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Abstract

Magnetic and structural properties of FeCo/CoO bilayer prepared by ion beam sputtering on silicon substrate have been
studied. As-deposited specimen exhibits exchange bias at 10 K. The influence of thermal annealing and swift heavy ion
on the exchange bias field has been studied. Thermal annealing enhances the value of exchange bias field (Hgg) as well as
magnetic moment of the bilayer; revealing that the exchange bias value is tailored by the thermal annealing and depends
upon annealing temperature. X-ray diffraction gives convincing support of the phase formation of Co;0, in the CoO layer
after thermal annealing. A correlation has been observed between soft X-ray absorption and the corresponding magnetic
characteristics. The exchange bias effect exists up to temperatures beyond the ordering temperature of the Cobalt oxide
layer. Upto the 6 x 10! ions/cm?of 100 MeV Au-ion irradiation does not change the magnetization behaviour of the FeCo/
CoO system. Higher ion fluence of 1 x 10'* Au-ions/cm?, reduces the Hggvalue. Thermal annealing enhances the Hyy value.
From the soft X-ray absorption, it reveals that the reduction in the Hgy value for the ion-irradiated specimen is due to defects
present in the film.

Keywords Iron—Cobalt Thin Film - Phase transition - Exchange bias - Ion beam irradiation - Swift heavy ion - Anti-
ferromagnet

1 Introduction

The exchange bias (EB) effect is a well-known and exten-
sively studied phenomenon existing in artificially prepared
thin films at the interface of a ferromagnet (FM) and an
anti-ferromagnet (AFM) material providing a unidirectional
magnetic anisotropy [1, 2]. Exchange bias effects have been
rigorously studied in several systems in the form of thin
FM/AFM bilayers and core—shell clusters [2]. However,
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regardless of the several theoretical and experimental stud-
ies [3-8], the behavior of exchange anisotropy is not yet fully
understood at the microscopic level. From the application
point of view, thin film structures which generally possess
FM coupled with an AFM are the most useful and relevant.
For example, exchange bias thin film structures are the part
of spin-valve devices, based on giant magneto-resistance
effect [9, 10]. Technologically, the concept of unidirectional
exchange anisotropy can be extensively used in magnetic
random access memory (MRAM) [11, 12] and in required
directions in hard disk drive read/write heads [13-15] for
pinning FM layers. Up to now, lot of experimental investiga-
tions in the field of exchange bias have been mostly focused
on the studies of artificially prepared systems, for exam-
ple: core—shell nano-particles with the FM core coupled to
the AFM shell [16, 17], bi-layer or multilayer films consist
of FM and AFM thin layers [18], or bi-layer systems like
Fe/FeF,, where a spin glass like behavior has been used to
understand the EB effect [19]. It has been observed that the
exchange bias exists not only in artificially prepared systems,
but also in cobaltite [20] and bulk perovskite manganite
[21, 22]. The phenomena of EB is a complicated magnetic
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interaction, which occurred at the vicinity of FM and AFM
layers, and it depends on spin geometries, coupling strength
of the materials, and also upon different magnetization rever-
sal processes.

In the present work, we have study the effects of swift
heavy ion irradiation and thermal annealing on FeCo/CoO
bilayer and correlate the magnetic properties with its elec-
tronic structure. The magnetic moment of FeCo is highest
among the 3d-ferromagnet as well as it is a soft magnetic
material [23]. The magnetostriction constant of the FeCo is
quite high, therefore even a small modification in the struc-
ture changes the magnetic properties significantly [24]. The
FeCo material is highly oxidation resistant, therefore per-
turbation from the oxide layer is minimal and hence it can
be a probable material for the magnetic devices. CoO is a
well-known AFM material, systems like Fe/CoO, Co/CoO
are well studied to understand the different aspects related
to exchange bias phenomenon [25, 26]. Different phases of
Co-oxides either behaves as anti-ferromagnetic material or
as ferrites [27, 28]. In both the cases, a modification in Co-
oxides does not obstruct the exchange bias behavior. Thus,
modification by ion-irradiation or annealing will modify the
exchange bias behavior.

