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NiFe/[IrMn/NiFe/IrMn]s/[NiFe/IrMn]4/NiFe structured exchange-biased multilayer films are designed and pre-
pared by magnetron sputtering. The static and the microwave magnetic properties are systematically investigated.
The results reveal that adding a partially pinned ferromagnetic layer can effectively broaden the ferromagnetic res-

onance linewidth toward the low frequency domain.

Moreover, a wideband multi-peak permeability spectrum with

a 3.1-GHz linewidth is obtained by overlapping the spectra of different partially pinned ferromagnetic layers and
[antiferromagnet/ferromagnet/antiferromagnet],, stacks. Our results show that the linewidth of the sample can be feasi-
bly tuned through controlling the proper exchange bias fields of different stacks. The designed multilayered thin films have
potential application for a tunable wideband high frequency noise filter.
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1. Introduction

With the rapid development of microwave integrated cir-
cuits, gigahertz range band mobile communication and radar
system, high frequency noises of the microwave devices, and
transmission lines become a potential problem for the mod-
ern information systems and may even pose a health risk to
humans. Therefore, it is crucial to suppress the electromag-
netic noises. A microwave noise filter based on soft magnetic
thin films has been proposed and intensively investigated in
recent years.|>) Most of the researchers made their efforts to
adjust the ferromagnetic resonance (FMR) frequency (f;) to
a higher frequency domain. These include patterning mag-
netic films into strip structures,’®! doping the third element into
the ferromagnetic alloy film*>! and forming multilayers.[®7]
On the other hand, the exchange bias coupling effect between
ferromagnetic (FM) and anti-ferromagnetic (AF) can also be
used to tune FMR frequency.[®” All of these efforts aim to ac-
quire a large magnetic anisotropy field Hy. As is well known,
the FMR frequency in the film plane can be expressed as
fi=v/ ZHM , where 7 is the gyro-magnetic ra-
tio and Mj is the saturation magnetization of the thin films.

For wideband microwave noise filter application, how-
ever, magnetic films with a broad FMR linewidth are very
important. In the present work, ferromagnetic NiFe and
anti-ferromagnetic IrMn are used to construct both partially
pinned NiFe layers and [IrMn/NiFe/IrMn],, multilayer film
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stack structure with different exchange bias fields. Through
overlapping the microwave permeability spectra of the par-
tially pinned FM layers and fully pinned [AF/FM/AF],, stacks,
the whole FMR frequency linewidth of the multilayer film
stack structure can be greatly broadened. Furthermore, both
the resonance frequency and the linewidth of the FMR fre-
quency can be feasibly tuned by controlling proper exchange
bias field of partially pinned FM layers and [AF/FM/AF],
stacks.

2. Experimental procedure

[Nig; Fe9/Irj9Mng; ], exchange-biased multilayer stacks
are prepared on Si (100) substrates by dc magnetron sputter-
ing. The base vacuum and working pressure are 7x 1076 Pa
and 7.2x 1072 Pa, respectively. The deposition rates for all
the layers are all approximately 0.1 nm/s and controlled by a
quartz-crystal deposition monitor. A magnetic field of about
30 mT is applied along the substrate surface during thin films
growth process to induce the necessary exchange bias.['’! The
static magnetic properties of the samples are measured by us-
ing a vibrating sample magnetometer (VSM). The permeabil-
ity spectra in a frequency range from 0.05 GHz-6 GHz are
obtained by using a shorted micro-strip transmission line per-
turbation method!'!! with Agilent 4285 vector network ana-

lyzer.
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3. Results and discussion

Figure 1 shows the microwave permeability spectra and
magnetic hysteresis loops of [NiFe(30 nm)/IrMn(15 nm)];q
and [NiFe(40 nm)/IrMn(15 nm)];o multilayer films. It can
be clearly seen that the real and the imaginary perme-
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ability spectra each show a double-peak feature. For the
[NiFe(30 nm)/IrMn(15 nm)];¢ multilayer film, the two FMR
frequencies are 2.33 GHz and 3.21 GHz as shown in Fig. 1(a).
With NiFe layer thickness increasing to 40 nm, the FMR fre-
quencies reduce to 2.07 GHz and 2.76 GHz, respectively as
shown in Fig. 1(c).
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Fig. 1. (color online) (a) Permeability spectra and (b) magnetization hysteresis loops of [NiFe(30 nm)/IrMn(15 nm)];o exchange-
biased multilayered films. (c) Permeability spectra and (d) magnetization hysteresis loops of [NiFe(40 nm)/IrMn(15 nm)];o exchange-

biased multilayered films.

