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High aspect ratio Co/CoO nanotubes (NTs) were obtained by potentiostatic electrodeposition of

Co inside nanoporous alumina templates followed by the natural oxidation of their inner walls.

Magnetic measurements performed at low temperatures after field cooling the samples from

above its blocking temperature (TB � 220 K), evidenced the existence of exchange bias (EB)

coupling between the Co ferromagnetic outer wall and the CoO antiferromagnetic inner wall of

the NTs. A decrease in the magnitude of the EB field was measured at T < TB when cycling the

Co/CoO NT arrays through consecutive hysteresis loops. This decrease is known as the training

effect (TE) and is here studied in the 6 K � T < TB temperature range. The TE was fitted using the

recursive Binek formula, giving small values for the characteristic decay rate of the training

behavior, and evidencing a decrease of EB with increasing antiferromagnetic layer thickness. A

phenomenological theory for the temperature dependence of the TE in exchange biased systems

was applied for the first time to core-shell nanotubular structures. The good agreement obtained

between the experimental results and the theoretical data, provided a strong confirmation of

the qualitative correctness of the spin configuration relaxation model used in these systems.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816696]

I. INTRODUCTION

The exchange bias (EB) coupling between a ferromag-

netic (FM) and an antiferromagnetic (AFM) layer has been

the focus of intense research due to its importance in spin-

tronic and high-density magnetic recording devices.1,2 This

effect is seen as a shift of the FM hysteresis loop by an EB

field (Hex) measured from the origin when field cooling the

sample from above the N�eel temperature (TN) of the

AFM material.1–5 In addition, when cycling the FM/AFM

bilayer structure through consecutive hysteresis loops, a Hex

decrease is often observed. This phenomenon, called training

effect (TE), can be explained as arising from the partial loss

of the AFM net magnetization, as its spin structure rear-

ranges with each magnetization reversal of the FM layer.2,5–8

The TE plays a crucial role in the reliable performance of

devices based on EB. One should also note that both the EB

and its training effect strongly depend on temperature (T),

disappearing above the so-called blocking temperature (TB)

of the AFM material. Therefore, the complete understanding

of the TE of EB and respective temperature dependence in

different AFM/FM geometrical configurations is of extreme

importance for further advances in the technological and sci-

entific community.

Since the discovery of EB in Co/CoO particles over

50 years ago,9 it has been found in a variety of different

systems with FM/AFM interfaces, including core-shell

nanoparticles,10–12 thin film systems,3,5,13,14 lithographed

nanostructures,15–18 and (more recently) in high aspect ratio

core-shell nanotubes (NTs).19 The latter have attracted much

interest due to their potential applications in nanoelectronic

devices, catalysis, high-density recording media, and drug

delivery.20,21 Their shape anisotropy combined with tunable

nanosized dimensions give rise to new interesting phenom-

ena, such as enhanced magnetic anisotropy and higher coer-

civity.22 In particular, magnetic NTs show great advantages

over most EB nanostructures as they present high surface

areas, small wall thicknesses and a hollow inner core that

can be coated, oxidized, or filled with different materials,

increasing the potential applicability of such structures and

respective magnetic properties.23,24 However, no report was

yet published on the temperature dependence of the TE in

core-shell FM/AFM nanotubular structures, although its

understanding is highly important for the correct implemen-

tation of these systems in magnetic devices.

In this work, ordered hexagonal arrays of Co NTs were

electrodeposited inside nanoporous alumina templates

(NpATs) with diameters of �40 nm and interpore distances

of �105 nm. Nanotubular heterostructures of FM/AFM

bilayers were obtained after the natural oxidation of the inner

Co NT walls, forming Co/CoO NTs. Temperature dependent

magnetic measurements allowed us to study the EB phenom-

enon and the respective TE exhibited by our arrays of tubular

core-shell AFM/FM bilayer nanostructures. The EB effect in

the fabricated Co/CoO NTs was found to arise at tempera-

tures below 220 K, close to the bulk TN value of CoO

(293 K),4,13 and in good agreement with reported TB values

for Co/CoO heterolayers.1,3,11,12 Training of the EB effect

was also measured at several temperatures in the range of

6 K � T � 200 K and fitted using a recursive formulaa)Electronic address: marianapproenca@gmail.com
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proposed by Binek.6 The temperature dependence of the

training effect was also obtained and fitted using a theoretical

model previously reported for bilayer thin films.25

II. EXPERIMENTAL DETAILS

NpATs with ordered hexagonal array of pores were pre-

pared by a two-step anodization process of high-purity Al

(99.999%) disks in 0.3 M oxalic acid at 40 V and �4 8C.26,27

The first anodization was performed for 24 h to improve the

hexagonal pattern, while the second anodization lasted

�20 h leading to a membrane thickness of �50 lm. The

NpATs obtained with these conditions have ordered hexago-

nal nanopore arrays with diameters d � 35 nm and interpore

distances of �105 nm.

