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Abstract
The permeability µ and resonant frequency fr of stripe domain ferrite doped CoFe thin films
are enhanced from 14 to 22 and 6.0 GHz to 6.4 GHz, respectively, by using Ta buffer layer.
The observed enhancement of both permeability and resonant frequency seems to deviate from
Snoek’s law which expects the value of µ decrease as the fr increases. Compared to the case
of using Permalloy (Ni80Fe20) buffer layer where µ is enhanced to 25 and fr is reduced to
4.1 GHz, the present result suggests that the employment of Ta buffer layer may be useful in
the quest for high permeability magnetic thin films at GHz frequency range.

(Some figures may appear in colour only in the online journal)

1. Introduction

Soft magnetic thin films with high permeability at GHz
frequency range have been extensively utilized in many
high-frequency applications such as microwave noise filters,
microwave absorbers, thin-film inductors and so on [1–6].
The requirement for high resonance frequency beyond 5 GHz
can be fulfilled through the usage of exchange bias coupling
between ferromagnet (FM) and antiferromagnet (AF) [7],
or gradient composition deposition [8, 9]. However, based
on the works of Snoek [10] and Acher [11], there exists a
trade-off between permeability and resonance frequency, thus
posing a challenge for research scientists to realize a film with
resonant frequency beyond 5 GHz, simultaneously with static
permeability still high enough [12]. In this paper, we show that
by employing rotatable anisotropy rather than other traditional
kinds of magnetic anisotropy such as unidirectional anisotropy
or uniaxial anisotropy, it is possible to obtain high permeability
at high frequency [13, 14]. The rotatable anisotropy normally
is found in FM–AF exchange-biased systems [15, 16] and thin
films with stripe domains [17, 18].

In the previous work [19], we reported that the rotatable
anisotropy can be found in FM doped ferrite thin films

3 Author to whom any correspondence should be addressed.

similar to FM–AF exchange-biased systems. We also
extended our work to thicker ferrite doped CoFe thin films
deposited on Si substrate with both stripe domain structures
and FM–AF exchange coupling and possesses excellent
thermal stability [20]. However, we note that the static
permeability of the ferrite doped CoFe thin films deposited
on Si substrate is around 14, which is in low side in order to
meet the stringent requirements for microwave applications
where high permeability is essential. It is due to the
fact that the stripe domain structures lead to some out-of-
plane component magnetization, which results in decreasing
in-plane magnetization and hence decreases the value of µ.
In this work, we found that when Ta is used as an under
layer, which was often used to optimize the structure and
magnetic properties of magnetic thin films, to optimize the
high-frequency properties of stripe domain ferrite doped CoFe
thin films, then the in-plane permeability was enhanced from
14 to 22 keeping the resonant frequency around 6 GHz with Ta
buffer layers.

2. Experimental details

A radio frequency (rf) magnetron sputtering system is used to
deposit different thicknesses of Ta and permalloy (Ni80Fe20)
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Figure 1. (a) and (b) the AFM images of ferrite doped CoFe thin films without (a) and with (b) Ta buffer layers. The colour code represents
the surface roughness of the films. (c) The XRD profiles of ferrite doped CoFe thin films without and with Ta buffer layers; the calculated
average grain sizes are also shown in the figure.

buffer layers onto 5 mm × 10 mm × 0.50 mm Si(1 0 0)
substrates, then 180 nm thick ferrite doped CoFe magnetic
thin films at ambient temperature are grown on it. The
background pressure is lower than 5×10−7 Torr. The 3 inch Ta
target, permalloy and Co50Fe50 targets with varying numbers
of equal-sized Ni0.5Zn0.5Fe2O4 ferrite chips attached are used
to fabricate Ta under layer, permalloy buffer layer and ferrite
doped CoFe films. During sputtering, an Ar flow rate of
16 SCCM (SCCM denotes cubic centimetre per minute at STP)
is needed to maintain an Ar pressure of 2×10−3 Torr, and the rf
power density is 2.7 W cm−2. The thickness of the buffer layers
is controlled both by the deposition time and by keeping the
deposition rate constant, which is verified by a thickness profile
meter. The concentrations of the elements of the films studied
in this work are Co : Fe : Ni : Zn = 46.6 : 46.0 : 3.4 : 4.0, which
is determined by energy dispersive x-ray spectroscope (EDS).
The crystalline structure is characterized by grazing incidence
x-ray diffraction (GIXRD, Panalytical Empyrean with Cu Kα

radiation). The surface morphology and magnetic domain
state of the ferrite doped CoFe magnetic thin films are
characterized by atomic force microscopy (AFM)/magnetic
force microscopy (MFM). The saturated magnetization Ms

and M–H loops were obtained by the vibrating sample
magnetometer (VSM). The static permeability was obtained
in the following way. (1) Apply a saturating magnetic
field in easy axis. (2) Turn to perpendicular direction,
measure the small-field M–H loops. (3) The static
permeability can be obtained by linear fitting the small loop.
High-frequency permeability measurements were carried out

with a vector network analyser at room temperature by using
the shorted microstrip transmission line method from 500 MHz
to 10 GHz [21].