The reason for this double-peak property can be under-
stood by the different values of exchange bias field Hex acting
on the various NiFe layers. The bottom NiFe layer is a par-
tially pinned layer by its neighboring IrMn layer. However,
the other nine NiFe layers are fully pinned by contacting two
IrMn layers. This can be seen from the magnetization hys-
teresis loops as shown in Figs. 1(b) and 1(d), where a small
shoulder is present in the fourth quadrant. The partially pinned
NiFe layer brings an additional FMR frequency peak in lower
frequency domain due to a relatively weak H.x. The detail
of the partially pinned NiFe layer thickness influence of mi-
crowave permeability spectrum properties can be found in our
previous work.!'?l The results give a chance to manipulate the
permeability spectra of the exchange-biased multilayer mag-
netic films in the following discussion.

The arbitrarily tunable resonance linewidth is very im-
portant for the magnetic thin films used for the wideband
microwave noise filter. In the present paper, according to
the spectra discussed above, two kinds of exchange-biased
multilayer stack configurations are designed and fabricated
with several partially pinned FM layers and [AF/FM/AF],

stacks in order to realize the tunable resonance linewidth.
The structure details of the configurations are listed in Ta-
ble 1. Figure 2 shows the X-ray diffraction patterns of the
Ta/NiFe(60 nm)/[IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]¢ /
NiFe(120 nm) multilayer stack structure (configuration I) and
Ta/NiFe(60 nm)/[IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]s /
[NiFe(30 nm)/IrMn(15 nm)]4/NiFe(120 nm) multilayer stack
structure (configuration II). IrMn (110) and NiFe (110) peaks
appear in the in-plane 626 scan as shown in Fig. 2. It is
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Fig. 2. (color online) XRD in-plane 626 scan for configuration I and
configuration II multilayer stack structures.
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noted that with the total thicknesses of IrMn and NiFe increas-
ing, the peak intensity is enhanced and the width is narrowed,
implying that the grain sizes of [rMn and NiFe increase. Ac-
cording to Scherrer formula and the full width at half max-
imum (FWHM) of the (110) peaks, for configuration I mul-

tilayer stack structure, the average IrMn grain size and NiFe
grain size are estimated to be 8.9 nm and 11.5 nm, respectively.
In contrast, for configuration II multilayer stack structure, the
average IrMn grain size and NiFe grain size are enhanced to
10.5 nm and 13.4 nm, respectively.

Table 1. Designed and fabricated configurations with two different exchange-biased multilayer stack structures.

Exchange-biased multilayer stacks structure

Configuration I
Configuration II

Ta/NiFe(60 nm)/[IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]¢/NiFe(120 nm)
Ta/NiFe(60 nm)/[IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]s/[NiFe(30 nm)/IrMn(15 nm)]4/NiFe(120 nm)

For configuration I, the measured magnetization hystere-
sis loops of the multilayer stacks along the hard and easy axes
are shown in Fig. 3(a). Different exchange bias fields Hex; =
0.9 mT, Hoxo = 2.6 mT, and Hexz = 7.1 mT are identified
from this three-stage hysteresis loop. Since the static effec-
tive anisotropy field can be obtained as Hyft = Hex + Hy, 13141
where H,, is the uniaxial anisotropy field, in principle, one
can easily tune the effective anisotropy field as well as the res-
onance frequency by changing the thickness of FM layer in
both partially pinned FM layer and [AF/FM/AF],, stack struc-
ture. Therefore, tunable resonance linewidth can be realized
by overlapping the adjacent resonance frequencies.
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Fig. 3. (color online) (a) Magnetization hysteresis loops of configura-
tion I. (b) Measured permeability spectra of configuration I.

