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Ion-beam bombardment has been established as an effective way to tune the microstructure and thus modify the magnetic anisotropy of thin film
materials, leading to certain remarkable magnetic properties. In this work, we investigated a Ni80Fe20/α-Fe2O3 bilayer deposited with a dual ion-
beam deposition technique. Low-energy argon ion-beam bombardment during the α-Fe2O3 deposition led to a decline of crystallinity and interfacial
roughness of the bilayer, whereas the grain size distribution remained essentially unchanged. At low temperature, the coercivity exhibited a
pronounced decrease after the bombardment, indicating that the effective uniaxial anisotropy in the ferromagnetic layer was dramatically reduced.
Such reduction in uniaxial anisotropy was likely attributed to the irreversible transition in the α-Fe2O3 grains caused by the ion-beam bombardment,
which subsequently modified the anisotropy in the Ni80Fe20 layer. The bombarded bilayer also exhibited a larger ΔMFC–ZFC compared to the un-
bombarded bilayer, which indicated a stronger exchange coupling between the ferromagnetic layer and the antiferromagnetic layer.

© 2014 The Japan Society of Applied Physics

1. Introduction

Iron (Fe) and its oxides have been extensively investigated
due to their unique properties that can be applied in various
areas, such as energy storage,1,2) nanotechnology,3–6) and
biomedicine.7–9) As one of the iron oxides, hematite (¡-Fe2O3)
has drawn much attention because of its remarkable magnetic
properties. ¡-Fe2O3 appears to be ferrimagnetic below its Néel
temperature (TN = 948K in the bulk10)) with a small moment
that is a result of spin canting11) arising from the competition
between the different superexchange paths of the octahedral
(A-site) and tetrahedral (B-site) Fe-ion sublattices, i.e.,
ferromagnetic or antiferromagnetic A–A, A–B, and B–B
interactions. A reorganization of the antiferromagnetic
magnetic structure in ¡-Fe2O3 occurs at ³260K, the Morin
transition temperature (TM).12) The moments reorder from
perpendicular to parallel to the c-axis,13) accompanied by the
disappearance of the net magnetization.

Several studies on ¡-Fe2O3 nanomaterials reveal that the
TM of such materials can be significantly altered (or
suppressed entirely) by adjusting the nanoscale particle
sizes,14) geometry15) and strain.16) A suppression of the
Morin transition due to decreased grain sizes was also
reported in recent research on a Ni80Fe20/¡-Fe2O3 bilayer.13)

However, the effects of the altered grain size and temper-
ature-related anisotropy on the magnetic properties of these
bilayers are still not fully understood.

As a surface conditioning technique, ion-beam bombard-
ment has been known as an effective method to tune the
microstructure and thus modify the magnetic properties of
thin films, which may also provide some clues about the
finite-size effect on the magnetic anisotropy in both
ferromagnetic and antiferromagnetic layers. In this work,
different End–Hall voltages (VEH) of the ion gun were applied
to tune the ion-beam bombardment energy. We studied
Ni80Fe20/¡-Fe2O3 bilayers, either plain (un-bombarded) with
VEH = 0 and the ¡-Fe2O3 layer bombarded with VEH = 70V
Ar-ions. The influence of the ion-beam bombardment on the
coercivity and exchange bias17) of the thin films was also
investigated.

2. Experimental methods

Ni80Fe20/¡-Fe2O3 bilayers were deposited on amorphous
SiO2 substrates using a dual-ion-beam sputtering deposition
technique.18,19) A Kaufman ion source (800V, 7.5mA) was
used to bombard a commercial Fe target with 3 cm3/min Ar
and an End–Hall ion source was used to bombard the SiO2

substrate with a mixture of 42% O2/Ar to oxidize Fe into
¡-Fe2O3 in situ.13) The End–Hall ion source with 70V was
then used to in situ bombard the ¡-Fe2O3 layer before
depositing the Ni80Fe20 layer. This bombardment process
lasted for five minutes. After that, the Kaufman ion source
was used to focus an argon ion beam onto a commercial
Ni80Fe20 (at.%) target surface in order to deposit the Ni80Fe20
layer. Un-bombarded bilayers were made the same way
except without the ion bombardment on the ¡-Fe2O3 layer.
The microstructure of the bilayer was analyzed with a
transmission electron microscope (TEM; JEOL JEM-2010) at
200 kV. The composition of the bombarded bilayer was
characterized by X-ray photoelectron spectroscopy (XPS;
PHI 5000 Versa Probe). The surface roughness measurement
of the ¡-Fe2O3 layer was performed with an atomic force
microscope (AFM; NTMDT Solver Pro-M). A Quantum
Design magnetic property measurement system (MPMS) was
used to measure the magnetic hysteresis loops at 10K (the
bilayers were in-plane field-cooled in 20 kOe from 298 to
10K), and the temperature dependence of the zero field-
cooled (ZFC) and field-cooled (FC) in 100Oe DC suscepti-
bility. Room temperature (298K) and 160K hysteresis loop
measurements were performed using a Quantum Design
vibrating sample magnetometer (VSM).