3. Results and discussion

Figure 1 shows the AFM images of a ferrite doped CoFe thin
film directly deposited on Si substrate and a ferrite doped CoFe
film with Ta buffer layer with the colour code representing
the roughness of the films. From the AFM images, we can
estimate that the roughness of the thin film without buffer
layer is around 10 nm, while the thin film with Ta buffer
layer has a smoother surface with roughness less than 5 nm.
Normally a magnetic thin film with smoother surface has less
surface energy leading to a reduction of coercivity and thus
enhancing the permeability. From the XRD results shown
in figure 1(c), the grain sizes of thin films can be estimated
on the basis of Scherrer equation [22]. Compared with the
film without Ta buffer layer having an average grain size of
11.2 nm, the film with Ta buffer layer has a significantly smaller
average grain size of 10.6 nm. According to random anisotropy
model [23, 24], a film with smaller grain sizes may have a lower
effective magnetocrystalline anisotropy, which also leads to the
enhancement of the permeability of the film.

The magnetic domain structures were characterized by
using the MFM technique. The results are shown in figure 2.
The colour code represents �f value which indicates the
magnitude of the z-component (i.e. perpendicular component)
of the magnetization in the films (a positive �f value means
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Figure 2. (a) Sketch map of the direction definition of the thin films. (b) The MFM image of ferrite doped CoFe thin films without buffer
layer in as-deposited state taken in an arbitrary direction. (c) The MFM image of ferrite doped CoFe thin films with Ta buffer layer in
as-deposited state taken in an arbitrary direction. (d) MFM image of ferrite doped CoFe thin films with Ta buffer layer in remanent state
after the sample was placed under a field with 5 kOe along the y-axis.

that the magnetization is pointing upward while a negative �f

indicates that the magnetization is pointing downward). The
MFM patterns are similar to the results in other soft magnetic
films [18, 25]. The sketch of the magnetization configuration
of the domain structure thin films can be found in figure 3.
The magnetization in each population being represented in
spherical coordinates by θ1, ϕ1, θ2 and ϕ2 as sketched in
figure 3. The free energy function may be written as [25]

E = 1

2
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1

2
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π

2
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2
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, (1)

where KOP is the out-of-plane anisotropy (including
perpendicular anisotropy, surface anisotropy, etc) and K IP

is the in-plane anisotropy, Nzz and Nyy are demagnetization
factors at z and y directions, A is the exchange constant, d is
the domain width. The first and second terms of equation (1)
are out- of-plane and in-plane anisotropy, the third and fourth
terms are demagnetization energies, the fifth term is the static
magnetic energy and the sixth term is the exchange energy. The
equilibrium position is that θ1 = π − θ2 = θ , ϕ1 = −ϕ2 = 0.

Compared with the film without Ta buffer layer
(figure 2(b)), the films with Ta buffer layer (figure 2(c)) have
smaller z-component of the magnetization (larger θ), implying
that the films with Ta buffer layer have greater in-plane

Figure 3. Sketch of the magnetization configuration in the domain
structure magnetic thin films.

component of magnetization. Figure 2(d) shows the MFM
image of ferrite doped CoFe thin films with Ta buffer layer in
remanent state after the sample was placed under a field with
5 kOe along the y-axis. First, the MFM image in figure 2(c)
was taken with an arbitrary referenced direction for the film
in remanent state as in figure 2(c). After that, a sufficiently
large magnetic field of about 5 kOe was applied in the y-axis
and reduced to zero so that the sample was in remanent state
along the y-axis. Then the MFM image was taken again as
in figure 2(d) which shows that the stripe domains are now
aligned along the y-axis following the direction of applied
external magnetic field. This observation clearly demonstrates
that the direction of stripe domains can be rotated under a 5 kOe
external magnetic field [26].

