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a b s t r a c t

Thin films of FeCoHfN were fabricated by co-sputtering technique with the deposition angles varied.
Their dynamic magnetic properties were characterized and discussed in conjunction with an analysis
based on Landau–Lifshitz–Gilbert equation. High ferromagnetic resonance frequency beyond 6 GHz was
achieved by adjusting the deposition angle. A discrepancy between static and magnetic anisotropy was
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observed and discussed within the framework of Hoffmann’s ripple theory. Also, the variations of fre-
quency linewidth, damping factor, and permeability with the change of deposition angle were presented
and discussed.

© 2011 Elsevier B.V. All rights reserved.
otatable anisotropy

. Introduction

Compared to conventional bulk magnetic materials, magnetic
hin films possess a much higher dynamic permeability in giga-
ertz frequency range making them promising candidates for
igh frequency magnetic devices such as micro inductors and
lectromagnetic noise absorbing components [1–3]. When using
agnetic materials designated for microwave applications, one

f the most important parameters to be considered is the fer-
omagnetic resonance frequency [2,3]. At the frequency beyond
he resonance frequency, permeability is close to unity which is
f no use to most of the microwave applications [4]. In other
ords, the resonance frequency determines the operating fre-

uency range for microwave devices. Nowadays, as the operating
requency in many devices reaches gigahertz, for instance the
ypical frequencies for Bluetooth technology are 2.4 and 5.8 GHz,
he need for magnetic thin films with high resonance frequency
s indispensable [2,3]. Among various materials, thin films based
n FeCo alloy such as FeCoN [1], FeCoB [5–7], FeCo–SiO2 [2,8],
eCo–Al2O3 [9], FeCo–SiN [10], FeCo–HfO [11] and FeCo–HfN

12,13] have received much attention due to their relatively high
aturation magnetization. In this paper, we report the investi-
ation of magnetic dynamic properties of FeCoHfN thin films
rown by co-sputtering of FeCo and Hf. By changing substrate

∗ Corresponding author. Tel.: +65 65162816; fax: +65 67776126.
E-mail addresses: tslnnp@nus.edu.sg, nnguyenphuoc@yahoo.com (N.N. Phuoc).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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position so as the deposition angle is varied, we can tailor not
only the resonance frequency but also the frequency linewidth to
meet the demand for microwave application using magnetic thin
films.

2. Experimental

A schematic picture of our co-sputtering deposition system is shown in Fig. 1.
Two sputtering sources with Fe70Co30 and Hf targets were employed and Mylar sub-
strates (50 �m thick) with the size of 5 mm × 10 mm were put on a substrate holder
facing the FeCo target. The deposition angle ˇ is defined as the off-center angle of
FeCo target as illustrated in Fig. 1. A series of FeCoHfN thin films was fabricated at
ambient temperature with various deposition angles ˇ. Each sample in the series
was deposited at one run and the thickness of the sample was fixed at 100 nm which
was controlled by deposition time and verified by thickness profilemeter. The base
pressure better than 7 × 10−7 Torr and the working pressure was kept at 10−3 Torr
during the deposition process by introducing argon mixed with 3% nitrogen gas at
the flow rate of 16 SCCM (SCCM denotes cubic centimeter per minute at STP). A mag-
netic field of about 200 Oe was applied in the plane of the films along the easy axis
shown in Fig. 1. The composition of the samples was preliminarily determined by
deposition rate of each target and was subsequently verified by Energy Dispersive X-
ray Spectroscope (EDS). The variation of composition of each component in FeCoHfN
thin films with deposition angle ˇ is shown in Fig. 2. It is seen that the component of
Hf is increased with the increase of deposition angle ˇ and at the same time the con-
tribution of FeCo is reduced. Although the plasma shape of our sputtering system is
conical as illustrated in Fig. 1 the density of deposition rate is not uniform through
out the whole area. In particular, the deposition rate at the center is higher than
that off the center. As a result the deposition rate of FeCo is decreased with deposi-

tion angle ˇ while the deposition rate of Hf is increased and this explains why the
composition of FeCoHfN is varied as in Fig. 2. An M–H loop tracer was employed to
measure the hysteresis loops of the samples at room temperature. The permeability
spectra over the frequency range from 0.05 GHz to 8 GHz were obtained by a shorted
micro-strip transmission-line perturbation method using a fixture developed in our
laboratory. Further details of this method can be found in a previous paper [14].