3. Results and discussion

3.1 Structural properties
The bombardment effect of the argon ion beam on the
Ni80Fe20/¡-Fe2O3 bilayers was characterized by TEM, shown
in Fig. 1. A smooth interface (i.e., interfacial roughness
<2 nm) was observed in a bombarded Ni80Fe20 (³14 nm)/
¡-Fe2O3 (³18 nm) bilayer (VEH = 70V), similar to that of
an un-bombarded bilayer (VEH = 0V) reported in Ref. 13.
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Figures 2(a) and 2(b) are the electron diffraction patterns of
the bilayers, which reveal that both the un-bombarded and
bombarded bilayers consist of fcc Ni80Fe20 and hcp ¡-Fe2O3

crystallites. Specifically, the diffraction rings assigned to
(111), (200), and (220) reflections show that the Ni80Fe20
layer exhibits a fcc crystalline structure while those assigned
to (110), (202), (024), (214), and (036) reflections are from
the hcp crystalline structure of the ¡-Fe2O3 layer. The lattice
constants for Ni80Fe20 (a ³ 3.51Å) and ¡-Fe2O3 (a ³ 5.16Å,

c ³ 13.68Å) crystallites derived from the patterns were as
expected for the two layers.20,21) Furthermore, the rings
became slightly broader and diffuse in the bombarded
bilayer, indicating a decrease of crystallinity in both layers.
The decreased crystallinity in the ¡-Fe2O3 caused by the
bombardment subsequently affected the crystallization proc-
ess in the Ni80Fe20 layer. More defects were formed on the
bombarded ¡-Fe2O3 surface, which were developed during
the crystal growth in the Ni80Fe20 layer and thus lowered the
crystallinity of Ni80Fe20. Figure 3 shows the bright- and dark-
field TEM images of the ¡-Fe2O3 surfaces without and with
bombardment, while Fig. 4 shows the corresponding histo-
grams of the grain size distribution. The values of the grain
size for the un-bombarded layer and the bombarded layer
ranged from 4 to 16 nm and 4 to 12 nm, respectively. The
average grain size (³8 nm) however was not affected by the
bombardment.

The Ni80Fe20/¡-Fe2O3 bilayers’ interfacial roughness was
characterized by AFM measurement of the ¡-Fe2O3 surface
before capping with the Ni80Fe20 layer. As shown in Fig. 5,
the rms roughness over an 8 © 8µm2 region of the bilayer
was found to decrease from ³2.0 to ³0.8 nm with the VEH =

70V ion-beam bombardment, which indicated a smoother
surface in the bombarded bilayer.22) The wavy surface shown
in Fig. 5(b) was likely due to the bumps on the substrate.

Compositional analysis was conducted for the bombarded
bilayer. Figures 6(a) and 6(b) show the XPS peaks of Ni 2p,
Fe 2p for the Ni80Fe20 layer. The Ni 2p spectrum in Fig. 6(a)
exhibits two distinct peaks, one at ³852.6 eV attributable
to the Ni 2p3/2 transition while the other at ³869.6 eV
attributable to the Ni 2p1/2 transition.23) In Fig. 6(b), the
Fe 2p spectrum shows two peaks at ³707 and ³719.8 eV
corresponding to the Fe 2p3/2 transition and the Fe 2p1/2
transition,23) respectively. It also shows another broad peak at

Fig. 1. Cross-sectional TEM image for bombarded [Ni80Fe20/¡-Fe2O3]
bilayer.

(a)

(b)

Fig. 2. Electron diffraction patterns for the un-bombarded (a) and
bombarded (b) [Ni80Fe20/¡-Fe2O3] bilayers.

