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In this work, the microwave magnetic properties of oblique deposited CoHf/Ta multilayers were
investigated. The high frequency magnetic properties of CoHf/Ta multilayers showed different
behaviors with oblique angle for different Ta interlayer thickness ¢. For example, when the Ta
interlayer thickness fixed as 5.0 nm, the resonance frequency f; increased from 2.1 to 3.4 GHz with
the oblique deposition angle 0 changing from 10° to 30°. However, when the Ta layer fixed as
15.0 nm, the f; decreased from 2.5 to 1.7 GHz with the oblique deposition angle changing in the
same range. The opposite behavior of the f, with 0 is supposed to result from the existence of the
Ta buffer layer, in which the thicker Ta interlayer may hinder the self-shadow effects of the CoHf
magnetic layers. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907998]

I. INTRODUCTION

Magnetic thin films with tunable microwave magnetic
properties are of great use for tunable microwave signal
processing devices,' including tunable inductors,>” tunable
resonators,4 phase shifters,5 and tunable filters.®” It is there-
fore necessary to have magnetic thin films whose ferromag-
netic resonance (FMR) frequency and permeability can be
tuned in an easy way. It is well known from Kittel’s equa-
tion® that the FMR frequency and permeability are strongly
dependent on the magnetic anisotropy and the saturation
magnetization 4M; of the films. While 47M; is fixed by the
material, the FMR frequency and permeability of the mag-
netic thin films can be tuned by changing the magnetic ani-
sotropy via various methods such as in sifu depositing on
pre-stressed substrates,” exchange bias,'®'" multilayer struc-
ture,'>'> oblique deposition,'®"® and gradient deposi-
tion.”*** Very recently, rotatable anisotropy has also been
developed to tune the high frequency properties of ferrite
doped CoFe thin films or thin films with rotatable stripe do-
main.”*%® Each of the above methods has its own draw-
backs: the pre-stressed substrates method requires the
substrates to be flexible, exchange bias may only tune the
anisotropy in ultra-thin films and the magnitude of rotatable
anisotropy are relatively hard to control.” The origins of the
rotatable anisotropy in different systems are still unclear and
is hard to tune the value of the anisotropy in large
ranges.>>*® Thus, multilayers and oblique depositions are
two most effective ways to tune the magnitude of anisotropy
in regular thin films. In multilayers, the interlayer interac-
tions of the magnetic layers can be changed by changing the
thickness of the interlayer which led to the change of the ani-
sotropy of the thin films. Then, the anisotropy of the films
can be tuned by changing interlayer interactions. This effect
has been found in many systems including CoNb/Ta multi-
layers,'? CoFeZr/Cu multilayers,'? CoZr/SiO, multilayers,'*
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and FeNiO/SiO, multilayers.'> Oblique deposition is used to
tune the anisotropy via the so-called self-shadow effect.'®
And the value of the anisotropy can be adjusted by control-
ling the oblique deposition angle. For example, the reso-
nance frequency can be tuned from 2.4 to 3.8 GHz in
CoFeHf thin films,"”” 1.3 to 4.9 GHz in CoNb thin films,"
and 1.7 to 4.3 GHz in CoZr thin films." Hence, it may be
interesting to investigate the possibility of tuning the reso-
nance frequency by combining these two ways. With these
objectives in mind, we carry out in the present research
work, a detailed investigation to see how the oblique deposi-
tion angle and the thickness of the interlayers affect both the
static magnetic properties and high frequency characteristics
of the oblique deposited CoHf/Ta multilayers and to discuss
the results in light of the analysis based on the Landau-
Lifshitz-Gilbert (LLG) equation.*’

Il. EXPERIMENT

The radio frequency (RF) magnetron sputtering chamber
was used to deposit (CoHf/Ta)g thin films at ambient temper-
ature onto Smm x Smm X 0.42mm Si(111) substrates with
background pressure lower than 5 x 10 °>Pa. A 3-in. Ta tar-
get was used to deposit the Ta layers, and a 3-in. Co target
with varying numbers of equal-sized 3mm x 3mm X 1 mm
Hf chips attached was used to deposit CoHf layers. The com-
positions of the magnetic thin films were changed by control-
ling the number of Hf chips. During sputtering, an Ar flow
rate of 20 SCCM (SCCM denotes cubic centimetre per mi-
nute at STP) was needed to maintain an Ar pressure of 0.2 Pa,
and the RF power density was 1.7 W/cm?. The thickness of
the thin films was controlled by the deposition time at a con-
stant deposition rate, which was verified by a thickness pro-
file meter. The structures of (CoHf/Ta)g multilayer thin films
with Ta buffer layer can be found in Fig. 1. The first layer
was 20nm Ta buffer layer and subsequent (CoHf/Ta)g
layers were deposited onto the previous Ta layer so that
all the CoHf layers have the same interface conditions as the

© 2015 AIP Publishing LLC
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FIG. 1. The structures of (CoHf/Ta)g multilayer thin films with Ta buffer
layer. The substrate is Si(111), CoHf layers were prepared with oblique dep-
osition and Ta layers were prepared with normal deposition.

Ta-CoHf-Ta interfaces. A capping layer of Ta with thickness
of 20 nm was deposited on top of the sample to protect them
from oxidation. The thickness of each CoHf layer was fixed
at 10nm with the oblique deposition angle changing from 0°
to 30°. The easy axis of the films induced by oblique deposi-
tion is perpendicular to the incident plane. The Ta interlayers
were prepared by normal deposition changing the thickness
from 10 to 1.0 nm for different samples.