2 Experimental procedure

FeCo/Co0/Si(100) hetero structure was deposited by ion
beam sputtering method where cobalt oxide was grown in
the presence of 5:3 Argon to Oxygen ratio at room tem-
perature. The base pressure and the working pressure were
maintained at 2 x 10~ mbar, and 2 x 10~> mbar, respec-
tively. The aluminium 2.0 nm has been capped on top of
it. Figure 1 shows the schematic picture of the specimen.
The vacuum annealing (2 x 1076 mbar) of the specimens has
been performed for 1 h at 573 K and 673 K. The time taken
to achieve annealing temperature of 573 K and 673 K from
room temperature is 20 min. and 30 min., respectively. The
fabricated sample was subjected to 100 MeV Au8™ ion irra-
diation with different ion fluence ranging from 1x 10'% ions/
cm? to 1x 10 ions/cm?. For irradiation, we have used Pel-
letron accelerator at [IUAC, New Delhi, India. The structural
studies of the film were performed using Angle Dispersive
X-Ray Diffraction (ADXRD) (1=0.7356 A (17 keV)) on
BL-12 of INDUS 1II Synchrotron Radiation Centre, Indore
India. The soft X-ray absorption spectroscopy (SXAS)
measurements on thin film samples were done on BL-1
beam-line of INDUS-II. Room temperature spectrum of Fe
L;,, Co L;, and O K-edge, edges were measured in total-
electron-yield (TEY) mode. Total magnetization of the film
was performed at 10 K in field cooled (FC) mode in 1.5
kOe applied magnetic field using Quantum design SQUID-
VSM. The temperature-dependent Zero field cooled (ZFC)
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Fig. 1 Schematic picture of the exchange bias thin film on Si sub-
strate

and field cooled (FC) magnetization curves were measured
upon heating from 10 to 300 K.

3 Result and discussion

The ADXRD scans of as-deposited, irradiated samples (with
various ion fluences) and after annealing at different temper-
atures have been given in Fig. 2. The as-deposited sample is
found to be composed of the bcc FeCo phase and the mixed
cobalt oxide phases such as CoO, Co;0,. In the as-deposited
specimen, and a very broad peak has been observed for the
mixed disordered cobalt oxide phases. After the Au-ion irra-
diation, the FeCo peak in the corresponding ADXRD data
is slightly shifted towards left side and the lattice constant
of the FeCo [110] is reduced with increasing ion-fluence.
Its lattice constant value has been changed from 2.836 Ato
2.832 A after the ion fluence of 1 x 10'* ions/cm?. Gupta
et.al. have studied the effects of swift heavy ions on FeCo
thin film and observed that the main peak of FeCo(110) have
been shifted towards left as a function of ion-fluence [24].
The lattice constant of CoO after ion-fluence of 6x 102 ions/
cm?becomes 4.841 A from 4.915 A. Perusal of Fig. 2 shows
that the annealing of the as-deposited samples at 573 K and
673 K for 1 h. After the annealing at 673 K, the individual
FeCo peak has been shifted towards left and the peak posi-
tion has been changed from 3.1326 A~'103.1292 A~'. For
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Fig.2 Angle dispersive X-ray diffraction pattern of a as-deposited,
b ion fluence 6x10' ions/cm?, ¢ ion-irradiated with ion fluence
1% 10" ions/cm?, d annealing at 573 K and e annealing at 673 K

the FeCo(110) BCC lattice, the lattice constant has been cal-
culated by simply [2 7z X \/ 2/q], therefore the lattice constant
of FeCo after annealing becomes higher and it increases
with annealing temperature. It changes from 2.837 A of
the as-deposited specimen to 2.840 A after the annealing at
673 K. Figure 2 clearly shows that the peak at ¢=2.68 Al
emerge very sharply compared with the specimen annealed
at 573 K, this particular peak clearly suggest the formation
of Co;0, phase. The peak intensity of Co;O, phase has been
increased after the annealing of new sample from 300 to
673 K, it clearly reveals the phase transformation has been
occurred from CoO to Co;0, because of annealing. This
phase transformation generally occurs, when the specimen
has been annealed at 633 K or more [29]. It occurs due to
the following solid state reaction [30, 31]:

4Co0 — Co + Co50,. (1)

Langell et al. have also observed the phase transforma-
tion of epitaxial CoO into Co;0,, when they anneal the
specimen at 623 K at 1.33 x 10~ mbar oxygen pressure for
30 min or more [29]. In our case, the pressure in the chamber
during annealing was 2 x 10~% mbar. Figure 3a shows the
FWHM of the main peaks of different components avail-
able in the specimen before and after ion-implantation. The
FWHM of the peaks is reduced after ion irradiation, which
suggests that the stresses present in the film during deposi-
tion has been relieved by ion irradiation. After annealing the
FWHM of the peak correspond to CoO, Co;0,, and FeCo
are reduced drastically (shown in Fig. 3b). The reduction
in the lattice constant of the film after the irradiation can
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Fig. 3 Full width at half maximum for main peak of CoO, FeCo for a
as-deposited and ion-irradiated specimens, b after thermal annealing