Figure 4 shows the M–H loops of the ferrite doped CoFe
thin films without a Ta buffer layer and with Ta buffer layers of
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Figure 4. (a) M–H loops of ferrite doped CoFe thin films without and with Ta buffer layers of different thicknesses. (b) Small-field M–H
loops measured after saturating the films at in-plane perpendicular direction. (c) The saturation magnetization and remanent magnetization
of ferrite doped CoFe thin films without and with Ta buffer layers of various thicknesses. (d) The saturation fields of the samples obtained
from M–H loops and the static permeability obtained by fitting the small-field M–H loops.

different thicknesses. Those loops are all superimposed curves
with a linear decrease of magnetization from its saturation
value and a moderate remanence [20, 26]. This is a clear
signature of the formation of stripe domains with the presence
of out-of-plane magnetization component, which can also be
found in figure 4(a) [27]. When a large enough field is applied
along y-axis, the domain structure disappears and all the spins
will rotate to be aligned with the y-axis [27]. The film will
split into new stripe domain structure with the wall parallel
to y-axis when the field reduces from saturated field to 0 as
shown in figure 2(d). The saturation magnetization 4πMs

and remanent magnetization Mr of these thin films obtained
from the M–H loops are shown in figure 4(c). It is found
that 4πMs is decreased with Ta buffer layers. This behaviour
can be understood by the formation of the smaller grain sizes
in CoFe doped ferrite films when deposited with Ta buffer
layers, which introduces more frozen spins at the interface of
the ferromagnetic grains. Consequently, the magnetization is
reduced due to the reduced ferromagnetic spins. However, the
remanent magnetization is increased for thin films deposited
on Ta buffer layers. This may be attributed to the smoother
surface, which reduces the surface anisotropy leading to more
magnetic spins lying in the film plane. The static permeability
µs of these thin films estimated from the minor M–H loop
measurement as shown above can be found in figure 4(b). The
slopes of the linear loops represent the values of µs. The results
show that M–H loops of thin films deposited on Ta buffer
layers are steeper than that of the one without buffer layer,
indicating that the static permeability is increased when using
Ta buffer layer.

In soft magnetic thin films, out-of-plane anisotropy field
H OP

k � 4πMs and in-plane anisotropy field H IP
k � 4πMs,

the static permeability µs ≈ µyy can be written as [28]

µs ≈ 1 +
4πMs

H IP
k

− 4π

Nzz

H OP
k

H IP
k

. (2)

The increasing of the static permeability is due to the
decreasing of the out-of-plane anisotropy. The variation of
permeability as a function of Ta buffer thickness is presented
in figure 4(d). Based on the Stoner–Wohlfarth model [29], the
saturation field is dependent on the effective anisotropic field
(H IP

k and H OP
k ) in stripe domain structure thin films [27]. The

saturated fields Hs shown in figure 4(d) are decreased with
increasing Ta buffer layers thickness, implying that the energy
of the stripe domain in films deposited on Ta buffer layers is
decreased. These results are in good agreement with the MFM
images shown in figure 2 where weaker stripe domains were
found in the films deposited on Ta buffer layers.

The high-frequency properties of these thin films
investigated by VNA microstrip method are displayed in
figure 5. Based on the LLG equation [30], the permeability
spectrum of an in-plane magnetized thin film can be expressed
as [18, 31, 32]

µ = 1 +
fm(f0 + fm + iαf )

f 2
r − f 2 + if �fr

, (3)

where fm = γ 4πMs/2π , γ is the gyromagnetic ratio, f0 =
γH

dyn
k /2π , H

dyn
k = H IP

k − H OP
k , f 2

r = f 2
0 + fmf0, and

�fr = α(2f0 + fm). The resonant frequency fr and the
effective dynamic anisotropic fields H

dyn
k can be obtained by

fitting the experimental curves with equation (3). The fr and
H

dyn
k as function of Ta buffer thickness are demonstrated in
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Figure 5. (a) Real and (b) imaginary parts of the high-frequency permeability spectra of ferrite doped CoFe thin films without and with Ta
buffer layers of different thicknesses. (c) Resonant frequency and (d) dynamic anisotropy field as a function of the thickness of Ta buffer
layers.

figures 5(c) and 4(d), respectively. The resonant frequency
fr decreases from 6.0 GHz to 5.8 GHz with Ta buffer layer
thickness less than 1.5 nm and then increases to 6.4 GHz with
further increasing of Ta buffer layer. However, the effective
dynamic anisotropic fields H

dyn
k increase monotonously from

240 to 319 Oe. This behaviour is due to the fact that, according
to Kittel’s equation, the resonant frequency is not only related
to dynamic anisotropic field but also related to the saturation
magnetization of the thin films. From figure 4(b), we can see
that the saturation magnetization of the thin film first decreases
then keeps constant with the Ta buffer layer thickness increases.
Hence, the decreasing of the resonant frequency as observed
in figure 5(c) is likely due to the dramatic decrease of the
saturation magnetization for buffer layer thickness less than
1.5 nm before becoming stable with further increasing of Ta
buffer layer thickness.