After the anodization processes, the NpATs were

detached from the substrate by chemically etching the Al,

and the pores were opened from both sides of the membrane

by removing the alumina layer at the pores’ bottom. The

opening of the pores was performed by floating the sample

in phosphoric acid, which led to a small enlargement of the

final pore diameter to �40 nm.28 For the subsequent poten-

tiostatic electrodeposition of Co NTs inside the pores, an Au

metallic contact of �50 nm was sputtered at the pores’

opened ends to serve as the working electrode during deposi-

tion.29 A Pt mesh and Ag/AgCl (in 4 M KCl) were used as

counter and reference electrodes, respectively. Further

details on the membranes preparation for subsequent electro-

deposition of magnetic NTs can be found in Ref. 29.

Cobalt electrodeposition was then performed in an aque-

ous solution of 0:89 M CoSO4 � 7H2O and 0.49 M H3BO3, at

30 �C, and applying a constant potential of �1.5 V vs. Ag/

AgCl for 2 min, using a Solartron 1480 MultiStat.

Morphological characterization was performed using a scan-

ning electron microscope (SEM; FEI Quanta 400FEG). Prior

to bottom SEM imaging, ion-milling was performed to remove

the Au contact and smooth the NpAT surface. The milling pro-

cess was carried out using an ion-beam sputter deposition sys-

tem by Commonwealth Scientific Corporation.30 The NpATs

filled with Co NTs were then left in air for several months after

electrodeposition, to allow natural oxidation of the Co tops/

walls to occur. Due to the highly oxidative nature of the cobalt

element, exposing the Co layer to ambient atmosphere leads to

the formation of an antiferromagnetic polycrystalline CoO

layer at the surface.31–35 In this work the Co NTs were left in

air for 9 months, prior to their magnetic characterization, form-

ing an estimated oxide layer thickness of �4 nm. Temperature

(6–250 K) dependent magnetic measurements were performed

after field cooling the samples in 50 kOe from above room

temperature, using a superconducting quantum interference

device (SQUID) MPMS magnetometer from Quantum

Design, and with the magnetic field (H) applied perpendicular

to the NT axis.

III. RESULTS AND DISCUSSION

A. Morphological characterization

Ordered hexagonal arrays of Co NTs with outer diame-

ters of �40 nm, wall thicknesses of �10 nm, intertube

distances of �105 nm and lengths of �40 lm, were success-

fully obtained by electrodeposition inside NpATs. Figure

1(a) shows a bottom SEM image of the electrodeposited Co

NT arrays after ion-milling of the Au working electrode,

illustrating the tubular shape and the hollow cores that typi-

cally form a NT-like structure. By exposing the NpAT filled

with Co NTs to air, natural oxidation of the inner Co NT

walls occurs.33,34 Figure 1(b) gives a schematic representa-

tion of the Co/CoO bilayer NTs after natural oxidation of

Co. In this work, the oxidation process was performed for 9

months, resulting in Co/CoO bilayer NTs with estimated

layer thicknesses of (tCo; tCoO) � (6, 4) nm. The oxide layer

thickness is estimated by analysing the decrease in the mag-

netization values with increasing oxidation times, as will be

further seen in Sec. III C. These bilayer tubular nanostruc-

tures are thus formed of an outer FM and inner AFM layer,

providing a very interesting system to study the training

effect of exchange bias.

B. Exchange bias coupling

Co/CoO NTs were previously reported to exhibit a loop

shift in both parallel and perpendicular directions of the

applied magnetic field, when measuring the magnetic hyster-

esis loops [M(H)] at 6 K, after field-cooling in 50 kOe from

320 K (above TCoO
N � 290 K).19 This was interpreted as aris-

ing from the exchange bias coupling between the outer FM

and the inner AFM layers. The shift observed in the M(H)

loops along the field axis is defined as the exchange bias field

Hex ¼ ðHcL þ HcRÞ=2, where HcL and HcR are the left and

right coercive fields, respectively. The temperature depend-

ence of EB also allowed the determination of a maximum TB

value of �220 K, which is �70 K below the bulk TCoO
N .19

Additionally, the magnitude of the EB field was found much

higher when H was applied perpendicular to the tube axis.

Therefore, for the study of the temperature dependence of

the TE in the Co/CoO NTs presented in this work, the mag-

netic measurements were performed with H applied only in

the perpendicular direction.