be easily explained using the concept of energy deposi-
tion mechanism during the irradiation process. The high
electronic excitations are responsible for the modification
in the FeCo/CoO structure [32-35]. The electronic energy
loss has been dependent possibly on the energy transfer pro-
cess between the energetic irradiated ion species (Au-ions)
and the target atoms (FeCo/CoO thin film). It can be easily
understand using thermal spike model [36, 37]. In the ther-
mal-spike model, the maximum energy of the bombarded
ions is transferred to the target electrons during electronic
slowing-down regime. It causes to increase the temperature
of the electronic subsystem, beyond its melting temperature.
However, this fast heating is confined near to the travel-path
of the ion in the material, followed by a rapid quenching in
the order of 10'3-10" K/s. Thus, when the swift heavy ion
passes through the FeCo/CoO, the rapid thermal quench-
ing process have been occurred after the massive heating
may causes higher energetic configuration and as a conse-
quence decrease in the volume of unit-cell. Beyond thresh-
old value, further increment in the ion-fluence may enhance
a fast increase in energy density, and also the mean free
path between displacing collisions advances the inter-atomic
spacing of the material [38, 39]. At this stage, the succeeding
thermal quenching may lead to the disordered state. It is due
to 100 MeV Au ions, which corresponds to electronic energy
loss for FeCo and CoO of 31.39 keV/nm and 21.93 keV/nm,
respectively, as calculated by SRIM software [40].

To study the impact of ion-irradiation and the thermal
annealing, magnetic properties of FeCo/CoO have been
studied at 10 K. Figure 4 shows magnetization hysteresis
loops (performed at 10 K after cooling from room tempera-
ture in presence of an applied field of 1.5 kOe) measured
for as-deposited, ion-irradiated and after annealing at dif-
ferent temperatures. The definition of the exchange bias
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Table 1 Magnetic moment, coercivity and exchange bias field value
obtained from magnetization curves

Sample details Coercivity (Oe) Hgg value (Oe) Magnetic

moment (emu/

cc)

As-deposited 125.2 55.6 765.9

6x 10" Au-ions/  99.85 494 678.5
sz

1%x10'" Au-ions/  119.1 31.9 676.9
sz

Annealing at 154.7 101.6 784.4
573 K

Annealing at 116.0 115.3 799.7
673 K

field value Hg = (H, + H(;)/2 and the coercivity of the film
is Ho=(He, —Hc)/2, where H(, and H, are the coercive
fields on the left and right side of the hysteresis loop, respec-
tively. The magnetization curve of as-deposited specimen
is shifted towards negative field. The magnetic moment
of the as-deposited film is 765.90 emu/cc and it exhibits
exchange bias at 10 K after field cooled the specimen from
room temperature to 10 K. The magnetic moment of the
film, given in Table 1 is reduced after ion irradiation and its
exchange bias value has also been decreasing. It may be due
to surface roughness occurred because of sputtering during
the ion-irradiation as well as the interface between FeCo/
CoO becomes rough which reduces the exchange bias in the
field. After annealing, the magnetic moment of the bilayer
film have been increasing slightly. It may be due to phase
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transformation from CoO to Co;0, as evidenced by corre-
sponding XRD patterns and the formation of ferrites at the
interface which increases the magnetic moment of the film.
Regan et.al. have studied the chemical and magnetic studies
of FM/AFM Oxides [41]. They observed that at the FM/
AFM interface, 2-3 monolayers of the Metal/oxides close
to interface have been oxidized/reduced. The exchange bias
value after annealing at 673 K has been increased from 55.6
Oe to 115.33 Oe. This result reveals that the hetero-structure
formation of CoO, Co;0, and ferrites at the interface con-
tributes to increase in the exchange bias. Vaz et al. have
shown that in case of Ni/Co;0, specimen the exchange bias
value has been increased after annealing. They suggested
that the surface morphology of Co;0, has a significant influ-
ence on the exchange anisotropy [42]. It has been further
supported by the fact that the annealing reduces the defects
and stress present in the film which supports the saturation
of the magnetization to decrease the coercivity of the film,
as given in Table 1.

