEB.1 The
exchange bias effect in magnetic nanostructures remains one
of the most intensively studied topics in condensed matter
physics,1–3 in part because it is a promising way to stabilize
small ferromagnetic particles against thermal fluctuations,3,4

potentially providing a route to higher density magnetic re-
cording. However, a fundamental understanding of the ex-
change bias effect remains incomplete.3 A key consideration
for the design of magnetic devices is to specify the relative
dimensions of the ferromagnet and antiferromagnet, which
maximize the exchange bias field. Previous experiments on
thin films found that HEB�1 / tFM, which as ascribed to neg-
ligible FM anisotropy and strong coupling at the AFM-FM
interface.3,5–11 The dependence of HEB on the thickness of
the AFM has been less studied, although the general trend
suggests that this relationship is nonmonotonic.12–16 These
studies have all been impacted to differing extents by extrin-
sic factors, such as domain formation, interfacial roughness,
impurities, and grain boundaries, all of which affect the ex-
change bias effect in nontrivial and somewhat uncontrollable
ways.9,11,17,18 Many of these factors can be more readily con-
trolled in nanoparticle systems, where low-temperature syn-
theses can result in nanocomposite systems where the ferro-
magnetic core and antiferromagnetic shell are highly
crystalline, and their interface nearly epitaxial in quality.19 In
several of these systems, the exchange bias field approaches
the values estimated by simple theories,15,19–21 indicating that
the complications of extrinsic effects can potentially be over-
come.

Establishing how the exchange bias field depends on the
dimensions of the ferromagnetic and antiferromagnetic com-
ponents of a nanoparticle system has proven to be a signifi-

cant technical challenge, as previous experiments have
shown. First, all parts of the nanoparticle must be highly
crystalline, but especially in the vicinity of the AFM-FM
interface.3,5 Both the ferromagnetic and antiferromagnetic
components must also be single domain.2 Finally, the synthe-
sis process must produce nanoparticles with controllable and
monodispersed AFM and FM dimensions, which must be
accurately measured.15,22 We present here the results of our
measurements of the exchange bias effect in highly crystal-
line Co core/CoO shell nanoparticles, where the samples rep-
resent different stages of oxidation of the same preparation
batch. We will use a combination of magnetization and small
angle x-ray scattering �SAXS� experiments to accurately de-
termine the core and shell dimensions, and demonstrate that
interparticle interactions play no appreciable role in the mag-
netic processes, including the exchange bias effect. Our re-
sults confirm and expand initial reports that the exchange
bias field HEB depends nonmonotonically on the ferromag-
netic core diameter.15,21 By appealing to neutron diffraction
experiments carried out on similar samples,19 we argue that
variations in the strain induced coupling of the core and shell
are responsible for this effect.

II. SAMPLES AND EXPERIMENTS

Co nanoparticles are prepared by the thermal decomposi-
tion of Co2�CO�8 in hot oleic acid as described in Ref. 23.
Once the particles have fully formed, we oxidize the Co
nanoparticles in situ by bubbling oxygen through the suspen-
sion at 180 °C, and take aliquots of the oxidizing particles
after 25, 50, 90, 140, and 295 min have elapsed. We obtain
six samples in total �M1–M6�, including a reference sample
of the unoxidized Co nanoparticles �M1�. We then wash the
nanoparticles in ethanol to remove excess oleic acid, and
redisperse them in paraffin for magnetization measurements
and toluene for SAXS measurements. Transmission electron
microscope �TEM� measurements show that the Co particles
which we will use for our study have an unoxidized diameter
of 11�2 nm, a polydispersivity typical of this synthesis
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procedure.19,23 Since oxidation occurs at relatively low tem-
perature and while the particles are in suspension, the CoO
shell forms relatively slowly but uniformly on each particle.
This results in a near-epitaxial core-shell interface that is
oriented along the CoO �100� and equivalent crystal direc-
tions. Unlike oxidation studies which are done on precipi-
tated ferromagnetic particles, our procedure yields core-shell
particles with highly uniform CoO shell thicknesses, likely
reflecting the oxygen diffusion length itself. We note that the
dual effect of the oxide coating and the attachment of oleic
acid to the individual particles greatly inhibits agglomeration
when the particles are precipitated from solution, unlike the
case of strongly ferromagnetic particles.

