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Enhancing exchange bias and tailoring microwave properties of FeCo/Mnlr

multilayers by oblique deposition
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A systematic study of the static and dynamic magnetic properties with regards to temperature for
FeCo/Mnlr multilayered thin films fabricated by oblique sputtering technique was carried out.
Compared with the film produced by conventional non-oblique sputtering method, those films
grown by oblique deposition show a significant increment of exchange bias. The magnetic
anisotropy field and the ferromagnetic resonance frequency can also be enhanced and tailored by
changing oblique deposition angle. In addition, thermal stability of the dynamic characteristics of
the films was presented and discussed from application-oriented perspective. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4768280]

I. INTRODUCTION

Exchange bias refers to a shift of the magnetic hysteresis
loop when a ferromagnet (FM) is coupled with an antiferro-
magnet (AF)." This effect has received much attention and
has been widely studied by research scientists all over the
world owing to its intriguing physical origin'~ and extensive
applications in magnetic data storage.*” Another potential
application of exchange bias that should not be undermined
is in the field of microwave devices based on magnetic thin
films as this effect can be used to push the ferromagnetic res-
onance frequency to a higher range.®”'* Nevertheless, one of
the drawbacks for the employment of this effect in micro-
wave devices is its thermal stability as many applications are
required to operate at high temperatures while their micro-
wave properties are still maintained.®'* For example, our
recent study in exchange-biased FeMn/NiFe multilayers
revealed that for a better thermal stability the FM thickness
should be larger but this larger FM thickness will bring about
a significant reduction of ferromagnetic resonance fre-
quency.'® Hence, to possess an exchange-biased system that
can have good thermal stability and at the same time have a
high resonance frequency is a challenging issue. In this pa-
per, we demonstrate that by incorporating exchange bias
with oblique deposition technique one can attain a system
satisfying both requirements of good thermal stability and
high resonance frequency. In addition, through a systematic
investigation of the magnetic and microwave properties of
FeCo-Mnlr multilayers we show that exchange bias can also
be enhanced substantially by oblique deposition. Oblique
deposition is a popular technique in thin film fabrication
which has also been studied extensively in the literature'*?
as an effective way to tune the magnetic anisotropy and con-
sequently govern ferromagnetic resonance frequency.'® 2
To our best knowledge, up to now only few works in the lit-
erature have investigated exchange-biased films fabricated
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by oblique deposition technique.”>** Even in those few
works, the influence of oblique deposition on exchange bias
effect has not as yet been studied systematically and/or fully
clarified. Hence, a detailed investigation as in the present pa-
per on magnetic and microwave properties of exchange-
biased FM/AF multilayered films with regards to the effect
of oblique deposition is crucially essential for both funda-
mental knowledge and application-oriented research.

Il. EXPERIMENT

Samples with the structure of Mnyslrs(15 nm)/
[Fe30Co70(40 nm)/Mnyslr,s(15 nm)];/SiO»(10 nm) were fab-
ricated onto Si(100) substrates at ambient temperature using
a radio-frequency (RF) magnetron sputter-deposition system
with the base pressure of 7 x 10~ Torr. The first layer de-
posited onto the substrate is Mnlr (which serves as AF layer)
so that each FeCo (which serves as FM layer) has two inter-
faces.'? Both of the targets used in the present study are alloy
targets. A capping layer of SiO, with the thickness of 10 nm
was deposited on the top of the samples to protect them from
oxidation. The argon pressure was kept at 10> Torr during
the deposition process by introducing argon gas at the flow
rate of 16 SCCM (SCCM denotes cubic centimeter per mi-
nute at STP). The deposition setup is shown in Fig. 1, where
the substrates were put at an oblique angle ranging from 0°
to 30°. With this arrangement, the easy axis of the films
induced by oblique deposition is perpendicular to the inci-
dent plane. A magnetic field of about 200 Oe was applied
during the deposition process along the easy axis induced by
oblique deposition in order to assist the inducement of mag-
netic anisotropy. The composition was determined by energy
dispersive x-ray spectroscope (EDS), and the thickness of
each layer was controlled both by the deposition time and by
keeping the deposition rate constant, which was verified by a
thickness profile meter. For the structural properties of the
films, an X-ray diffractometer using CuKo radiation was
employed to characterize. A vibrating sample magnetometer
(VSM) was used for the measurement of magnetization

© 2012 American Institute of Physics
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FIG. 1. Sketch of the oblique sputtered deposition system used in the present
study.