C. Training effect of EB

The training of the exchange bias field was studied at

T¼ 6, 50, 125, 200, and 250 K, after field cooling the Co/

CoO NT arrays in 50 kOe from 320 K to T. Consecutive

FIG. 1. (a) SEM bottom image of a NpAT filled with Co NTs, after

�200 nm of etching by ion-milling. (b) Schematic top and cross-sectional

representations of a Co/CoO NT array.
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magnetic hysteresis loops were then measured with a maxi-

mum applied field of 50 kOe, and the jHexj values extracted

from each M(H). Figure 2 shows the first, second and sev-

enth hysteresis loop for Co/CoO NTs measured at 6 K [Fig.

2(a)] and 50 K [Fig. 2(b)], evidencing the decrease in the EB

field with the number of cycles (n). The jHexðnÞj dependence

reveals a monotonic decrease of the EB effect when cycling

the magnetic field through consecutive loops, corresponding

to the training effect (Fig. 3). Since TB � 220 K for the Co/

CoO NTs studied, no loop shift was observed at T¼ 250 K.

The lower insets of Fig. 2 show the percentage of TE

measured at 6 K [Fig. 2(a)] and at 50 K [Fig. 2(b)] in Co/

CoO NTs. The TE% is defined as the relative decrease in

Hex from the first to the nth cycle2

TEnð%Þ ¼ 1� H1
ex � Hn

ex

H1
ex

 !
� 100ð%Þ; (1)

where Hn
ex is the exchange bias field at the nth cycle. A large

decrease of the EB to �65% from the first to the second

cycles is observed, while for the subsequent cycles EB only

drops �2%. Recent studies attributed the strong Hex decrease

from the first to the second cycle to a non-equilibrium or

metastable arrangement of the AFM spins upon field cool-

ing,5,36 that could be driven by the symmetry of the AFM an-

isotropy.8,37 The reconfiguration of the AFM spin structure

could also be attributed to a reorientation of the AFM

domains at the FM/AFM interface during field reversal or

domain wall movements.38 Other reports considered that

AFM clusters having lower anisotropy barriers, or not

strongly coupled via exchange interactions to their neigh-

bors, might lose their degree of order upon reversing the

field.39 When the field is cycled back, the magnetic moment

of such spin clusters does not realign into the original config-

uration due to the absence of further heating. C. Binek

explained the TE of EB within the framework of non-

equilibrium thermodynamics of the spin configurational

relaxation at the AFM surface.6 This spin relaxation towards

equilibrium was assumed to be driven by the reversal of the

FM magnetization during the consecutive cycling of the

external magnetic field. Therefore, the gradual decrease of

jHexj with n would reflect the rearrangement of the spin

structure of the AFM layer after each reversal of the FM

layer magnetization.2,5,6,40 Based on free energy considera-

tions, C. Binek obtained the following recursive formula to

describe TE:6

Hnþ1
ex � Hn

ex ¼ �cðHn
ex � H1ex Þ

3; (2)

where H1ex is the exchange bias field in the limit of an infinite

number of cycles and c describes the characteristic decay

rate of the training behavior. The physical parameter c
depends on the leading expansion coefficient b of the free

energy, on a factor f which is proportional to the coupling

constant between the AFM and FM layer, and on a damping

constant n that can be considered as a typical inverse relaxa-

tion time6

c ¼ b

f2n
: (3)

FIG. 2. First, second, and seventh magnetic hysteresis loops of Co/CoO NT arrays measured at (a) 6 K and (b) 50 K, after field cooling in 50 kOe, by applying

the magnetic field perpendicular to the NT axis. Upper insets in (a) and (b) show the complete hysteretic cycles, evidencing the saturation of the loops. Lower

insets in (a) and (b) show the TE percentage measured at 6 and 50 K, respectively.

FIG. 3. Dependence of jHexj on the number of magnetic hysteresis cycles

(n), measured at 6, 50, 125, and 200 K after field cooling in 50 kOe, by

applying the magnetic field perpendicular to the tube axis, and respective fits

using Eq. (2).
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The results presented in Fig. 3 were fitted using the re-

cursive relation [Eq. (2)], for each individual temperature.