dx.doi.org/10.1016/j.jallcom.2010.12.208
http://www.sciencedirect.com/science/journal/09258388
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. Results and discussion

The hysteresis loops measured along easy and hard axes at
oom temperature for two samples deposited at the deposi-
ion angle ˇ = 0◦ and ˇ = 18◦ are shown in Fig. 3(a) and (b).
he sample grown at ˇ = 18◦ clearly shows a more slanted hard
xis curve than the sample grown at ˇ = 0◦ indicating that the
agnetic anisotropy field in sample at ˇ = 18◦ is larger. This

nhancement of uniaxial anisotropy field with the off-center of
ubstrate position is similar to that observed in oblique depo-
ition [5–7,15] and may be interpreted in the same way. It is
enerally accepted in the literature that the mechanism of the
blique incidence anisotropy is due to induced uniaxial stress

nisotropy, a modification of the short range order and/or colum-
ar growth morphology with increasing oblique angle [5,6].
s a result of the improvement of uniaxial anisotropy, the
MR frequency of the off-center sample is increased which

�′ = 1 + 4�Meff�
2

(4�Meff +

�′′ = 4�Meff�ω˛eff
[ω2

R(1 +
anifests itself as the shift of the peak of the imaginary per-
eability curve to higher frequency range as in Fig. 3(c) and

d). For sample grown at ˇ = 0◦, the FMR frequency is around
.66 GHz while it is increased up to 6.43 GHz with the sample
abricated at ˇ = 18◦. For a more quantitative examination, an

Fig. 1. Schematic sketch of the gradient sputtering deposition system.

Fig. 2. Composition variation of FeCoHfN thin films with deposition angle.
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analysis based on the Landau–Lifshitz–Gilbert (LLG) equation was
employed.

As is well known, the dynamic magnetization behavior of the
thin film can be described by the LLG equation [16]

d �M
dt

= −�( �M × �H) + ˛eff

M
�M × d �M

dt
(1)

where M represents the magnetic moment, H is the magnetic field,
˛eff is the dimensionless effective damping coefficient (˛eff is not
intrinsic but takes into account all possible effects of damping) and
� is the gyromagnetic ratio. By solving the LLG equation, one can
readily obtain the complex permeability as follows [8,16]:

n)(1 + ˛2
eff )[ω2

R(1 + ˛2
eff) − ω2] + (4�Meff + 2Hdyn

K )(˛effω)2

2
R(1 + ˛2

eff) − ω2]
2 + [˛effω�(4�Meff + 2Hdyn

K )]
2

(2)

eff + Hdyn
K )

2
(1 + ˛2

eff) + ω2

− ω2]
2 + [˛effω�(4�Meff + 2Hdyn

K )]
2

(3)

Here, Meff, Hdyn
K and ωR (ωR = 2�fFMR) are the effective magnetiza-

tion, dynamic magnetic anisotropy and ferromagnetic resonance
frequency, respectively. Using the above equation, we can fit the
permeability curves as in Fig. 3(c) and (d). The deposition angle
dependences of Hdyn

K and Meff derived from the above curve-fitting
are plotted in Fig. 4(a) together with the static anisotropy field Hsta

K
extracted from the slope of rotational-like magnetization curve on
the hard axis [15]. For the sake of accuracy in estimating Hsta

K we
employed the virgin curve approximation technique [17] described
as follows. First a virgin curve was approximated by averaging the
forward and the backward branches of the hard axis loops [17].
Then Hsta

K was extracted by extrapolating the slope of the obtained
virgin curve at original point. This technique ensures that the esti-
mated Hsta

K is accurate even in the case of relatively high coercivity
and remanence in hard axis loops. It is observed that both static and
dynamic magnetic anisotropy fields are increased with the depo-
sition angle ˇ. The effective magnetization however is decreased
due to the decreased of FeCo component as seen in Fig. 2 and
discussed above. It is observed that there is a substantial discrep-
ancy between static and dynamic magnetic anisotropy. With our
meticulous estimation of Hsta

K mentioned earlier, it is very unlikely
that the discrepancy comes from the measurement error of Hsta

K
from hysteresis loops. The discrepancy however can be explained
within the framework of Hoffmann’s ripple theory [18]. According
to Hoffmann, there is an additional effective isotropic field that con-
tributes to the anisotropy field obtained from permeability spectra
in addition to the static intrinsic anisotropy field. This additional
effective field dependent on a so-called ripple constant may orig-
inate from the local random anisotropies which are in isotropic
distribution [18–21] and as a result it is not included in Hsta