Figure 3(b) shows the measured microwave permeability
spectra of the Ta/NiFe(60 nm)/[ [r'Mn(15 nm)/NiFe(40 nm) /
IrMn(15 nm)]e/NiFe(120 nm) multilayer stack structure. The

imaginary part of the microwave permeability spectrum shows
a wideband linewidth with three overlapping FMR frequencies
(fr1 = 0.81 GHz, fi» = 1.69 GHz, and fi3 = 2.53 GHz). The-
oretical fitting based on the Landau-Lifshitz—Gilbert (LLG)
equation is carried out to quantitatively identify the dynamic
effective anisotropy field and the effective damping parameter
of each FMR peak.!'>"!7! The fitted imaginary permeability
spectrum of configuration I is shown in Fig. 4(a). Meanwhile,
the dynamic effective anisotropy field (ngf[;) and the effec-
tive damping parameter (Og) of each resonance frequency
are shown in Fig. 4(b). Resonance frequency f;; = 0.81 is
corresponding to the top 120-nm NiFe layer, H}((ieyfr; and Olesr
are obtained to be 5.1 mT and 0.112, respectively. Due to
the large anisotropy dispersion in the thick FM layer, the ob-
tained effective damping parameter in 120-nm NiFe layer is
very large. A previous report also presented the same behavior
in which the FM spins near the FM/AF interface may well be
aligned along the pinning direction, and the FM spins tend to
be more dispersed at the center.!'8! In contrast, for the bottom
partially pinned 60-nm NiFe layer, its resonance frequency
fio is about 1.69 GHz, and eryf‘; and Qe are 7.2 mT and
0.056, respectively. The highest resonance frequency f3 orig-
inates from the [IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]¢
exchange-biased multilayer stack, and we obtain that Hfgfr; is
equal to 12.8 mT and ¢ is about 0.064. It can be seen that
the fitting permeability spectra are consistent with the mea-
sured multi-peak permeability spectra. Moreover, the reso-
nance frequency linewidth is now extended from the low fre-
quency 0.6 GHz to the very high frequency 3.2 GHz.

In order to further broaden the FMR linewidth of the mag-
netic films as well as to verify the above experiment results,
configuration II with two partially pinned NiFe layers (bot-
tom 60 nm, top 120 nm) and two fully pinned exchange-biased
multilayer stacks ([IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]s,
[IrtMn(15 nm)/NiFe(30 nm)/IrMn(15 nm)]4) is designed and
fabricated. Figure 5(a) shows the magnetization hysteresis

loops of configuration II multilayer stack structure. From
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the easy axis magnetization hysteresis loop, a clear four-stage
magnetization reversal can be seen due to the overlapping of
four hysteresis loops with different exchange bias fields. The
exchange bias fields can be identified as Hex; = 0.5 mT, Hexo =
2.8 mT, Hexz = 7.3 mT, and Hexs = 10.0 mT. The values of uni-
axial anisotropy field Hy, calculated from both the easy and the
hard axes hysteresis loops are both 4.9 mT. Consequently, the
values of static effective anisotropy field (H{% = Hex + Hua)
in the exchange-biased multilayer stacks can be obtained to
be %, = 5.4 mT, H%, = 7.7 mT, H}%, = 12.2 mT, and
H%, = 14.9 mT, respectively.
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Fig. 4. (color online) (a) Curves of fitted imaginary permeability of
configuration I versus frequency. (b) Effective damping parameter O,
effective dynamic anisotropy field eryf‘;, and effective static anisotropy
field Hy%; versus resonance frequency.

The measured microwave permeability spectra are shown
in Fig. 5(b).
bottom 60-nm NiFe layer, its resonance frequencies f;|
and f» are located at 0.87 GHz and 1.83 GHz, re-
spectively.

