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Abstract We report, for the first time, the synthesis

of magnetically contrasted oxide-based core–shell

nanoparticles using the polyol process. Iron oxide

nanoparticles were first prepared by forced hydrolysis

of iron acetate salt in a polyol and were then recovered

by centrifugation and re-dispersed in a fresh cobalt

acetate polyol solution. The microstructure of the

resulting powder was finely characterized combining

X-ray diffraction, transmission electron microscopy,

and X-ray photoelectron spectroscopy. Interestingly,

the produced particles appeared to be of a very high

crystalline quality with a perfect epitaxy between the

spinel-like iron oxide core and the rock-salt-like cobalt

monoxide shell, leading to a substantial exchange bias

at low temperatures. As a consequence, a net blocking

temperature, TB, increase was measured on the

superparamagnetic iron oxide cores when they were

coated by CoO, reaching a TB value of 298 K, very

close to room temperature.

Keywords Fe3O4 � Core–shell nanoparticles �
Polyol process �Magnetic properties � Exchange

bias

Introduction

Magnetic exchange bias (EB) has been the focus of

much attention due to its broad impact on magnetore-

sistive devices, non-volatile random access memories,

and spintronics (Nogués and Schuller 1999; Berkowitz

and Tagano 1999; Nogues et al. 2005). EB was first

discovered over 50 years ago (Meiklejohn and Bean

1956, 1957 ), as a field shift in the hysteresis loop and

enhanced coercivity (compared to that of free ferro-

magnetic layer), resulting from the exchange coupling

between the magnetic moments located at the interface

between antiferromagnetic (AF) and ferro- or ferri-

magnetic (F) phases when the material is cooled in the

presence of an applied magnetic field from a starting

temperature between Néel temperature (TN) and Curie

temperature (TC). Such a coupling is promoted by

epitaxial interface between both magnetic phases.

Among oxide-based materials, Fe3O4–CoO struc-

tures have been investigated since it is already
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established from physical studies that, because of the

similarities in the oxygen sub-lattices of the spinel

(F) and rock-salt (AF), high-quality epitaxial super-

lattices can be grown as thin layers by pulsed laser

deposition or molecular beam epitaxy (Kleint et al.

1998; Ijiri et al. 2007). Neutron diffraction performed

on such samples, namely [001] epitaxial Fe3O4

(10 nm)/CoO (1.7–10 nm) 50-multilayers on MgO

substrates, underlined the importance of the interfacial

atomic and magnetic structures in order to observe

biasing mechanisms at the F/AF interface, even if the

microscopic origin of EB is still not clearly understood

(Ijiri et al. 1998).

Focusing on these systems, one of the most

important issues of EB is the increase of the thermal

stability of the Fe3O4 magnetization, indicated by the

blocking temperature, TB, governing the choice of the

biasing materials for the design of magnetic heads. Up

to now, TB has been intensively studied as a function

of AF layer thickness (D) and was found to decrease

with D in epitaxial Fe3O4–CoO multilayers (van der

Zaag 1996; Kleint et al. 1998; Ijiri et al. 1998; van der

Zaag et al. 2000).

To the best of our knowledge, until now, all

exchange-biased Fe3O4–CoO structures were pro-

duced as thin layers using physical deposition tech-

niques, since the related routes offer the opportunity to

achieve the required interfacial epitaxy and outer layer

thickness control. Curiously, very few works are

dealing with an extrapolation to the core–shell gran-

ular nanostructures (Pichon et al. 2013), despite their

growing interest to enhance magnetic properties by

coupling different magnetic phases. But now, chemists

can control perfectly the previously mentioned micro-

structural parameters. Indeed, nanoparticles (NPs) are

less expensive to produce. The nature of their F and

AF components may be largely varied, and finally,

they can be implemented more easily in nanodevices.

In this study, we focused on the chemical synthesis,

reported for the first time, of very well-controlled core–

shell Fe3-xO4–CoO NPs in composition, shape, and

size. We used the polyol process, a versatile chemical

route, for the preparation of highly crystalline, mono-

disperse, and isotropic in shape metal oxide nano-

objects (Basti et al. 2010; Beji et al. 2010; Artus et al.

2011). Polyols play the role of solvents, complexing

ligands, and reducing agents, allowing the formation

and stabilization of almost Fe3-xO4 and non-oxidized

CoO phases, while their thermodynamical stable

phases correspond to their oxidized phases c-Fe2O3

and Co3O4, respectively. The fine microstructure of

these innovative hetero-nanostructures was then inves-

tigated combining X-ray diffraction (XRD), X-ray

fluorescence spectroscopy (XRF), high-resolution

transmission electron microscopy (HRTEM), and

X-ray photoelectron spectroscopy (XPS) while their

magnetic properties were studied to evidence the core–

shell structure and EB coupling.

