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The low-temperature magnetic behavior of granular Co-CoO exchange bias systems, prepared by

oxygen ion implantation in Co thin films and subsequent annealing, is addressed. The thermal

activation effects lead to an O migration which results in virtually pure Co areas embedded in a

structurally relaxed and nearly stoichiometric CoO phase. This yields decreased training and

exchange bias shifts, while the blocking temperature significantly increases, coming close to the

N�eel temperature of bulk CoO for samples implanted to a fluence above 1� 1017 ions/cm2 (15%

O). The dependence of the exchange bias shift on the pristine O-implanted content is analogous

to that of the antiferromagnetic thickness in most ferromagnetic/antiferromagnetic systems

(i.e., an increase in the exchange bias shift up to a maximum followed by a decrease until a

steady state is reached), suggesting that, after annealing, the enriched Co areas might be rather

similar in size for samples implanted above 1� 1017 ions/cm2, whereas the corresponding CoO

counterparts become enlarged with pristine O content (i.e., effect of the antiferromagnet size).

This study demonstrates that the magnetic properties of granular Co-CoO systems can be

tailored by controllably modifying the local microstructure through annealing treatments. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870713]

I. INTRODUCTION

Exchange bias (EB)1–4 is an interfacial phenomenon

which commonly arises from the magnetic exchange cou-

pling between a ferromagnet (FM) and an antiferromagnet

(AFM).5,6 This is typically initiated by field cooling the sys-

tem below the N�eel temperature of the AFM, usually result-

ing in a shift along the field axis (HE) and a coercivity, HC,

enhancement.1–4 EB systems often exhibit the so-called

training effect (i.e., the degradation of the exchange bias

shift with consecutively measured hysteresis loops).1–4,7–11

The ongoing demand to overcome scaling barriers in

spintronics12,13 together with the interest in fundamental

properties directly related to the low dimensionality (i.e., fi-

nite size effects) continue to drive the development of

advanced magnetic nanostructures with precisely controlled

properties, propelling a renewed interest in exchange-biased

nanostructures where thermal stability is a crucial aspect to

face potential applications.3 The majority of EB research has

been focused on thin films, with Co-CoO bilayers constitut-

ing a valuable model system.14 Alternatively, ion implanta-

tion has been demonstrated to be a suitable approach to

control the EB properties of granular-like FM-AFM systems

with multiple interfaces, such as Co-CoO15–18 or Ni-NiO.18

Recently, by the interplay between implantation conditions

and sample design, it has been shown that the O-depth pro-

file across the FM layer thickness can be controlled using a

single-energy ion implantation approach.17 In particular, in

contrast to both bilayers and FM films with a Gaussian-like

O-depth profile, uniform O-depth distributions result in supe-

rior low-temperature EB properties, such as enhanced

exchange-coupling strength, improved loop homogeneity or

increased blocking temperature (TB). However, the behavior

of such granular systems under thermal-activation effects

still remains unexplored. In this paper, we present a detailed

study of the role of annealing effects in the EB properties of

O-implanted Co thin films with a uniform O-depth profile.

II. EXPERIMENTAL

Polycrystalline samples consisting of a Au capping layer

(15 or 30 nm)/Co layer (30 nm)/Au buffer layer (10 nm)/SiO2

(500 nm)/Si (100) were grown by molecular beam epitaxy.17

40 keV O ions and fluences of 3� 1016, 5� 1016, 1� 1017,

and 2� 1017 ions/cm2 were used to implant the samples with

a 15 nm thick Au capping layer, while samples with a 30 nm

thick Au capping layer were implanted to 3.25� 1017 and

5.5� 1017 ions/cm2 using 50 keV O ions. As previously

shown,17,19 these conditions give rise to a relatively uniform

O depth distribution along the Co layer with an atomic O

concentration of around 5%, 8%, 15%, 26%, 34%, and 44%,

respectively. Subsequently, with the aim to moderately pro-

mote thermal activation while avoiding a pronounced trans-

formation of the system (e.g., due to full recrystallization),

the samples were annealed in vacuum (pressure< 1� 10�6

millibars) at 300 �C (a temperature which is well below the

bulk melting points of the diverse constituents) for 1 h. In

order to avoid any type of quenching-related effects, the

heating and cooling rates were set to be rather slow (i.e.,

5 �C/min). From a structural point of view, the samples werea)Electronic mail: Enric.MenendezDalmau@fys.kuleuven.be
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characterized by transmission electron microscopy (TEM).