For the partially pinned top 120-nm and

The resonance frequencies are very close
to the resonance frequency values obtained from config-
uration I. However, the resonance frequencies f;3 and
fra of [Ir'Mn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]s and
[IrMn(15 nm)/NiFe(30 nm)/IrMn(15 nm)]4 stack are now
located at 2.39 GHz and 3.24 GHz, respectively. The
dynamic effective anisotropy field Hfgfrf’ and the effec-
tive damping parameter Qg of each resonance frequency
are calculated from the theoretical fitting. As shown in
Fig. 6(b), for resonance frequency f;; = 0.87 GHz, the
gained g is 0.089, and Hsey;; is 4.5 mT. For resonance
frequency fo = 1.83 GHz, o is 0.045, and H]feyf? is
7.4 mT. For [IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]s and
[IrMn(15 nm)/NiFe(30 nm)/IrMn(15 nm)]4 resonance fre-

quencies fi3 and fi4, the values of obtained damping param-
eter O and the dynamic effective anisotropy field Hliyf? are
0.062 and 12.8 mT, and 0.050 and 21.2 mT, respectively. As
can be seen, the dynamic effective anisotropy fields are some-
what larger than the static ones obtained from the magne-
tization hysteresis loop. The discrepancy can be explained
as the contribution of an additional rotatable anisotropy field
H;ot, which is assumed to be related to irreversible change
in AF layer and can be understood as an anisotropic field
with an energetic minimum aligning parallel to FM magne-
tization direction.['>2%1 What should be noticed is that dis-
crepancy between Hfgf'} and H\%: increases with the thick-
ness of the pinned NiFe layer decreasing. The discrepancy
in [IrMn(15 nm)/NiFe(30 nm)/IrMn(15 nm)]4 with a small
NiFe thickness is up to 6.3 mT, which is much larger than
the discrepancy in [IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]s.
A reasonable hypothesis to explain such a phenomenon is
that the dynamic effective anisotropy of the ferromagnetic
layer in FM/AF exchange bias system is composed of uni-
axial anisotropy, unidirectional exchange bias, and angle-

13211 where the rotatable

independent rotatable anisotropy,
anisotropy depends inversely on the FM film thickness.*!]
Consequently, by overlapping the four FMR frequencies with
different values of Hfgfr}, an ultra-wide resonance linewidth
imaginary permeability spectrum with a 3.1-GHz linewidth
(0.6 GHz to 3.7 GHz) is experimentally achieved which is very

beneficial for wideband microwave noise suppression.
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Fig. 5. (color online) (a) Magnetization hysteresis loops of configura-
tion IL. (b) Measured permeability spectra of configuration II.
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Fig. 6. (color online) (a) Curves fitted and measured imaginary per-
meability versus frequency of configuration II. (b) Plots of effective

damping parameter O, effective dynamic anisotropy field Hfgf';, and
effective static anisotropy field H{%, versus resonance frequency.

4. Conclusion

In this paper, we report that the microwave permeabil-
ity spectrum can be flexibly tuned by a combination of
partially pinned NiFe layers and [IrMn/NiFe/IrMn],, stacks
with different exchange bias fields. Adding a partially
pinned FM layer can effectively broaden the ferromag-
netic resonance linewidth toward the low frequency do-
main. A wideband multi-peak imaginary permeability spec-
trum with a 3.1-GHz resonance linewidth is demonstrated in
Ta/NiFe(60 nm)/[IrMn(15 nm)/NiFe(40 nm)/IrMn(15 nm)]s
/[NiFe(30 nm)/IrMn(15 nm)]4/NiFe(120 nm) configuration.
Both damping parameter and effective anisotropy field of each

resonance frequency are obtained by fitting the permeabil-

ity spectrum based on the LLG equation. Our results pro-
vide a promising and flexible linewidth-tuning approach to mi-
crowave permeability spectra by using [FM/AF], exchange-
biased multilayer film systems. In addition, these exchange-
biased multilayer thin films have a potential application to a
tunable wideband high frequency noise filter.
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