Oblique angle

curves at room temperature. In order to get permeability
spectra of the films at high temperatures, we modified the
setup of our previous measurement based on shorted micro-
strip transmission-line perturbation method® by attaching a
heater to the fixture. The temperature is meticulously con-
trolled by changing the voltage applied to the heater and a
thermo-couple sensor attached to the fixture to monitor the
temperature.”® For the sake of the accuracy, the measure-
ment for each sample was only carried out after the sample
placed in the fixture and let the temperature stabilized for at
least 10 min. The observed variation of the temperature dur-
ing the measurement is less than 1 °C. By using this modified
setup, we can measure permeability spectra of the films from
0.1 GHz to 10GHz in the temperature range varied from
25°Cto 150°C.

lll. RESULTS AND DISCUSSION

The X-ray diffraction profiles of the multilayers with
different oblique angles are presented in Fig. 2. Prominent
peaks of Mnlr fcc (111) and (002) and FeCo bee (110) were
clearly observed for all the samples. However, as the oblique
angle is increased the peaks are shifted to higher diffraction
angle range indicating the contraction of the corresponding
lattice spacing. Detailed summary of the change of lattice
spacings with the oblique angle are presented in Fig. 3 con-
firming the reduction trend. This change of the microstruc-
ture of the films is possibly due to the formation of the
columnar grains which are tilted due to the self-shadow
effect'*'® of the oblique deposition method. With the
increasing of the oblique angle, the tilting of the columnar
grains is increased and this tilting may cause some distortion
of the lattice of the films in such a way that the lattice spac-
ing is reduced.

Figure 4 shows some representative hysteresis loops of
Mnlr-FeCo multilayers with f=0°, 16°, and 30° measured
at room temperature along the easy axis and hard axis. The
easy axis loops reveal typical exchange-biased curves with
the shift of the loops from the original point which is defined
as exchange bias field. It is interesting to observe the loop
shift for f=0° is significantly less than those with f=16°
and 30° indicating that exchange bias can be enhanced by
using oblique deposition. Moreover, the hard axis loops

nlr fee(111)
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FIG. 2. X-ray diffraction profiles for FeCo-Mnlr multilayers deposited at
various oblique angles.

become more slanted with the increasing of oblique angle
implying that the magnetic anisotropy is increased with
oblique angle. It is observed in Fig. 4 that there is a two-step
or even multiple-stage reversal in the magnetization curves
along the easy axis. This is presumably due to the different
unidirectional anisotropy constants (Jk) at different interfa-
ces, which results in different exchange bias fields (Hg) act-
ing on each FeCo layer.'® Owing to the overlap of several
loops with different exchange bias fields, the overall magnet-
ization curve manifests itself as a multiple-stage reversal as
in Fig. 4."° Similar behavior has previously been observed in
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FIG. 3. Variations of lattice spacings of (a) Mnlr (002), (b) FeCo (110), and
(c) Mnlr (111) peaks as a function of oblique angle.
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FIG. 4. Representative magnetization hysteresis loops for FeCo-MnlIr multi-
layers deposited at various oblique angles (ff =0°, 16°, and 30°) measured at
room temperature with the external magnetic field applied in easy and hard
axes.

-400

several exchange biased systems,'®?’ and some of the

authors argued that the bottom interface normally has a bet-
ter unidirectional anisotropy constant and the reason for that
is that the top interface is rougher than the bottom
interface.?’

The dynamic magnetic properties of these samples as
presented in Fig. 5 also show an interesting behavior. The

200

100

-100

200

1 2 3 4 5 6 7 8 9
Frequency (GHz)
FIG. 5. Permeability spectra of FeCo-Mnlr multilayers deposited at various