High-angle annular dark-field imaging in scanning TEM

mode was used to identify the main composition of the diverse

structural features. Further, synchrotron grazing incidence

X-ray diffraction (GIXRD) at an angle of 1.5� using a wave-

length of 1.199 Å was also carried out. The GIXRD measure-

ments were performed at the Rossendorf (Helmholtz Zentrum

Dresden-Rossendorf) BM20 beamline at the European

Synchrotron Radiation Facility (ESRF). Superconducting

quantum interference device (SQUID) magnetometry was

used to magnetically study the low-temperature (10 K) EB

properties after field cooling the samples from room tempera-

ture in an in-plane applied magnetic field of 400 mT. Training

effects were investigated by measuring consecutive SQUID

hysteresis loops until equilibrium (i.e., saturation of the EB

shift) was reached. To estimate TB, hysteresis loops were

measured as a function of temperature starting from a fully

trained state.

III. RESULTS AND DISCUSSION

As can be seen in Fig. 1(a), the as-deposited sample

implanted to 3.25� 1017 ions/cm2 exhibits an O-rich Au

phase at the interface between the capping and the Co layer.

Conversely, the annealed film shows a partial recovery of the

layer stack (i.e., Au/Co/Au), indicating that the thermal acti-

vation favors O migration towards the surface of the Au cap-

ping layer. This is in agreement with previously reported

studies, which report on the role of surface effects in increas-

ing the limited O solubility in Au.20 A similar phenomenon

might also apply for Co (i.e., separation of O and Co), since

a pronounced contrast is observed in the Co layer itself.

However, the prone nature of Co to rapidly oxidize may

partially hinder this effect under TEM characterization since

sample preparation involves natural oxidation. Synchrotron

GIXRD was also performed to further investigate the role of

thermal-assisted effects in the morphology and structure of

the films. Fig. 1(b) shows a direct comparison between previ-

ously reported GIXRD patterns corresponding to the

as-implanted films19 and those of the annealed samples. It is

worth noting that the annealing does not result in new

phases. Besides the perceptible sharpening of the Au peaks

due to both structural relaxation and grain growth (i.e., O

migration to surface), the annealed samples exhibit patterns

with enlarged HCP-Co and FCC-Co XRD peaks (more pro-

nounced in patterns (i) and (ii) since the pristine amount of

metallic Co is larger). This is in concordance with the TEM

results, evidencing an annealing induced phase separation

process in the O-implanted Co layer which leaves virtually

pure Co areas. Moreover, a strong reduction of the CoO

peaks and an almost full dissolution of the Co3O4 peaks is

also observed, suggesting that O partially diffuses away from

the Co layer. This reduction in the amount of CoO can be

qualitatively estimated by comparing the relative intensities

between the (200) CoO peak (located around 33.0� and 32.8�

for the as-implanted and annealed samples, respectively) and

the (111) Au peak (located around 29.6� for either the

as-implanted or annealed films). For instance, this yields val-

ues of 30.8% and 9.4% for the sample implanted at 2� 1017

ions/cm2 and the corresponding annealed one, respectively.

In addition, the signal-to-noise ratio of the GIXRD patterns

slightly improves after annealing, confirming the induced

structural relaxation and the increase of the amount of crys-

talline phases in detriment of defective parts, such as grain

boundaries or interfaces.