Experimental section

Chemicals

Cobalt and iron acetate salts, as metal precursors, and

diethylene glycol (DEG), as solvent, were purchased

from ACROS. They were all used as-purchased,

without any further purification.

Synthesis

Iron oxide NPs were prepared by forced hydrolysis in

polyol medium. Generally, 23 mmol (4.0 g) of anhy-

drous iron acetate was dissolved in 250 mL of DEG

under mechanical stirring and heated under reflux until

boiling point (225 �C). NPs were then recovered by

centrifugation, washed with acetone, and dried in air.

1.7 g of the recovered powder was used as seeds for

cobalt monoxide growth by redispersion in a fresh

DEG solution of tetrahydrate cobalt acetate

(0.1 mol L-1) before adding 0.9 mL of distilled

water. The reaction medium was then heated up to

the boiling point (180 �C) for 18 h under mechanical

stirring. The cooled suspensions were centrifuged,

washed with acetone, and dried in air.

Characterization

X-ray diffraction was performed on a Panalytical

X’pert Pro diffractometer equipped with a multi-

channel detector (X’celerator) using the Co Ka

radiation (k = 1.7889 Å) in the 10–110� 2h range

(scan step of 0.025 for 2 s). Refinements were

performed using MAUD program, which result from

a combination of Rietveld method and Fourier

analysis (Lutterotti et al. 1999). The chemical com-

position was checked by XRF. A drop of an aqueous

suspension of the produced powder was deposited on a
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clean prolene membrane and analyzed using certified

solutions with appropriate Fe and Co composition on a

Panalytical Epsilon 3XL spectrometer equipped with

an Ag X-ray tube operating at 30 kV and 480 lA

current emissions in air, during 30 s. HRTEM obser-

vations were carried out on a JEOL 2100F microscope

operating at 200 kV, equipped with a field emission

gun, a high-resolution UHR pole piece, and a Gatan

US4000 CCD camera. The particle size distribution

was estimated from the micrographs using a digital

camera and the SAISAM software (Microvision

Instruments), calculating the surface-average particle

diameter through a statistical analysis obtained by

counting about 400 particles considering a spherical

particle shape. Energy Filtered TEM (EFTEM) ele-

mental mapping was performed using the three

window technique (Kundmann and Krivanek 1991).

XPS spectra were recorded using a VG ESCALAB

250 system equipped with a micro-focused, mono-

chromatic Al Ka X-ray source (1486.6 eV) and a

magnetic lens. A 500-lm-sized X-ray beam was used

at a power of 150 W and a potential of 15 kV. The

spectra were acquired in the constant analyzer mode,

with pass energy of 100 and 40 eV for the survey and

the narrow regions, respectively. Charge compensa-

tion was achieved with electron flood gun. The

Advantage software version 4.67 was used for data

digital acquisition and processing. The peak binding

energy positions were calibrated by setting the

adventitious aliphatic carbon C 1s peak at 285 eV

(Briggs and Seah 1990). Magnetic measurements were

performed on quantum design PPMS using VSM

option with a maximum applied field of 7 T in a field

cooling (FC) and zero field cooling (ZFC) experimen-

tal modes. The powder was dispersed in diamagnetic

alumina (4.2 wt %) and compacted into a plastic

sampling tube in order to avoid grains’ displacements

during the measurements.

Results and discussion

Microstructural properties

X-ray fluorescence spectroscopy analysis showed that

the produced powder contains cobalt and iron atoms in

a Co/Fe atomic ratio of 0.78, smaller than the nominal

one, namely 1.13, suggesting that only a part of cobalt

salt reacted in order to form the desired cobalt oxide

phase. This experimental ratio was confirmed by XRD

measurements (Fig. 1).

The recorded XRD pattern exhibited almost broad-

ened peaks matching very well with the spinel-like

iron oxide (Fe3-xO4) and the rock-salt-like cobalt

oxide (CoO) phases, with refined cell parameters,

a = 8.409(5) and 4.267(5) Å, respectively, very close

to those of their bulk counterparts (ICDD n�00-019-

0629 and n�00-042-1300). Considering the great

probability of surface oxidation of magnetite NPs

due to their reduced size, cautions have to be taken.

The chemical composition of the produced iron oxide

is certainly comprised between those of maghemite

and magnetite phases, very probably closer to that of

the latter than the former. For simplification, it will be

quoted hereafter magnetite-like NPs.