Apart from the magnetic hysteresis curves, the tem-
perature dependence of the magnetization after Zero field
cooling (ZFC) and field cooling (FC) is useful to know the
influence of ion-irradiation and thermal annealing. Figure 5
represents the ZFC and FC magnetization curves of as-
deposited thin film and for the films after the ion fluence
of 1 x 10" Au-ions/cm? and after the annealing at 673 K.
Perusal of Fig. 5 showed that the ZFC and FC magnetization
curves gives different irreversibility features in differently
treated specimens. In the as-deposited specimen, the ZFC
curve displays a sharp increase at about 75~ 225 K. When
both the ZFC and FC curves are bifurcated, this specific
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Fig.5 Zero field cooled (ZFC) and field cooled (FC) magnetization
curves measured in an applied field of 1.5 kOe for an as-deposited,
ion irradiated with the Au-fluence of 1x 10 ions/cm? and annealed
sample at 673 K

temperature is defined as blocking temperature. For the
1 x 10" jons/cm? Au-ion irradiated specimen and thermally
annealed specimen at 673 K shows the blocking tempera-
ture at 250 K and 145 K, respectively. The deviation of the
ZFC and FC curves clearly suggest that a fraction of total
moment is frozen and it cannot be reversed back in a high
external field demonstrate that a strong exchange coupling
between FM/AFM is present at the interface. The Neel tem-
perature of Co;0, and CoO is lower than 40 K and 290 K,
the loop shifts continued up to ~ 250 K or above, indicating
the existence of the exchange coupling between FeCo and
Co-Oxides [43, 44]. However, existence of EB above Neel
temperature was also reported in Co/FeF, [45] and it is due
to short range magnetic ordering above Neel temperature.
In case of Fe( ¢Zn, ,F, (110)/Fe(14 nm)/Ag(35 nm) hetero-
structures, the improvement of the blocking temperature has
been observed [46], it was due to the presence of Griffiths
phase-like finite clusters. Increment in the coercivity was
also reported in layered Fe/FeF, above Neel temperature,
because of spin fluctuations in the antiferromagnetic FeF,
[47].

To understand the increase in magnetic moment of FeCo/
CoO bilayer after annealing, we have performed SXAS
measurements. This measurement technique is suitable for
the chemical environment as well as it is element specific,
to investigate the interface of a FM metal and AFM oxides.
The Fe L edge spectra consist of L; and L, corresponding to
the respective 2p3/2 and 2p1/2 characters of the core hole,
split by the 2p spin—orbit coupling. Figure 6a shows the Fe
2p X-ray absorption spectra of as-deposited, ion-irradiated
and after annealing samples. Perusal of as-deposited spec-
trum in Fig. 6a clearly shows that the L3 peak consist of two
peaks at about 708 eV and 709.5 eV. The peak at 708 eV

corresponds to bece Fe and at 709.5 eV may be attributed
to possible oxide. The L-edge Fe spectrum and its differ-
ent oxides have been studied in detail [41, 48-51]. After
the treatment, the intensity of the peak at 708 eV has been
reduced clearly suggest that some oxides have been formed
during annealing as well as during ion-beam irradiation.
From the Fig. 6a, one may note that there is no significant
changes have been observed after different kind of treat-
ments. It clearly suggest that the composition of iron oxide
and its amount has been the same for all the four treated
specimens. In the lower panel of Fig. 6a, we plotted the sim-
ulated data using CTM4XAS code [52] for pure Fe as Fe*
with+ 1.0 eV as10 Dq value and Fe + 3 with two different
values of 10 Dq. Because the L3 spectrum of Fe;O, contains
a main peak which correspond to Fe** ions at both octahe-
dral (10Dq=—0.6 eV) +tetrahedral sites (10Dq= +1.6 eV)
and a shoulder at lower energy due to Fe?* ions which is
about 1.4 eV below the main peak [49]. There is no change
in the composition of Iron oxide after ion-irradiation as well
as thermal annealing, thus the contribution in enhancement
in the magnetic moment of the film as well as the increment
in the HEB value is due to the formation of different phases
of Cobalt oxides.