Figures 2(a)–2(d) show the consecutive SQUID meas-

urements at 10 K corresponding to the films implanted at

3� 1016, 1� 1017, 2� 1017, and 5.5� 1017 ions/cm2 and

annealed, respectively. Similar to the magnetometry results

of the as-implanted samples,17,19 the loops are still rather

symmetric and characterized by sharp descending and

ascending branches, indicating that magnetization inversion

takes place at well-defined switching fields, thus confirming

the homogeneity of the formed CoO profile along the Co

layer even after annealing. Nonetheless, contrary to the

as-implanted samples, training extends over a lower number

of consecutively measured hysteresis loops, thus stabilizing

faster. For instance, while the sample implanted at 2� 1017

ions/cm2 (26% O) needs 8 consecutive hysteresis loops to

level off the EB shift, only 5 cycles are required after anneal-

ing (Fig. 2(c)). Furthermore, while the steepness remains

rather unaltered, the relative training17 values become

strongly reduced after annealing. Namely, while the samples

implanted at 5� 1016 and 5.5� 1017 ions/cm2 exhibit rela-

tive training values of 68.7% and 29.9%,17,19 the annealing

causes a pronounced reduction down to 30.7% and 17.5%,

respectively. In agreement with the structural characteriza-

tion, this is in line with a CoO phase with improved stoichi-

ometry, less prone to size effects and increased

magnetocrystalline anisotropy, which ultimately establishes

better defined magnetic easy axes (inhibiting other ones)

and, thus, reducing training.17,19,22–25 Since annealing results

FIG. 1. (a) TEM images of a cross section of the sample implanted to a flu-

ence of 2� 1017 ions/cm2 and annealed (left) and the corresponding

as-implanted film (right). (b) Synchrotron grazing incidence X-ray diffrac-

tion patterns of different as-implanted19 and annealed samples. The main

peaks of Au (64701-ICSD—Inorganic Crystal Structure Database), HCP-Co

(76633-ICSD), CoO (29049-ICSD), and FCC-Co (76632-ICSD) are indi-

cated in the figure. Since weak traces of Co3O4 (28158-ICSD) are observed,

only the main peaks of Co3O4 are labeled.21
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in a structural relaxation (where a narrower distribution of

structural defects is expected), the additional interfacial mor-

phology training on top of that already known to arise from

the AFM magnetic symmetry might be rather minimized,

thus stabilizing training faster.8 Further, as can be seen in

Fig. 2(e), the thermal treatment leads to decreased EB shifts

and coercivities with respect to the as-implanted sam-

ples.17,19 This decrease in HE and HC might be mainly

ascribed to the decreased number of FM/AFM interfaces

since annealing promotes phase separation.16,17 Moreover, in

FIG. 2. (a)–(d) are the consecutive SQUID measurements at 10 K after field cooling from room temperature for the films implanted at 3� 1016 (5% O),

1� 1017 (15% O), 2� 1017 (26% O), and 5.5� 1017 ions/cm2 (44% O) and annealed, respectively. (e) Dependencies of the exchange bias shift, HE, and coer-

civity, HC, as a function of the implanted O content for the as-implanted17 and the annealed samples. The lines in (a)–(d) are connections between the data

and, in (e), guides to the eye.
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the framework of the domain state model,26 annealing may