Besides, the refined weight contents of the iron

oxide and cobalt oxide phases, constituting the

analyzed composite, were found to be about 63 and

37 wt %, respectively, with an accuracy of about

10 %, leading to an atomic Co/Fe ratio close to that

determined elsewhere using XRF. Besides, MAUD

analysis allowed to conclude that iron and cobalt

oxides are constituted by almost strain-free and quite

isotropic in shape nanocrystals of about 16 (1) and 8

(1) nm in size, respectively.

TEM experiments were performed to study the

exact microstructure of the produced composite. The

powder is constituted by almost isotropic (i.e., non-

elongated) NPs. From high-resolution (HRTEM)

observations and fast Fourier transform (FFT)
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Fig. 1 The recorded (scatters) and calculated (continuous line)

XRD patterns of the produced nanocomposite. The residual

curve is given at the bottom of the figure for indication
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analyses, the structure of the NPs appears to differ

between the inner core and the outer shell suggesting

an almost core–shell structure (Fig. 2). This result was

confirmed by EFTEM observations (Fig. 3). Indeed,

the inner core corresponds to the spinel iron oxide

magnetite-like with a mean size of about 10 nm,

surrounded by smaller rock-salt CoO phase with a

thickness smaller than 3 nm. From FFT analyses of

HRTEM images, it has to be noticed that magnetite-

like and CoO phases exhibit epitaxial relationships.

Both phases have the same orientation within the

aggregates, with no evidence of structural defects such

as dislocations, stacking faults, nor surface amorphous

region, establishing thus the high crystalline quality of

these aggregates as textured polycrystals. This epitaxy

may explain the net discrepancy between the crystal

sizes inferred from XRD with those measured here by

TEM. Indeed, XRD allowed measuring an average

coherent domain length, labeled here hLXRDi, which

may differ from the exact crystal size. Hence, in the

case of epitaxial nanocrystals, one may a priori assume

that the estimated hLXRDi exceeds the real size of NPs,

giving in our case lengths of about 16 nm for

magnetite-like and 8 nm for CoO crystals while they

appeared to be about 10- and largely less than 3-nm-

sized in TEM images, respectively. Such a feature has

already been observed in the case of different polyol-

made spinel ferrite-textured nanocrystalline aggre-

gates (Valenzuela et al. 2011).

Averaging the CoO crystal size on all the directions

around the iron oxide core allowed us to estimate the

thickness of the outer shell at approximately 1.5 nm.

The respective weight ratios of each phase are

estimated at about 47 and 52 wt %, respectively, from

the TEM-measured magnetite-like core radius and

CoO shell thickness (5.0 and 1.5 nm, respectively),

assuming that the density of each phase is equal to that

of the bulky state, namely 5.2 and 6.4 g cm-3 (Patnaik

2003), is about 47 and 52 wt %, respectively, clearly

different from those estimated by XRF and XRD

analyses, but surprisingly very close to the expected

ones assuming a total reaction in polyol and consid-

ering the nominal cobalt- and iron-based precursors

(at.-Co/Fe = 1.14 vs. 1.13). Otherwise, HRTEM

observations suggested that all the magnetite-like

NPs are completely coated by a continuous and almost

uniform CoO shell during the seed-mediated growth

process, consuming all the cobalt-based reagents,

while XRD and XRF, as volume analysis techniques,

suggested other scenarios: (1) a partial coverage by

CoO of each Fe3O4 magnetite-like particle, and

consequently the loss of EB feature or (2) a thinner

full CoO coating of all magnetite-like particles with EB

appearance. The hypothesis of a thicker complete CoO

coating of only a part of the introduced magnetite-like

seeds in the reaction solution was not retained. Indeed,

as observed by TEM, all nano-objects are hetero-

structured. Moreover, if two types of particles, free

Fe3O4 magnetite-like and, presumably E-biased Fe3-

xO4–CoO ones, coexist, they should answer differently

to magnetic stimuli. The former are soft magnets while

the latter are relatively hard ones (because of EB

coupling), leading to different hysteresis contributions

in the variation of the magnetization as a function of the

magnetic field, at low temperature. As it will be

discussed later, the recorded hysteresis loop at 5 K on

the produced composite powder is found to be opened

with high coercivity and remanence.