Magnetization measurements were carried out using a
quantum design magnetic property measurement system
�MPMS�. 10 �l of the original aliquots was dispersed in
50 �l of liquid paraffin and then injected into a standard
gelatin capsule. In order to measure the exchange bias field,
a sample is cooled from 300 to 30 K in an applied magnetic
field of 50 kOe. The magnetization is then measured as a
function of an applied magnetic field at 30, 80, 140, and 200
K. The exchange bias field HEB is determined from the loop
shift after subtracting the linear diamagnetic magnetization
of paraffin. The exchange bias field is calculated as HEB
= �Hc1−Hc2� /2, where Hc1 and Hc2 are the negative and posi-
tive coercive fields, respectively. The temperature-dependent
magnetization M�T� was measured in a fixed field of 500 Oe.

SAXS measurements were performed at the X-21 beam-
line at the National Synchrotron Light Source at Brookhaven
National Laboratory. About 10 mg of each original aliquot is
suspended in 200 �l of toluene and injected into quartz cap-

illaries with 1 mm thick walls. We further diluted the un-
deroxidized samples M2–M3 and nonoxidized sample M1 by
a factor of 20 to reduce possible interparticle interactions,
which may otherwise be present because of the dipolar-
dipolar interactions between Co cores, which we will discuss
below. All samples were measured at the same x-ray wave-
length of 1.24 Å. The data are corrected for background
scattering from the quartz capillary and toluene, as well as
for beam attenuation.

III. RESULTS

Figure 1�a� shows the full-magnetization loop M�H� after
cooling from room temperature in a field of 50 kOe. The
oxidized samples demonstrate a substantial shift of the loop
toward negative fields, while no shift is observed for the bare
Co nanoparticles under the same experimental conditions.
We have plotted the temperature dependencies HEB�T� in
Fig. 1�b�, and the values of HEB for each of the six samples
are summarized in Table I. We see that HEB first becomes
nonzero at �200 K in each sample and increases with de-
creasing temperature. In the first stages of oxidation �M1�
HEB is very small, but initially increases rapidly at all tem-
peratures with increasing oxidation �M2, M3, and M4�.
Maximum values for HEB approaching 7 kOe are found in
samples M4 and M5, similar to values found by us and by
others in previous measurements on differently sized Co
core/CoO shell nanoparticles,4,15,19,20 although somewhat
larger values have been reported for Co/CoO bilayer
samples.24–26 Further oxidation �M6� leads to a strong reduc-
tion in HEB�T�, until it is only slightly larger than that of the
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FIG. 1. �a� Field dependent magnetizations of six samples of Co core/CoO shell nanoparticles, measured at 30 K. �b� The temperature
dependence of the exchange bias field HEB for all six samples. Solid lines are guides for the eye. �c� Temperature dependence of the coercive
field HC for the same six samples. �d� The temperature dependent magnetization M�T� normalized to the highest field-cooled value M10 K

for samples M3, M4, and M5. �e� A comparison of the temperature-dependent magnetizations for dilute and concentrated powders of
Co/CoO nanoparticles.
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nominally unoxidized sample M1. A similar trend with oxi-
dation was observed for the coercive field HC�T� �Fig. 1�c��.
No vertical shifts of the magnetization loops were found in
any of our samples, at any temperature. This indicates that
there are relatively few uncompensated spins in our
samples.27,28

Figure 1�a� also demonstrates a monotonic decrease of the
saturation magnetization MS as the oxidation time increases.
Since the overall diameter and concentration of the Co/CoO
nanoparticles is the same for each sample M1–M6, we as-
cribe the decrease in the saturation magnetization to the de-
crease of the Co core radius as the antiferromagnetic CoO
shell becomes progressively thicker. By normalizing the
measured magnetization of each sample to the value mea-
sured in the bare Co nanoparticles, we can calculate the vol-
ume of the Co core and thus infer the volume of the CoO
shell in each sample. The calculated values for the radius of
the core RM and the thickness of the shell tM are also pre-
sented in Table I. Using the standard value of 162 emu/g for
Co29 and taking the particle diameter from TEM and SAXS
measurements to be 11 nm, we deduce that each sample con-
sists of about 4�1016 nanoparticles.