result in an AFM CoO with decreased volume domains

which negatively influence EB. This decrease could also be

related to the size increase of the Co regions, as evidenced in

the structural analysis. Given that HE is inversely propor-

tional to the size of the FM constituent,1–4 any increase in

the Co size should bring about a reduction of HE. In this con-

text, although the HE dependence on the AFM thickness can

be rather complex,1,3 it is worth noting that the dependence

of the EB shift on the pristine implanted O content for the

annealed samples resembles that of the AFM thickness in

FM/AFM systems. For the annealed films, with increasing

oxygen content, an increase in the magnitude of the

exchange bias shift up to a maximum followed by a decrease

towards a steady state is observed.3,27 Similar behavior (i.e.,

peak of HE as a function of the AFM thickness) has already

been reported in other systems, such as Co (8 nm)/CoO25

bilayers, Co (4 nm)/Cu (2.3 nm)/Co (2.6 nm)/Ir25Mn75 lay-

ered spin valves28 or powdered SrFe12O19 coated with differ-

ent thicknesses of CoO.29 Even though the CoO forms at the

expense of the Co grain size in the as-implanted samples,

this might not be applicable to the annealed specimens since

O migration away from Co occurs noticeably. However, tak-

ing into account the evolution of HE with the pristine O con-

tent for the annealed samples where, upon a certain O

content (i.e., 15%), HE decreases until reach a steady state

value as it happens in FM/AFM bilayers as a function of the

AFM thickness,3,27,29 it seems plausible to assume that,

while the Co counterpart of the samples implanted to a flu-

ence above 1� 1017 ions/cm2 (15% O) might be rather simi-

lar in size, the AFM CoO counterparts are thicker in samples

with higher pristine O content, resembling the universal-like

dependence of the exchange bias shift on the amount of pris-

tine O content.17 Conversely, the coercivity shows a mono-

tonic increase with the pristine amount of O (Fig. 2(e)). This

could be correlated not only to an increased density of

defects for samples implanted at higher fluences (i.e., slightly

less efficient structural recovery by annealing) but also to a

diminution of the exchange interactions between Co grains,

which usually has a detrimental effect on coercivity.16 This

is consistent with the phase separation in the O-implanted

layer which yields Co rich pure areas embedded in a structur-

ally well-defined CoO.

As can be seen in Fig. 3, annealing leads to samples

with significantly larger blocking temperatures (TB) than

those of the as-implanted films.17,19 Specifically, while the

annealed samples containing pristine O contents of 5%, 8%,

and 15% exhibit TB values of around 225, 235, and 255 K,

respectively, the rest of the samples show blocking tempera-

tures close to that of the N�eel temperature of bulk CoO (i.e.,

290 K).30 This is in concordance with the structural and mag-

netic characterization since annealing results in the forma-

tion (specially in samples with higher pristine O content) of

thicker and more stoichiometric CoO counterparts with

higher magnetic anisotropy, which are less prone to size

effects. Since usually TB is highly affected (i.e., lowered) by

deviations in stoichiometry of the AFM,30 the high TB values

of the different samples confirm that the formed CoO is

rather well-defined from a structural point of view with

minimized composition deficiencies. This is further con-

firmed by the decreased positive exchange bias31,32 close to

the blocking temperature of samples implanted at low flu-

ence (3� 1016 and 5� 1016 ions/cm2) and annealed, indicat-

ing an increased AFM magnetic anisotropy of the formed

CoO. In addition, the temperature dependence of the HE of

the annealed samples (Fig. 3(b)) exhibits a more linear

behavior than that of the as-implanted ones (Fig. 3(a)), con-

firming the rather bilayer-like behavior of these granular sys-

tems after annealing and, thus, evidencing a lowered number

of FM/AFM interfaces.33

IV. CONCLUSIONS

The response of O-implanted Co thin films with a uni-

form O-depth distribution to thermal activation effects has

been addressed. The annealing results in a pronounced sepa-

ration of Co and O, leaving highly pure Co areas embedded

in a structurally relaxed and compositionally well-defined

CoO matrix with increased magnetocrystalline anisotropy.

This leads to a faster stabilization of training and to reduced

relative training effects. After annealing, the amount of CoO

becomes drastically reduced due to O migration away from

the Co layer. This results in a lowered number of FM/AFM

interfaces and, thus, in considerably decreased exchange bias

FIG. 3. Temperature dependence of the exchange bias shift, HE, for the

as-implanted (a) and annealed samples (b). The lines are connections

between the data.
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shifts. Remarkably, the dependence of the exchange bias

shift on the implanted O content for the annealed samples

resembles that of the dependence on the AFM thickness in

FM/AFM systems, suggesting that, while the Co constituent

remains rather constant in size in samples implanted to a flu-

ence above 1� 1017 ions/cm2 (15% O), the AFM CoO coun-

terparts become thicker in samples with higher pristine O

content. Annealing also leads to samples with significantly

higher TB than those of the as-implanted samples which, for

samples implanted above 1� 1017 ions/cm2 and annealed,

are close to the N�eel temperature of bulk CoO. This shows

that the exchange bias properties of Co-CoO systems pre-

pared by ion implantation can be tuned by controllably modi-

fying the local microstructure through annealing procedures.
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