oblique angles (f=0°, 16°, and 30°) measure at room temperature. (a) Real
part. (b) Imaginary part.
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typical permeability spectra in Fig. 5 were measured at room
temperature showing that the peak of the imaginary part are
shifted to higher frequency range when the oblique angle is
increased. This behavior indicates that the frequency is
increased with the increasing of oblique angle. For more
elaborate discussion of the behaviors of both static and
dynamic magnetic characteristics, we plot in Fig. 6 a sum-
mary of the oblique angle dependences of the exchange bias
field Hg, the intrinsic uniaxial magnetic anisotropy Hg'™, the
effective magnetic anisotropy field Hy, and the ferromag-
netic resonance frequency fgyr. The exchange bias field is
determined from the loop shift of the magnetization curves
along the easy axis as in Fig. 4.°1%7%3! The effective mag-
netic anisotropy field Hg, which is the total magnetic anisot-
ropy determined by static magnetic measurement, can be
estimated from the hard axis hysteresis loops as shown in
Fig. 4.3°3" According to McCord et al.,>*>" this effective
magnetic anisotropy Hy is the sum of the unidirectional ani-
sotropy field (i.e., exchange bias field Hg) and the intrinsic
uniaxial magnetic anisotropy field Hx™ (Hg =Hg + H-
Kim).30’31 Hence, one can determine the intrinsic uniaxial
magnetic anisotropy field Hx™ by subtraction of Hg value
from Hg value (Hx™ = Hg — Hg). As seen in Fig. 6(a), the
exchange bias field Hg was found to be increased nearly dou-
bly from 50 Oe to 95 Oe when the oblique angle is increased
from 0° to 23°, and it was then slightly decreased with fur-
ther increment of oblique angle from 23° to 30°. The
enhancement of exchange bias with oblique angle may tenta-
tively be interpreted in terms of the change in microstructure
with oblique deposition. As discussed earlier, due to the so-
called self-shadow effect, a columnar structure may form in
the films grown by oblique deposition'*> that results in
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FIG. 6. Dependences of (a) exchange bias field (Hg) and intrinsic uniaxial
magnetic anisotropy field (Hg™), and (b) ferromagnetic resonance fre-
quency (fpmr) and effective magnetic anisotropy field (Hk) on the oblique
angle.
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some distortion of the lattice of the films as evident in Fig. 3.
This distortion may help to create more pinning sites at the
FM/AF interfaces which are important for emerge of the fro-
zen AF spins accounting for exchange bias. This scenario
may thus explain why exchange bias is significantly
enhanced when the oblique angle is increased. However,
since the characteristics of our FM/AF interfaces cannot be
probed in a more detailed manner, this explanation is just
tentative, and further study may be needed to confirm this
argument. Similar to other oblique-deposited thin film sys-
tems,M*22 our samples also show an increase of intrinsic uni-
axial magnetic anisotropy field Hg'™ with the increasing of
oblique angle as seen in Fig. 6(a). The variation of intrinsic
uniaxial magnetic anisotropy field H'™ in our case is exactly
the same as the case of single-layered FM films prepared by
oblique sputtering. Therefore, it is increased with oblique
angle as well owing to the same physical origin as reported
in the literature for this kind of fabrication method'* 2
which can be interpreted in terms of the formation of the
tilted columnar structure of the grains and/or the tilted elon-
gated columns owing to the so-called self-shadow effect.'*'
The tilted columnar structure of the grains assists the induce-
ment of magneto-crystalline anisotropy while the elongated
columns play a key role in inducing shape anisotropy.'®
Although there is a slight decrease of Hg when oblique angle
is increased from 23° to 30°, the increment of HKim in this
range is quite drastic from 56 Oe to 173 Oe making the over-
all magnetic anisotropy Hy is monotonically increased in the
whole range of oblique angle from 0° to 30° as observed in
Fig. 6(b). Due to the increasing of magnetic anisotropy field
with oblique angle, the ferromagnetic resonance frequency
frMmr 15 also increased with oblique angle in the same manner
as presented in Fig. 6(b). According to Kittel’s equation,>”
the ferromagnetic resonance frequency fryr is related to the
effective magnetic anisotropy field Hx and the saturation
magnetization Mg as in the following formula:

frur = ——/Hx (Hx + 4nMs). (1)

2n

Here, y is the gyromagnetic ratio. Note that the satura-
tion magnetization Mg is not changed with oblique angle.
Hence, the variation trend of the ferromagnetic resonance
frequency fgvr should be similar with that of the total effec-
tive magnetic anisotropy field Hk as observed in Fig. 6(a).