K from
the static measurement as that from the dynamic measurement
[19,20]. The difference between Hsta

K and Hdyn
K may be assigned as

rotatable magnetic anisotropy field (so-called dynamically induced
internal field or ripple field) [22]. Similar to exchange-biased sys-
tem [23,24], the rotatable anisotropy has a close relationship with
the coercivity as shown in Fig. 3(b) suggesting that the physical
origin of coercivity variation may presumably be the same as the
arising of rotatable anisotropy. The enhancement of coercivity in
this case may be because of the increase of uniaxial anisotropy with

the off-center of the substrate.

In principle, the FMR frequency can be estimated by determining
the peak position of the permeability spectra but this is not easy for
the case of broad frequency linewidth. It is thus more accurate to
derive the FMR frequency (fFMR) from the fitting curves in Fig. 3. In
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Fig. 3. Hysteresis loops and permeability spectra for FeCoHfN thin films for deposition angle ˇ = 0◦ [(a) and (c)] and ˇ = 18◦ [(b) and (d)].
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Fig. 5. (a) Deposition angle dependences of ferromagnetic resonance frequency fFMR,
ig. 4. (a) Variations of static (HK ) and dynamic (HK ) magnetic anisotropy fields
nd effective magnetization (4�Meff) with the deposition angle. (b) Variation of
otatable anisotropy field together with the variation of coercivity along easy axis
s a function of deposition angle. Lines serve as a guide to the eyes.

articular, fFMR can be obtained by Kittel equation [25]:

FMR = �

2�

√
Hdyn

K (Hdyn
K + 4�Meff) (4)

The variations of FMR frequency (fFMR), frequency linewidth
�f) and effective damping coefficient (˛eff) with deposition angle
re summarized in Fig. 4(a). The effective damping coefficient ˛eff
s derived from curve-fitting and the frequency linewidth �f is

etermined from the following formula [20]:

f = �˛eff(4�Meff + 2Hdyn
K )

2�
(5)
frequency linewidth �f and effective damping coefficient ˛eff. (b) Deposition angle
dependences static permeability (�s) and the maximum imaginary permeability
(�′′

max). Lines serve as a guide to the eyes.

The above equation explains well the similar behaviors of the
frequency linewidth �f and the effective damping coefficient ˛eff
as in Fig. 5(a). It is noticed that the effective damping coefficient
is relatively high as shown in Fig. 5(a). This high damping fac-
tor may presumably come from the wide distribution of magnetic
anisotropy which is evident by the observation of the relatively
high remanence in hard axis loops [15]. The variation observed
in the damping factor versus deposition angle in Fig. 5(a) may
also be possibly interpreted in terms of the distribution of mag-
netic anisotropy as one can see in Fig. 3(a) and (b) that the loop
of the low oblique deposition angle deposited sample show a sig-

nificantly higher remanence than that of the high angle deposited
one. Generally speaking, this behavior seems reasonable that as the
deposition angle increases the induced magnetic anisotropy field
(HK) is increased concurrently with the more relatively uniform dis-
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ribution of HK. As a result of it the decrease of ˛eff with deposition
ngle occurs as in Fig. 5(a). Still there is a peculiar unexplainable
eak that requires further study in the future. One can see clearly in
ig. 5(a) that by changing deposition angle ˇ the ferromagnetic res-
nance frequency can be tailored from 3.66 GHz to 6.43 GHz which
s quite promising for microwave applications. Fig. 5(b) shows the
ariations of static permeability (�s) which is derived from the LLG
urves at zero frequency and the maximum imaginary permeabil-
ty (�′′

max) estimated from permeability spectra. Consistent with
cher’s law [26,27], the reduction of �s with substrate position is
ue to the increase of fFMR while the decrease of �′′

max is due to the
roadening of the frequency linewidth.

. Summary and conclusion

In short, this study is focused on the influence of deposition
ngle in co-sputtering system on the dynamic magnetization of
eCoHfN thin films. A discrepancy between static and dynamic
agnetic anisotropy field was observed suggesting the exis-

ence of rotatable anisotropy which is interpreted by using
he ripple theory. By varying deposition angle, the ferromag-
etic resonance frequency of the thin films can be tailored

rom 3.66 GHz to 6.43 GHz implying that FeCoHfN thin films
abricated by the present method are suitable for microwave
pplications.
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