(a) (b)

(c) (d)

Fig. 3. Bright-field and dark-field TEM images of the ¡-Fe2O3 surfaces of
the un-bombarded (a, c) and bombarded (b, d) [Ni80Fe20/¡-Fe2O3] bilayers.
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³712 eV, which is attributed to the Fe 2p3/2 transition in the
Fe2O3 phase.24) This implies a weak intermixing between the
Ni80Fe20 layer and the ¡-Fe2O3 layer. The O 1s and Fe 2p
spectra for the ¡-Fe2O3 layer are displayed in Fig. 7.
Figure 7(a) shows the peak of O 1s at ³530.3 eV while
Fig. 7(b) shows two peaks at ³709.8 and ³723 eV due to the
Fe 2p3/2 transition and the Fe 2p1/2 transition,23) respectively.
The depth profile analysis of the bilayer is shown in Fig. 8.
The composition of the Ni80Fe20 layer is roughly 80 at.% Ni
and 20 at.% Fe, in excellent agreement with the target’s
stoichiometry. On the other hand, the composition of the ¡-
Fe2O3 layer is roughly 73 at.% O and 27 at.% Fe. The excess
oxygen was attributable to the introduction of O2 during the
bombardment treatment. XPS depth profiling also shows that

(a)

(b)

Fig. 5. (Color online) AFM images for the un-bombarded (a) and
bombarded (b) [Ni80Fe20/¡-Fe2O3] bilayers.
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Fig. 6. (Color online) XPS peaks of Ni 2p (a), Fe 2p (b) for the Ni80Fe20
layer.
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Fig. 4. (Color online) Histograms of the grain size distribution for the un-
bombarded (a) and bombarded (b) [Ni80Fe20/¡-Fe2O3] bilayers.
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the intermixing at the Ni80Fe20/¡-Fe2O3 interface was
relatively minor, while that at the ¡-Fe2O3/SiO2 interface
was more prevalent.

3.2 Magnetic properties
Figures 9(a)–9(c) show the magnetic hysteresis loops of the
un-bombarded bilayer measured at 298, 160, and 10K,
respectively. Figure 9(a) shows a small coercivity of ³2Oe
and no exchange bias for the bilayer with VEH = 0V. These
features are similar to those for the pure Ni80Fe20 layer.25–27)

The coercivity increased from 2 to 29Oe as the temperature
decreased from 298 to 160K, due to the decreased thermal
energy resulting in a larger field energy being required to
rotate the domains in the Ni80Fe20. The exchange bias field
was still not observed, which could be attributed to the
small ¡-Fe2O3 grains that effectively suppressed the Morin
transition.13,21) Figure 9(c) exhibits a pronounced negative
exchange bias field (³¹260Oe) and a dramatically enhanced
coercivity (³200Oe). These features can be explained by the
reorganization of the antiferromagnetic ordering below the
Morin temperature, which is below 100K in this case.13) This
spin-flop transition permitted a full antiferromagnetic struc-
ture that enabled a unidirectional anisotropy so that the
exchange coupling between the Ni80Fe20 and ¡-Fe2O3 layer
led to a large coercivity and exchange bias field.

Figures 10(a)–10(c) present the hysteresis loops of the
bombarded bilayer measured at 298, 160, and 10K,
respectively. Figure 10(a) shows a slightly rounded hysteresis
loop for the bombarded bilayer at room temperature,
indicating a slight offset for the Ni80Fe20 easy-axis after the
bombardment. In contrast to the room-temperature behaviour,
the M–H loop retained a square shape at both 160 and 10K,
as shown in Figs. 10(b) and 10(c).

The temperature dependence of the coercivity (Hc) and
exchange bias field (Hex) for the bilayers without and with
bombardment is shown in Fig. 11. The coercivity exhibited
a distinct reduction after the ion-beam bombardment,
implying that the uniaxial anisotropy in the ferromagnetic
layer was dramatically reduced.28) Such a reduction in
uniaxial anisotropy was likely attributed to the irreversible
transition in the ¡-Fe2O3 grains caused by the bombard-
ment,29) which subsequently modified the anisotropy in the
Ni80Fe20 layer. The exchange bias field however remained

almost the same, implying an unchanged unidirectional
anisotropy in the bilayers. These results are consistent with
the fact that the coercivity and exchange bias effect are of
different origins.30,31)