Now we turn to the discussion of the effect of the Ta buffer
layers on high-frequency properties of the ferrite doped CoFe
thin films. Based on the above results, the main influence
of Ta buffer layer are: (i) the permeability is increased; (ii)
the saturation magnetization is reduced; (iii) the resonant
frequency is increased for thicker Ta buffer layers. It is
very interesting to observe that the permeability and resonant
frequency are both increased as the saturated magnetization
is decreasing, which are in contradiction with the Acher’s
law [11]. The static permeability µs can be obtained by
equation (2), which is smaller than µ obtained in in-plane
anisotropy films µs = 1 + Ms/H

IP
k . As shown in figure 4(b),

the remanent magnetization Mr is increased with the increasing
of Ta buffer layer thickness which means the H OP

k decreasing.
As shown in figure 4(d), the saturation field of the thin films

decreases with the increasing of Ta buffer layer thickness. Due
to the decreasing of effective anisotropy, the static permeability
is increased and the saturated magnetization is reduced with
the Ta buffer layer thickness increasing. Based on the Kittel
equation [33], the resonant frequency fr in stripe domain thin
films should be rewritten as [18]

fr = γ

2π

√
H IP

k [H IP
k + (4πMs − H OP

k )]. (4)

The saturation magnetization 4πMs is first decreased then
keeps constant with the increasing of Ta thickness. Thus,
the resonant frequency decreases with the addition of a very
thin buffer layer. As discussed above, weaker stripe domain
and less are also found in the films with the Ta buffer layer,
indicating that the H OP

k for the films is decreased. Hence, from
equation (4), it can be deduced that the resonant frequency of
thin films with thicker Ta buffer layer is higher than that of the
films without buffer layers. Based on equations (2) and (4),
Acher’s limit should be rewritten as

(µ − 1)f 2
r = (4πMs + H IP

k − H OP
k )(4πMs − H OP

k ). (5)

So the Acher’s limit will enhance in thin films with Ta buffer
layers comparing with the films without buffer layers due to
the decreasing of the H OP

k .
As a comparison, the effects of permalloy buffer layers are

also studied. The results can be found in figure 6. The resonant
frequency fr and the effective dynamic anisotropic fields H

dyn
k

as a function of permalloy buffer thicknesses are demonstrated
in figures 6(c) and (d), respectively. The resonant frequency
fr decreases from 6.0 GHz to 4.1 GHz with permalloy buffer
layer thickness less than 3.0 nm and then increases to 4.7 GHz
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Figure 6. (a) Real and (b) imaginary parts of the high-frequency permeability spectra of ferrite doped CoFe thin films without and with
permalloy buffer layers of different thicknesses. (c) Resonant frequency and (d) dynamic anisotropy field as a function of the thickness of
Permalloy buffer layers.

with further increasing the thickness of permalloy buffer layer.
The effective dynamic anisotropic fields H

dyn
k show the same

behaviour first reducing from 240 to 135 Oe then increasing to
180 Oe. These behaviours are due to the very soft magnetic
properties of permalloy buffer layer. Unlike Ta buffer layer,
the permalloy is a soft magnetic material with Ms about 1 T and
very small anisotropy less than 10 Oe. So the Ms of the whole
film does not change much, but the total effective anisotropy
reduces to a small level due to the exchange coupling between
the permalloy buffer layers and the main ferrite doped CoFe
layer. Hence, according to the Kittel equation, the resonant
frequency should show a similar behaviour to the effective
anisotropy field.

4. Conclusions

In summary, we have investigated the effect of Ta and
Permalloy buffer layers on the static and high-frequency
properties of ferrite doped CoFe thin films. For the better
choice with Ta buffer layers, the static permeability of the
thin film is increased due to less out-of-plane anisotropy. The
resonant frequency of the thin film is also increased due to the
smaller perpendicular anisotropic field with Ta buffer layers.
This work proposes a novel way to optimize the high-frequency
properties of magnetic thin films with stripe domain structures.
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