The temperature-dependent magnetization reveals that the
blocking temperature TB�200 K for all samples, indepen-
dent of the Co core and CoO shell dimensions, except for the
M5 sample, where TB appears to be slightly higher �Fig.
1�b��. This indicates that the superparamagnetic dynamics of
the Co core, which dominate the response at higher tempera-
tures are frozen out below �200 K, where core reversal and
reorientation are controlled by an energy barrier which is
dominated by the exchange energy of interaction between the
ferromagnetic core and the antiferromagnetic shell, and not
by a volume dependent energy barrier KV due to magneto-
crystalline anisotropy.30 Interactions between particles can
affect both the blocking temperature and the magnitude of
the exchange bias effect in some systems.31–33 To test this
possibility, we have measured M�T� for another sample of
Co core/CoO shell nanoparticles, this time with an overall
particle diameter of 7 nm �Fig. 1�e��. No appreciable differ-
ence is observed in the blocking temperature for the precipi-
tated powder, where the particles are approximately 1 diam-
eter apart, and a dilute suspension in paraffin, where the
average separation among the particles is �5 particle diam-

eters. The same value of the exchange bias field is observed
in both samples after field cooling in a 50 kOe field. We
conclude that interparticle interactions have no measurable
effect on the dynamical blocking of our samples.

SAXS experiments are used to provide independent mea-
surements of the dimensions of the particle cores and shells,
and to test for the possible presence of agglomeration in our
samples. Measurements of the SAXS intensity for each of
the samples M1–M6 are plotted as functions of the scattering
vector q in Fig. 2. In each case, the measurements were
performed at room temperature. The data are fitted using
software which was originally developed for small angle
neutron scattering measurements at the NIST Center for
Neutron Research,34 adapted here for the analysis of SAXS
data by converting electron densities into neutron scattering
length densities. The q dependence of the SAXS intensity
I�q� is fitted using a combination of two models. The first
model uses a form factor of spherical core-shell nanopar-
ticles assuming a polydispersed core and monodispersed
shell.35 We believe this assumption is appropriate, since our
transmission electron microscopy studies of similar Co core/
CoO shell nanoparticle samples19 indicate that the CoO shell
thickness is virtually identical in each particle, and is pre-

TABLE I. Samples obtained by the progressive oxidation of a single batch of Co nanoparticles. Here � is
the oxidation time, R is the radius of the Co core and t the thickness of the CoO shell. The subscript identifies
the technique used to determine the dimensions: M is magnetization measurements, SAXS is the small angle
x-ray scattering. HEB is the maximum of the exchange biased field observed at 30 K after field cooling in 50
kOe from room temperature.

Sample
�

�min�
RM

�nm�
tM

�nm�
RSAXS

�nm�
tSAXS

�nm�
HEB

�kOe�

M1 0 5.60�0.54� 0.00�0.14� 3.20�0.61� 1.20�0.49� 0

M2 25 4.97�0.49� 0.63�0.14� 3.50�0.66� 1.00�0.60� 2.30�0.16�
M3 50 4.58�0.46� 1.02�0.13� 3.50�0.62� 0.98�0.60� 4.10�0.086�
M4 90 3.19�0.31� 2.41�0.12� 2.25�0.42� 2.61�0.31� 6.79�0.63�
M5 140 1.39�0.16� 4.21�0.11� 1.46�0.27� 3.70�0.11� 5.18�0.22�
M6 295 1.05�0.14� 4.55�0.11� 0.50�0.11� 4.60�0.46� 0.52�0.019�
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FIG. 2. Log-log plot of the scattered x-ray intensity measured as
a function of scattering vector q at room temperature �open circles�
and fits to the model described in the text �solid lines�. Inset: the
power law coefficient A for different samples.
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sumed to reflect the finite diffusion length of oxygen at the
oxidation temperature of 180 °C. In this way, all polydisper-
sivity can be associated with the overall particle diameter
and hence, that of the Co core. The second model is the
power law superposed on a q-independent background I�q�
=Bq−A+bkg, which describes the formation of chainlike ag-
gregates, resulting in the nonsaturating behavior of the scat-
tered intensity I�q� at low q. The formation of chainlike
structures has been previously reported in a SAXS experi-
ment carried out in a suspension of similarly sized Co
nanoparticles.36 During the fitting we fix the scattering length
densities of the Co, CoO, and toluene to their bulk values in
order to reduce the number of free parameters.37 The best fits
for all samples are represented by the solid lines in Fig. 2.
We believe that modest discrepancies between the data and
the fits, evident particularly in the most heavily oxidized
samples at higher q, may be due to a reduced density of the
Co and possibly the CoO caused by finite size effects.38,39 A
representative set of fitting parameters determined from the
SAXS experiment on the M2 sample is presented in Table II.