To further investigate the nature of exchange coupling in
both types of the bilayers, we measured the temperature
dependence of the ZFC and FC DC low field (100Oe)
susceptibility, shown in Fig. 12. The magnetization values
for the un-bombarded and bombarded bilayers were normal-
ized by their corresponding magnetizations with FC at 10K.
The FC magnetization gradually increased with the decreas-
ing temperature, whereas the ZFC magnetization presented
a decrease below ³100K for both bombarded and un-
bombarded bilayers, indicating that the crystallites were no
longer superparamagnetic below ³100K, i.e., their blocking
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Fig. 8. (Color online) Depth profile analysis of the bombarded [Ni80Fe20/
¡-Fe2O3] bilayer.
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Fig. 9. (Color online) Magnetic hysteresis loops of the un-bombarded
[Ni80Fe20/¡-Fe2O3] bilayer measured at 298 (a), 160 (b), and 10K (c),
respectively.
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temperature (TB) where the thermal energy was low enough
to permit the onset of exchange coupling was around 100K.
These features also indicate that the intrinsic exchange
coupling energy between interfaces was unaltered by the
interfacial roughness, implying that the similar composi-
tional interface intermixing was occurring in both bilayer
systems that was the dominant mechanism for the ferromag-
netic/antiferromagnetic exchange coupling. The influence of
the ion-beam bombardment on the degree of divergence
(¦MFC–ZFC) was also studied. As shown in Fig. 13, a larger
¦MFC–ZFC below 100K was observed in the bombarded
sample. This can be attributed to the bombardment effect that
increased the uncompensated spins at the Ni80Fe20/¡-Fe2O3

interface, resulting in a larger interfacial (canted) magnetiza-
tion (i.e., larger ¦MFC–ZFC).

4. Conclusions

We carried out a systematic experimental study on the
microstructure and magnetic properties of polycrystalline
Ni80Fe20/¡-Fe2O3 bilayers with ion-beam bombardment. The
low-energy bombardment led to a decline of crystallinity,
which was attributed to the increased interfacial defects
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Fig. 11. (Color online) Temperature dependence of the coercivity (Hc)
and exchange bias field (Hex) for the un-bombarded and bombarded
[Ni80Fe20/¡-Fe2O3] bilayers.
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[Ni80Fe20/¡-Fe2O3] bilayer measured at 298 (a), 160 (b), and 10K (c),
respectively.

-50 0 50 100 150 200 250 300 350 400 450

0.85

0.90

0.95

1.00

1.05

M
/M

F
C
 (

10
 K

) 
(a

rb
. u

ni
t)

Temperature (K)

 FC   V
EH

 = 0V 

 ZFC V
EH

 = 0V

 FC   V
EH

 = 70V 

 ZFC V
EH

 = 70V

TB

50 100 150
0.94

0.96

0.98

1.00

1.02

Fig. 12. (Color online) Temperature dependence of the ZFC and FC DC
susceptibility for the un-bombarded and bombarded [Ni80Fe20/¡-Fe2O3]
bilayers. The magnetization values for the un-bombarded and bombarded
[Ni80Fe20/¡-Fe2O3] bilayers were normalized by their corresponding
magnetizations with FC at 10K. The inset shows the ZFC and FC DC
susceptibility with the temperature varying from 40 to 150K.

Jpn. J. Appl. Phys. 53, 06JB03 (2014) C. Zheng et al.

06JB03-5 © 2014 The Japan Society of Applied Physics



induced by the bombardment. After the ion-beam bombard-
ment, the coercivity exhibited a distinct reduction, implying
that the uniaxial anisotropy in the ferromagnetic layer was
dramatically reduced. The almost identical blocking tem-
peratures for the un-bombarded and bombarded bilayers
indicate that the intrinsic exchange coupling energy between
interfaces was unaltered by the interfacial roughness,
implying that the similar compositional interface intermixing
was occurring in both bilayer systems that was the dominant
mechanism for the ferromagnetic/antiferromagnetic ex-
change coupling. A larger ¦MFC–ZFC was observed in the
bombarded bilayer which was a result of the additional
uncompensated spins created by the bombardment effect at
the Ni80Fe20/¡-Fe2O3 interface. These uncompensated spins
resulted in a stronger exchange coupling, which possibly in
turn reduced the relative twisting in the Ni80Fe20 layer and
thus gave rise to a smaller coercivity. In order to fully explain
the phenomena observed here, a theoretical study that
considers the effect of finite grain-size and temperature-
varying anisotropy in addition to the magnetic properties
already known for bulk ¡-Fe2O3 needs to be conducted in
the future.
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