Now we turn to the discussion of the experimental
results of thermal stability of dynamic magnetization for
these samples. Figure 7 presents the permeability spectra of
FeCo-MnlIr multilayers fabricated at oblique angle of 30°
measured in the temperature range from 25 °C to 150 °C. As
observed in Fig. 7(b), when the temperature is raised from
25°C to 150 °C the peak of the imaginary part of permeabil-
ity spectra is shifted towards the lower frequency range indi-
cating the reduction of ferromagnetic resonance frequency
from 7.3 GHz down to 6.2 GHz. The temperature dependen-
ces of the ferromagnetic resonance frequency for different
oblique deposition angle are summarized in Fig. 8(a) show-
ing a clear reduction of fpyr with temperature for all the
oblique angles. The reduction of ferromagnetic resonance

J. Appl. Phys. 112, 113908 (2012)
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FIG. 7. Permeability spectra of FeCo-Mnlr multilayers with oblique angle
f=30° measured at different temperature from 25°C to 150°C. (a) Real
part. (b) Imaginary part.

frequency with temperature was previously reported by sev-
eral groups® 326333 and explained in terms of the decreas-
ing of both the effective magnetic anisotropy field Hx and
the saturation magnetization Mg as the temperature is
increased.®!32-333% The reduction of Mg is mostly due to
the thermal fluctuation of the spins when the temperature is
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FIG. 8. Temperature dependences of (a) ferromagnetic resonance frequency

and (b) normalized ferromagnetic resonance frequency for FeCo-Mnlr mul-
tilayers deposited at various oblique angles.
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raised. Regarding the reduction of Hg, as discussed above,
this effective magnetic anisotropy field Hi is composed of
two contributions; one is the intrinsic uniaxial anisotropy
field Hx™ and the other is the unidirectional anisotropy field
Hg. When the temperature is increased, Hg is expected to
decrease due to the thermal fluctuation of the AF spins at the
interface which causes a substantial reduction of unidirection
anisotropy.®!? The intrinsic uniaxial anisotropy Hg™ is
also expectedly decreased with temperature because when
the temperature is increased, the local magnetization direc-
tion fluctuates around the mean directions, which results in
the raising of energy of the easy axis and lowering the
energy of the hard axis and consequently leads to the decre-
ment of magnetic anisotropy.>* Naturally it may be expected
that the AF spins at the interface are more vulnerable to ther-
mal fluctuation than the bulk FM spins. Hence, Hg may pre-
sumably be reduced more drastically than Hg™. However,
further experimental evidence is still needed to confirm this
point, especially experimental data that allow one to distin-
guish the thermal behavior of these two contributions. Yet
such an investigation may perhaps be beyond the scope of
this paper and may be left for future plan. In any way, the
bottom line here is that due to the decrease of these two con-
tributions (Hg and Hg'™) with temperature, the total effective
anisotropy field Hy is resultantly expected to be reduced
when the temperature is raised.

In order to evaluate the thermal stability of the films
with various oblique angles, we plotted in Fig. 8(b) the nor-
malized values of ferromagnetic resonance frequency as a
function of temperature. The result shows that in general for
the samples with low oblique angles the resonance frequency
is more thermally stable than for the ones with higher angles.
In particular, for f=0° the ferromagnetic resonance fre-
quency is reduced around 17% while it falls off about 30%
for f=28° when heating up from 25 °C up to 150 °C. How-
ever, an interesting observation is that when ff =30° the ther-
mal stability of the film becomes better with the reduction of
only 16% when the temperature is increased from 25°C up
to 150 °C. This result is of crucial importance from applica-
tion point of view as it demonstrates that employing oblique
deposition method in exchange bias system may result in
magnetic thin films with good thermal stability while still
keeping a very high resonance frequency beyond 6 GHz.

IV. SUMMARY AND CONCLUSION

In summary, we have investigated systematically the
influence of oblique deposition on the magnetic and micro-
wave characteristics with respect to temperature in FeCo-
Mnlr multilayered films. Our study revealed that oblique
deposition technique can be used to enhance exchange bias
with the value of the exchange bias field almost double com-
pared to films prepared by non-oblique sputtering. This
enhancement is tentatively suggested to be due to the crea-
tion of pinning sites at the FM/AF interfaces arising from the
formation of tilted columnar structures often found in thin
films fabricated by oblique sputtering. The intrinsic uniaxial
magnetic anisotropy is also increased due to the formation of
these tilted columnar structures thus leading to the total mag-

J. Appl. Phys. 112, 113908 (2012)

netic anisotropy is increased with the oblique angle as well.
As a result, the ferromagnetic resonance frequency can be
enhanced substantially by increasing oblique angle. More-
over, our films show good thermal stability with the ferro-
magnetic resonance frequency reduced by only 16% when
the temperature is raised from 25 °C to 150 °C. The high per-
formance of our FeCo-Mnlr films suggests that one can
incorporate exchange bias effect into oblique deposition
technique to obtain thin films promisingly suitable for future
requirements in both terms of thermal stability and high
operation frequency.
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