The Co L-edge spectra consists of L; and L, correspond-
ing to the respective 2p3/2 and 2p1/2 characters of the core
hole, split by the 2p spin—orbit coupling. In Fig. 6b, the Co
2p X-ray absorption spectra of as-deposited, ion-irradiated
and after annealing samples are presented. As-deposited
specimen shows the broad L; and L, peak, which may cor-
respond to CoO. As-deposited specimen shows the broad
L; and L, peak, which may correspond to CoO. There are
no significant changes in the ion-irradiated spectra. In case
of annealed specimen, the spectra become more broadened
(towards right side) and a peak at about 780 eV has been
observed after the annealing at 673 K. Inset shows the clear
evolution of this peak after annealing. Bazin et al. have stud-
ied the Co X-ray absorption spectra of CoO and Co;0, [53].
In case of CoO, they observed a fine structure at L, edge
and for Co;0, (as evidenced by the corresponding ADXRD
patterns), a shifted main peak at about 779 eV has been
observed, corresponds to Co>. In the lower panel of Fig. 6b,
one can see the charge transfer multiplet calculations for
Co?* (tetra) and Co** (octahedral) and compared with the
experimental XAS data [41]. Perusal of Fig. 6b, clearly sug-
gest that the qualitatively Co’ site has been formed after
the annealing of FeCo/CoO bilayer. Co;0, possess normal
spinel structure with non-magnetic Co>" ions located at
octahedral site while magnetic Co** ions are situated at tet-
rahedral site. The overall magnetization of this compound
is due to presence of extended super-exchange pathway of
Co**-0-Co’*—0-Co®* situated at intermediate site between
02" ions [43, 54]. Recently, AFM CoO-Co;0, octahe-
dragives a ferromagnetic behavior at room temperature [55].
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Fig.6 a Normalized Fe 13,2 edge, XAS spectra of as-deposited
and treated specimens. Lower panel of fig. shows the simulated data
using CTM4XAS code [52] for pure Fe as Fe** with+1.0 eV as10
Dq value and Fe** with two different values of 10 Dq. b Normalized
Co L3,2 edge XAS spectra of as-deposited and treated specimens.

Further the annealing of CoO in between 573 and 673 K pos-
sesses ferromagnetic behavior at room temperature. Thus,
in our present case, the higher value of magnetic moment
compared to as-deposited is due to the formation of super-
exchange pathway. The O K-edge XAS spectra before and
after treatments are shown in Fig. 6¢. The spectrum gives
transitions of oxygen p character hybridized with cobalt 3d
states and above 533 eV to oxygen p character in the cobalt
4sp band [56]. It showed many features, namely the peak A
at 531 eV, peak B at 534 eV and the broad feature C and D
extending in the range 535-550 eV and 550-580 eV. The
XAS spectra at the O K-edge exhibit evident changes of the
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Inset shows the 2p3/2 peak positions. Lower panel of fig. shows the
simulated data using CTM4XAS code [52] for Co®* (tetra) and Co>*
(octahedral) with different values of 10Dq values. ¢ Normalized O
k-edge XAS spectra of as-deposited and treated specimens

intensity of the peak A with ion-irradiation and after ther-
mal annealing. The intensity of peak A is increasing after
the ion-irradiation, while it is completely vanished in case
of annealing and the peak B becomes stronger. It clearly
suggests that the hybridization between Fe, Co and O is dif-
ferent for the ion-irradiated specimens and annealed speci-
mens. From the Fig. 6c¢, it clearly reveal that the features at
the O-edge arises due to covalent mixing of the metal and
oxygen states, which presents oxygen p character in unoc-
cupied states of mainly metal character. The as-deposited
and irradiated spectra can be divided into two regions:
(i) it is a double-peak sharp structure near 530 eV, which
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can be related to the metal 3d states and defect states; (ii)
Beyond 535 eV is because of O2p and O3p transitions with
the higher lying bands of different metals. Ion-irradiation
enhances the defect states in the specimens, which enhances
the intensity of the peak near to absorption edge after the
ion-fluence of 6 x 10" ions/cm? and it becomes higher with
the ion fluence of 1x 10'* jons/cm”. After thermal anneal-
ing, the double peak structure becomes single peak structure
and we argue that the defects present in the as-deposited
specimens are reduced upto a large extent. It can also be
evidenced by the reduction of coercivity after annealing due
to reduction in the defect density in the film.

4 Conclusion

The FeCo/Co-oxide films have been prepared by ion beam
sputtering and it exhibits the exchange bias below the Neel
temperature of CoO. Ion irradiation upto 6 x 10'* Au ions/
cm?, does not significantly change the magnetization behav-
jor at 10 K. At the ion-fluence of 1x 10'* Au ions/cm?, the
value of Hpp decreases and the magnetic moment also
decreases. Annealing of FeCo/CoO films induces a phase
transformation from CoO into Co;0,, which enhances the
exchange bias field in the film. It has been also clearly evi-
denced in the corresponding soft X-ray absorption spectrum.
Higher magnetic moment of the film after annealing is due
to charge transfer process. Temperature-dependent magneti-
zation behavior in case of FC and ZFC is also different in all
the three cases. Different hybridization has been observed
for the ion-irradiated specimen as well as thermally annealed
specimen. Higher magnetic moment of the film after thermal
annealing may be due to super-exchange pathways.
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