Fig. 2 a HRTEM image of a core–shell NP. The interfrange

distance is clearly different between the central and the

surrounding part of the NP. The approximate location of FFT

analyses (b–f) is indicated. b FFT of the central area of the NP

[indicated on (a)]. This diffraction pattern is related to a spinel

structure observed along the [-111] direction. c–f FFT of the

different surrounding areas indicated on (a). These diffraction

patterns have the same orientation and correspond to CoO rock-

salt observed along the [-111] direction
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TEM consisted in 2D-projected image analysis. As

a consequence, the TEM determined that outer shell

thickness is much more a majored approximation than

an exact average value, making this technique almost

controversial compared to the previous ones. To

tentatively conclude about the fine microstructure of

the produced nanocomposite, XPS analysis was per-

formed as a highly surface-specific technique with a

typical analysis depth of 10 nm.

Fortunately, both the analysis XPS depth and the

average diameter of produced NPs constituting the

produced powders are of the same order of magnitude

and allow us to assume XPS results as representative

of the bulk composition of these NPs. XPS survey

spectrum exhibits intense peaks corresponding to Fe

2p3/2, Co 2p3/2, C 1s, and O 1s at ca. 710, 783, 285, and

530 eV, respectively. The peaks at 783 and 797 eV

(Fig. 4) are corresponding to the characteristic doublet

related to Co and were assigned to Co 2p3/2 and Co

2p1/2, respectively; two shake-up satellite peaks at 786

and at 803 eV were observed, corresponding to Co

2p3/2 and Co 2p1/2, respectively. The presence of these

two peaks and highly intense satellites was consistent

with the presence of Co2? cations in the high-spin

state. Fe 2p high-resolution spectrum exhibited a main

peak at 710 eV and a satellite at 718 eV, character-

istics of the presence of Fe3? cations (Fig. 4). The

comparison of the intensity ratio of Fe 2p and Co 2p

peaks (Fig. 4) led to the quantification of the weight

ratio of each oxide phase and the estimation of the

thickness of CoO outer shell.

For such a purpose, common Eq. 1 was used

(Briggs and Seah 1990):

where r(Fe) and r(Co) are the photo-ionization cross

section for Fe 2p3/2 and Co 2p3/2 signals, respectively;

Ts(Fe) and Ts(Co) are the analyzer transmission

functions of the spectrometer for each element;

k[Fe(Fe3O4)], k[Fe(CoO)], and k[Co(CoO)] are the

free path of the Fe 2p3/2 or Co 2p3/2 photoelectrons in

the Fe3O4 and CoO oxide matrices, respectively (see

Supporting information); C(Fe) and C(Co) are the

number of Fe and Co atoms per unit oxide volume; h is

the electron take-off angle (as a common approxima-

tion, cos h is usually fixed to 0.5), and d(CoO) is the

thickness of the cobalt oxide shell. Using this equa-

tion, it is possible to determine the average thickness

Fig. 3 EFTEM analysis of the core–shell NP. a Zero-loss image

of a core–shell NP. The interfrange distance indicated by red

arrows corresponds to d111 of the spinel structure. b Composite

EFTEM image of the NP: green Co-rich phase and red Fe-rich

phase. This composite image has been obtained using, respec-

tively, the Co-L2,3 and the Fe-L2,3 edges. (Color figure online)

IðCoÞ
IðFeÞ ¼

rðCoÞ � TsðCoÞ � k½CoðCoOÞ� � CðCoÞ � ½1� expð �dðCoOÞ
k½CoðCoOÞ��cos hÞ�

rðFeÞ � TsðFeÞ � k½FeðF3O4Þ� � CðFeÞ � expð �dðCoOÞ
k½FeðCoOÞ��cos h

Þ
ð1Þ
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of the CoO shell. It is found to be 1.7 nm with a

standard deviation of ca. 20 % (mainly due to the lack

of precision of the electron mean free paths). This

value agrees fairly with that determined by TEM.

To modulate these results, one has to remember that

the adopted model was first developed in the case of flat

and thin samples. It was progressively extrapolated to

granular ones, with more or less convex forms. This

could be a serious limitation, since the surface irregu-

larities may locally modify the photons’ incidence angle

on the analyzed substrate and then increase the crossed

photon distance in the matter compared to its real

thickness. In other terms, the adopted 0.5 value for cos h
parameter in the previous calculation must be used with

great caution. As a consequence, the CoO layer

thickness estimated from the present XPS approach is

very probably overestimated. Clearly, advanced micro-

structural characterization of nanopowders requires

combined volume and surface analysis techniques.

Concerning the studied NPs, the validation of their

hetero-structure requires supplementary measurements,

magnetic measurements, to conclude about a total or

partial CoO coating of the magnetite-like core particles.