We have added the core radius RSAXS and the shell thick-
ness tSAXS, which were determined from the SAXS fitting
parameters to Table I. The SAXS measurement finds that the
core radius and the particle diameter have �10% polydisper-
sivity, although slightly larger values are found in M5 and
M6. We see that the core and shell dimensions determined
from the SAXS measurements are in reasonable agreement
with the values determined from magnetization measure-
ments, previously described. Because nanoparticles in tolu-
ene are more vulnerable to oxidation than nanoparticles in
paraffin, we attribute the slight differences between the two
measurements in the core and shell dimensions to additional
oxidation of the Co/CoO nanoparticles during the SAXS
measurements. This effect is especially pronounced in the
nominally bare Co nanoparticles �sample M1�. While mag-
netization measurements show zero exchange bias field in
sample M1, consistent with the absence or near absence of a

CoO shell, the SAXS measurements indicate that for the
same sample dispersed in toluene a CoO shell of 1.2 nm has
formed. We must conclude that the CoO overlayer revealed
by the SAXS measurements is below the critical thickness
required to enable a measurable exchange bias effect.40

The fits to the SAXS data indicate that residual dipolar
interactions among particles, while not appreciably affecting
the magnetization dynamics at room temperature, lead to the
formation of structures with length scales which are longer
than the particle diameters themselves. The inset of Fig. 2
indicates an increase of the power law exponent A with in-
creasing degree of oxidation in our samples. The implication
is that oxidation reduces the size of the Co core and since the
cores are always prevented from closer contact by the at-
tached surfactant and the surrounding CoO shells, we must
conclude that the dipolar interactions among the particles are
weak. In slightly oxidized samples, the value of A is small,
indicating that the dipolar interactions arrange the core/shell
particles into chainlike structures. In the more highly oxi-
dized samples, the interactions are weaker, and the increased
value of A indicates that the chainlike structures are broken
down into more complicated, and perhaps less ordered,
fractal-like structures.41,42

IV. DISCUSSION

Using a combination of two independent techniques, mag-
netization measurements and SAXS, we have determined the
core and shell dimensions of Co nanoparticles, which have
been progressively oxidized. While the SAXS measurements
show some indication of spatial organization of the particles,
dilution measurements show that interparticle interactions
have no measurable impact on the blocking temperature and
the exchange bias field HEB. The Co cores in our particles are
always too small to sustain multiple ferromagnetic
domains.43 High-resolution transmission electron micros-
copy �HRTEM� measurements show that our technique of
low temperature, in-solution oxidation results in highly ori-
ented interfaces between the Co core and the CoO shell,19

largely free of the surface roughness and subsequent decom-
pensation of the net interface moment which dominates the
interfaces of thin films. It is fair to say that we have demon-
strated sufficient control over the properties of our samples
to mount a definitive study of how HEB depends on the rela-
tive dimensions of the ferromagnetic Co core and the anti-
ferromagnetic CoO shell.

Our primary result is presented in Fig. 3�a�, where we
have plotted the values of HEB, measured at different fixed
temperatures, as a function of the inverse of the Co core
radius R, taken as the average of the values of RM and RSAXS
�Table I�. As previously noted, HEB increases with decreasing
temperature for all samples. Strikingly, Fig. 3�a� shows that
HEB is small both when the core is small and also when it is
large. HEB is maximized in sample M4, distinct from the
underoxidized samples M1, M2, and M3 where the core is
much larger than the shell, and the overoxidized samples M5
and M6 where the shell is much larger than the core. Appar-
ently, a substantial core and a sizable shell are both necessary
ingredients for realizing a large value for HEB. Importantly,

TABLE II. The parameters determined by fitting SAXS data
taken on sample M2. c is the overall intensity scale parameter;
RSAXS is the radius of the Co core; �RSAXS is the core polydisper-
sivity; tSAXS is the thickness of the CoO shell, and �core, �shell, and
�solv. are the scattering length densities for the Co core, CoO shell
and toluene, respectively; A, B and bkg are the parameters of the
power law I�q�=Bq−A+bkg.

Parameter Average value Standard deviation

c 5.58�10−5 Fixed

RSAXS �nm� 3.50 0.66

�RSAXS 0.19 3.00�10−3

tSAXS �nm� 4.72 0.20

�core �Å−2� 6.92�10−5 Fixed

�shell �Å−2� 4.62�10−5 Fixed

�solv. �Å−2� 8.40�10−6 Fixed

B �a.u.� 1.60�10−3 4.10�10−5

A �a.u.� −1.20 0.25

bkg �cm−1� 0.02 Fixed
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the value of HEB depends only weakly on the core and shell
dimensions in the samples M4 and M5, which have compa-
rable values of HEB although the core radius of sample M4 is
�2 times bigger than that in sample M5. These results are in
dramatic conflict with those found in Co/CoO thin films,3,6–8