Comparing the exchange bias measured at T¼ 6 K in the

Co/CoO NTs presented in this work (after 9 months of

oxidation), and in Co/CoO NTs with a lower oxidation time

(4 months),19 a smaller Hex was found for those that were

exposed for longer periods. One should note that, due to the

highly oxidative nature of cobalt, an oxide layer of �2 nm is

expected to be formed after a few days of exposure to ambi-

ent atmosphere.31–35 Therefore, we estimate the thicknesses

of the FM/AFM layers in Co/CoO NTs after 4 and 9 months

of oxidation as (tFM; tAFM) � (7, 3) nm and � (6, 4) nm,

respectively. Such increase in the AFM layer thickness

affects the strength of the FM/AFM coupling. In particular,

when decreasing tFM in a FM/AFM bilayer system, an

increase in exchange bias would be expected according to

Hex ¼
Jint

MFMtFM

; (4)

where Jint is the interface coupling constant, and MFM is the

saturation magnetization of the FM layer.19 However, our

results show that Hex decreases with decreasing tFM.

According to Eq. (4), this is only possible if compensated by

a decrease in the coupling energy. This was also confirmed

by the lower c value obtained for the sample with 4 months

of oxidation (c � 2:3� 10�6 Oe�2) when compared to that

of the Co/CoO NTs after 9 months of oxidation

(c � 1:7� 10�4 Oe�2). The c values are proportional to the

inverse square of the coupling constant between the FM and

AFM layers. Therefore, the observed increase of c with tAFM

for FM/AFM nanotubular structures can be interpreted as a

decrease in the coupling constant between the AFM and FM

layers when increasing the AFM layer thickness. Previous

reports on the TE in Co/CoO thin films with different AFM

thicknesses have also shown the same tendency of EB to

decrease with increasing tAFM.38,41 In particular, thicker

AFM layers were found to be more stable, thus leading to a

smaller TE.38

D. Temperature dependence of TE

To study the temperature dependence of the TE of EB in

Co/CoO NT arrays, we analyzed in detail the variation of

Hex for consecutive M(H) cycles. Figure 3 shows the experi-

mental data of Hex versus n (opened symbols) and the corre-

sponding results of the best fits of Eq. (2) (stars), at different

temperatures. The two-parameter fits return the values of c
and H1ex , which in turn are used to calculate the theoretical

data from the recursive formula in Eq. (2). The inset of

Fig. 4 shows the expected tendency of H1ex to increase with

decreasing temperature.

To better understand the thermal evolution of the TE in

EB heterostructures, Binek et al. developed a phenomeno-

logical theory that allowed its explicit determination in terms

of c ¼ c(T).25 The model of Binek et al. uses a discretized

Landau-Khalatnikov equation, where the training effect is

considered within the framework of relaxation phenomena.25

In this model, the reversal of the FM layer is the driving

force that leads the AFM interfacial magnetization towards

equilibrium. Considering a first-order approximation of the

mean-field theory, Binek et al. obtained the following

expression:25

cðTÞ ¼ C
geðTÞtanh

TNgeðTÞ
T

� �

T T 1þ cosh
2TNgeðTÞ

T

� �� �
� 2TN

� �
0
BBB@

1
CCCA

2

; (5)

where C is a free fitting parameter that summarizes several

phenomenological parameters, and geðTÞ can be approxi-

mated by25

geðTÞ � tanh
TN

T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðTN � TÞ

TN

s2
4

3
5: (6)

The combination of Eqs. (5) and (6) provides an explicit

fitting function for the experimental values of c(T). One

should note that, in the studied system, the temperature at

which the EB disappears corresponds to the blocking tem-

perature, TB, and thus TN should be replaced by TB in the

previous equations. Figure 4 shows the c(T) data (dots)

obtained from the best fit of HexðnÞ, for each individual tem-

perature, using Eq. (2). The line corresponds to the best fit

obtained using Eqs. (5) and (6), confirming the qualitative

correctness of the spin configurational relaxation model.

Additionally, the good quality fit obtained for c(T) in the

studied Co/CoO NT arrays, is a further proof that the this

model can be successfully used to describe the temperature

dependence of the TE of EB in different geometrical config-

urations of bilayer exchange bias nanostructures.

IV. CONCLUSIONS

The temperature dependence of the training effect of

exchange bias was studied for the first time in Co/CoO nano-

tube arrays. Isothermal training effects were measured by

consecutive cycling magnetic hysteresis loops at different

FIG. 4. Temperature dependence of the c parameter and corresponding fit

(line) using Eqs. (5) and (6). Inset shows the temperature dependence of the

H1ex parameter.
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temperatures (6 � T � 200 K), and extracting the values of

the exchange bias field as a function of n. The TE was then

fitted using the recursive Binek formula, providing an esti-

mation for the temperature dependence of the characteristic

decay rate of the training behavior (fitting parameter c). A

theoretical model previously reported for the temperature de-

pendence of the TE in bilayer thin films was applied for the

first time to core-shell nanotubular structures. The good

agreement found between the experimental results and the

theoretical data, indicates the qualitative accuracy of the spin

configuration relaxation model used in these systems.
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