Magnetic properties

The thermal variation of the magnetic susceptibility of

bare and composite NPs was recorded in the FC and

ZFC procedures under an applied magnetic field of

200 Oe (Fig. 5). All curves exhibit a net irreversibility

between the FC and ZFC branches in agreement with a

superparamagnetic behavior. Typically, the ZFC-

v(T) curves exhibit a cusp at a critical temperature,

which usually allows the determination of the block-

ing temperature of the system, TB, (Hansen and Mørup

1999; Dormann et al. 1999; Grasset et al. 2002) while

the FC one remains almost constant at T \ TB.

Comparing the two samples, an unambiguous increase

of TB was observed when iron oxide NPs were coated

by CoO layer. It typically reaches *298 K, i.e., close

to room temperature, in the composite NPs, while it

does not exceed *125 K in pristine NPs. This TB

increase is attributed to EB coupling, as confirmed by

the shift along the field axis of the composite

hysteresis loop recorded after cooling from 300 to

5 K under an applied magnetic field of 70 kOe (Fig. 6)

accompanied by a coercivity enhancement, by com-

parison to bare iron oxide NPs, which is another

feature of EB coupling (Nogues et al. 2005). Indeed,

the measured exchange and coercive field HEB and HC

values using conventional formula (Trohidou et al.

2007):

HCðFCÞ ¼ ð�HC� þ HCþÞ
2

ð6Þ

HEBðFCÞ ¼ ðHC� þ HCþÞ
2

ð7Þ

where Hc? and Hc- correspond to the positive and

negative values of the field for a zero magnetization,

are about 142 and 500 Oe, respectively. They are much

larger than those characteristics of bare NPs: 220 and 0

Oe, respectively. Altogether, these last results con-

firmed the existence of an interface exchange coupling

between the iron oxide core and cobalt oxide shell in

all the produced NPs, approving the second scenario: a

total coating of the magnetite-like core by a relatively

rough, thin, and continuous CoO layer.

Indeed, in the case of a non-homogeneous coating,

which means a part of iron oxide cores was covered by

a CoO shell while the other part was not, the measured
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Fig. 4 High-resolution spectra of Co 2p3/2 (Eb = 783 eV) and Fe 2p3/2 (Eb = 710 eV)
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magnetic properties of the produced composite

powder must be representative of the superposition

of two kinds of superparamagnets: one assigned to

iron oxide NPs with an exacerbated magnetic anisot-

ropy due to EB (the former) and the second one to iron

oxide NPs without this additional contribution (the

latter). In other terms, the FC and ZFC thermal

variation of the magnetic susceptibility should exhibit

two irreversibilities corresponding to the values of two

blocking temperatures, the highest one measured for

the former NPs. Moreover, it is well established in thin

films that EB properties depend strongly on the

thicknesses of FM and AF layers (Nogués and Schuller

1999). In their FM–AF core–shell NP counterpart, this

would be equivalent to the core diameter and the shell

thickness, specifically, FM domains have to be larger

than AF ones (Nogues et al. 2005). In our case, using

the XRF results (CoO content of 43 wt %) and

assuming a spherical particle geometry, the average

thickness of the external AF shell is of about 1 nm,

less widely the average diameter of the F core

measured by TEM, respecting the listed above

conditions.

In the case of a non-uniform coating, which means

all the iron oxides seeds were coated by CoO

nanocrystals which formed much more discrete dots

than continuous shells around the Fe3-xO4 cores, EB

effect should be reduced. Indeed, only a part of the AF

spin structure of the CoO phase may be ‘‘frozen in’’

when crossing TN, the part at the interface with the

ferrimagnetic Fe3-xO4 phase. Accordingly, the

exchange field does not reach its optimized value

and can be as small as 0 Oe.

To elucidate the intimate spin structure of the

interface between the two iron and cobalt oxide

phases, advanced magnetic characterizations are

required. Zero and in-field 57Fe Mössbauer spectrom-

etry measurements are in progress.

Conclusion

Fe3-xO4–CoO composite nanopowder was success-

fully produced by seed-mediated growth in polyol.

Their fine microstructure was determined by combin-

ing XRF, XRD, TEM, XPS, and magnetometry

analysis. The produced composite consisted of

10-nm-sized spherical spinel magnetite-like particles

continuously coated by a rock-salt CoO shell of about

1 nm of thickness. Both phases exhibited a perfect

epitaxial relationship, leading to EB coupling appear-

ance at low temperature. As a main consequence, the

blocking temperature of superparamagnetic iron oxide
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cores increased from 125 K (in pristine form Fe3-xO4)

to reach 298 K (in core–shell form), under an applied

magnetic field of 200 Oe, when they were coated by

CoO.
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