which confirm the simplest models of the exchange bias ef-
fect, which have HEB inversely proportional to the thickness
of the ferromagnet.1 Of course, it is worth noting that in the
thin film systems, the antiferromagnet is taken as having in-
definite lateral size. This is clearly not the case in nanopar-
ticle samples, where we can expect that the magnetic struc-
ture can be strongly altered in the vicinity of the core-shell
interface and where artificial limits are imposed on both FM
and AFM thicknesses.2,19,44,45 In the current study, the Co
core radius and the CoO shell thickness must sum to 5.5 nm,
so they are in no way independent variables. This is con-
firmed when we plot the value of the exchange bias field at
30 K as a function of the CoO shell thickness in Fig. 3�b�,
showing that the exchange bias is small when the CoO shell
is thin �Co core is large� as well as when the CoO shell is
thick �Co core is small�. A similar trend is observed for the
coercive field HC, which seems to peak at smaller values of
tCoO than HEB.

The nonmonotonic behavior of the exchange bias field on
the core or shell dimensions is intuitively reasonable. We do
not expect an exchange bias effect when the CoO shell is
vanishingly small or conversely when the Co core disap-
pears. In both cases, HEB should approach zero, as it does in
Figs. 3�a� and 3�b�. It is a more complex issue to understand
how HEB is jointly controlled by the dual influences of an
antiferromagnetic shell, which increases in thickness and a
ferromagnetic core which at the same time decreases in
thickness. The nonmonotonic dependence of HEB on the an-
tiferromagnetic shell thickness has been previously observed
in Co/CoO clusters and nanoparticles, although the core and
shell dimensions were not constrained in these
experiments.15,46 It was argued that the initial increase of
HEB with CoO thickness was a finite size effect. Specifically,
the Néel temperature TN of the CoO shell approaches the
bulk value of 293 K when the thickness of the CoO shell is
larger than 10 nm, but drops off rapidly with decreasing CoO
thickness and reaches values as low as 10 K in CoO nano-
particles with diameters of 1.5 nm.22,30,47 A nonzero ex-
change bias field can only be observed when the measure-
ment temperature is smaller than the Néel temperature of the

CoO shell,48,49 so the apparent increase in HEB with tCoO
suggests that TN passes through a given measurement tem-
perature as the CoO shell exceeds a certain thickness tCoO.
However, we can reject this explanation in our samples. We
have directly measured the antiferromagnetic order param-
eter in similar Co/CoO core-shell nanoparticles using neu-
tron diffraction.19 Consistent with the uniform onset of the
exchange bias effect below a blocking temperature TB
�200 K �Fig. 1�b��, we found that TN�235 K, indepen-
dent of core and shell dimensions.

It is entirely possible that part of the variation of HEB with
the decreasing core diameter found in the early stages of
oxidation may arise from the same energetics that leads to
HEB�1 / tFM in thin film systems,1 but it is clear that this is
not enough to explain the nonmonotonic dependence of HEB
on the dimensions of the nanoparticle core and shell. We
propose here that the magnitude of the moment induced by
directional lattice strain at the core-shell interfaces plays a
crucial role in determining the relationship between HEB and
the core and shell dimensions. Neutron diffraction measure-
ments on similar Co core/CoO shell nanoparticles19 indicate
that the epitaxial growth of CoO on Co leads to a tetragonal
strain at the interface, present in both the paramagnetic and
antiferromagnetic phases, and with a magnitude that is much
larger than that found in bulk CoO.50–53 This strain is largest
in the thinnest CoO layers, relaxes as the oxide layer grows,
and ultimately increases again at the highest oxide thickness,
presumably as the result of defects introduced during over
oxidation. Since the Co-CoO interface is highly directional
in our samples, with the interfaces lying along the CoO 100
and equivalent directions, the consequence of the lattice
strain on the magnetic structure is profound. The modulation
of the antiferromagnetic magnetization in both bulk and
nanocrystalline CoO involves two wave vectors, q1

= 2�
a � 1

2 , 1
2 , 1

2 �, and q2= 2�
a �1,0 ,0�.19 The amplitude of the

trigonal q1 modulation is small and very similar in magni-
tude in bulk CoO and in the core-shell nanoparticles. How-
ever, the amplitude of the tetragonal component with wave
vector q2 is much larger in the core-shell nanoparticles than
in bulk CoO, and varies strongly with the CoO thickness,
due to unrelaxed tetragonal strains arising from lattice mis-
match at the Co-CoO interface. By itself, the q1 modulation
would lead to an antiferromagnetic structure where the mo-
ments are perpendicular to the �111� planes, and to the com-
plete moment compensation of the �100� plane. Similarly, the
q2 distortion would lead to antiferromagnetic order where
alternating ferromagnetic �100� planes are stacked along the
�100� axis, leading to �100� planes that are completely un-
compensated. Increasing the q2 component results in a cant-
ing of the interface moments away from the q1 direction, and
to the progressive decompensation of the �100� interface
planes.

In underoxidized particles where the CoO shell is very
thin �M1, M2, and M3�, the strain and hence this canting is at
a maximum. We infer that little, if any, of the CoO shell has
the undistorted and fully compensated bulk CoO magnetic
structure, and that the moment induced at the interface leads
to enhanced coupling to the core. No exchange bias effect is
expected if the moments in the core and shell reorient to-
gether. Lattice strain is found to be less severe in the mod-
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FIG. 3. �a� The exchange bias field HEB as a function of inverse
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HC at 30 K as functions of the CoO shell thickness tCoO. Solid lines
are guides for the eye.
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erately oxidized particles �M4�, and there is less moment
canting at the interface. We hypothesize that the moments in
the parts of the shell far from the interface return to the
compensated magnetic structure of bulk CoO, and are essen-
tially uncoupled from the external field and from the core
moments. This situation is exactly what is needed for an
optimal exchange bias: there are still strain-induced moments
at the interface which enhance the core-shell coupling,19,54,55

but these moments are impeded from free rotation with the
core moments by their exchange interactions with the mo-
ments in the outer shell. Increasing the thickness of the CoO
shell leads to a further reduction of the interface moment,
and now virtually the entire CoO shell approaches the com-
pensated structure of bulk CoO. As was demonstrated in thin
film experiments,56 the observation of an exchange bias ef-
fect for ferromagnets exchange coupled to CoO requires an
uncompensated interface, and not the nearly compensated
�100� interface which is regained in samples M5 and M6,
with the thickest CoO shells and the most relaxed interface
strains. Finally, we note that the development of the core-
shell exchange coupling during the early stages of this pro-
cess are in at least qualitative agreement with a recent model
of the energetics of the exchange bias effect.40

V. CONCLUSION

The possibility of using magnetic core-shell nanoparticles
as a storage medium for magnetic recording is appealing,
particularly when the moment can be stabilized by the ex-
change bias effect. Understanding how to optimize the ex-
change bias effect by varying the dimensions of the core and
shell is an important but still unresolved issue which under-
lies this application. While we concede that the particles used
in nanoparticle devices may ultimately be significantly less
perfect than those studied here, it is necessary to demonstrate
a great deal of control over the particles themselves in order
to establish unambiguously how the core and shell dimen-
sions optimize the exchange bias field HEB. We have used a
solution growth technique to create Co particles which are
highly crystalline, and with highly monodispersed diameters.
These particles are oxidized at low temperatures while they
are still in solution, leading to very uniform CoO shell thick-

nesses, with core-shell interfaces which have been shown to
be both highly directional and highly ordered. We have taken
samples from different stages of this oxidation process, an
approach which guarantees that the particle diameter remains
constant, while the CoO shell grows thicker just as the Co
core becomes smaller. We have used SAXS measurements to
directly determine the core and shell dimensions of a much
larger assemblage of particles than is possible using trans-
mission electron microscopy measurements. The SAXS mea-
surements also confirm that the interactions among particles
in solution are weak, although magnetization measurements
carried out for different average particle spacings indicate
that interparticle interactions have little impact on the mag-
netic properties of these core-shell particles. We find that the
exchange bias field depends nonmonotonically on the CoO
shell thickness, and that the largest values for HEB approach
simple theoretical estimates15,19–21,57 only when the Co core
and CoO shell have similar dimensions. By appealing to neu-
tron diffraction measurements carried out on similar nano-
particles, we argue that the core and shell are over-coupled
when the CoO shell is thin, locking the shell moments to the
reorienting core. Conversely, when the CoO shell is much
thicker than the core radius, the shell is under coupled, and
we regain the same dynamics expected for bare Co particles.
Only when there is a CoO shell, which is sufficiently thick to
have both a moment-bearing layer at the interface for core-
shell coupling and a substantial volume with the moment
compensated bulk CoO structure can we expect to see a sub-
stantial exchange bias effect.
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