The composition of the films was determined by energy
dispersive X-ray spectroscope (EDS). In this work, the com-
position of the CoHf layer is Cog4Hfs. The M, and M-H
loops were obtained by the vibrating sample magnetometer
(VSM Lakeshore model 7304). The H, was determined by
calculating the measured easy axis and hard axis loops of the
reduced magnetization.”® Permeability spectra were obtained
by a vector network analyser using the room temperature
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shorted microstrip transmission line*” method with the fre-
quency range from 100 MHz to 8 GHz.*® The £, and damping
parameter o were determined by fitting the permeability
spectrum with theoretical equation derived from Landau-

Lifshitz-Gilbert equation.

lll. RESULTS AND DISCUSSIONS

First, the properties of single 80nm CoHf thin film,
which has the same thickness as the total thickness of the
CoHf layers, were studied for comparison. The results of
static magnetic properties can be found in Fig. 2. In Fig. 2(a),
the easy axis M-H loop (EA) reveals typical easy axis loop of
soft magnetic thin film with high remanence magnetization
and low coercivity. The hard axis M-H loop (HA) is basically
a closed curve with very small coercivity. The difference
between the hysteresis loop along easy axis and hard axis
indicates an in-plane uniaxial magnetic anisotropy in these
CoHf thin films. In Fig. 2(b), the hysteresis loops of the hard
axis with different oblique angles of CoHf were presented
and the angles marked in the figure denote the oblique angle
during deposition. The hard axis loops become more slanted
with increasing oblique angles implying that the magnetic an-
isotropy increases with the increasing oblique angle. Thus, a
monotonous increase of Hy as a function of oblique angle can
be observed. For instance, H, for CoHf film deposited at 30°
is around 140 Oe, which is much larger than 33 Oe found in
the film deposited at 10°. The real and imaginary parts of the
permeability of CoHf thin film deposited under different
oblique deposition angles are shown in Figs. 2(c) and 2(d).
The resonance peak moves to a higher frequency range when
the oblique angle becomes larger, which means the resonance
frequency increases with the increasing oblique angle. This
result is consistent with the Kittel equation. The real parts of
the permeability decreases, while the resonance frequency
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FIG. 2. The static and microwave mag-
netic properties of the single layer
CoHf thin film with different oblique
deposition angle. (a) Representative
hysteresis loops of CoHf thin film. EA
(HA) means the loops were measured
by applying the field in easy axis (hard
axis). (b) The hard axis loops of CoHf
thin film deposited in different oblique
deposition angles. The real (c¢) and
imaginary (d) parts of permeability of
CoHf thin film deposited under differ-
ent oblique deposition angles.
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increases, which is consistent with the Snoek’s law that there
exists a trade-off between permeability and resonance
frequency.31

Next, we study the magnetic properties of multilayers with
different interlayer thicknesses ¢ deposited at different oblique
angles. Figure 3 shows the high frequency permeability spectra
of the CoHf/Ta multilayers with different oblique deposition
angles. For multilayer with Ta interlayer thickness ¢ of 5.0 nm,
the behavior is similar with the single layer thin films, the peak
of the imaginary part is shifted to higher frequency range when
the oblique angle increases. It is indicated that resonance fre-
quency increases with the increasing oblique deposition angle.
The real parts of the permeability decrease, while the resonance
frequency increases. However, it is interesting that when ¢
increases to 15nm, the peak of the imaginary part no longer
increases with the increasing oblique angle, it shows a slightly
decreasing behavior with the increasing oblique deposition
angle, which means that the resonance frequency reduces with
the increasing oblique deposition angle.

For more elaborate discussion on the behavior of both
static and dynamic magnetic properties, we plot in Figure 4 a
summary of the in-plane uniaxial anisotropy field Hy, coer-
civity H,, and the resonance frequency f, dependence on the
oblique angle. The denotation of Onm Ta layer in this figure
means the single layer CoHf film which has the same thick-
ness as the total thickness of the CoHf layers in multilayer
thin films. The anisotropy field shows a clear increase with
oblique incidence angle for ¢ <5.0 nm. However, the value
of the anisotropy field does not change much while the inter-
layer thickness at a range 7.5nm <t < 12.5nm. It is known
that the in-plane uniaxial anisotropy in the oblique deposited
thin films stems from the so-called self-shadow effect, which
results in tilted columnar structure of the grains and some-
times with elongated columns.'®*** With increasing Ta
interlayer thickness, the thicker interlayers destroy the
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regular array of the elongated columns and even destroy the
growth of the columns. Furthermore, the thicker interlayer
may decrease the interlayer interaction of the CoHf magnetic
layers. Thus, the in-plane uniaxial anisotropy no longer
increases with the oblique deposited angle due to the reasons
discussed above. When ¢ is increased to 15 nm, the resonance
frequency shows a slightly decreasing behavior with the
increasing oblique deposition angle. This means that the
oblique deposited elongated columns are no longer the main
cause of the anisotropy, so the anisotropy decreases for other
unclear reasons, which need to be studied in our further
research. The coercivity of single layer CoHf film and multi-
layer CoHf/Ta films dependence on the oblique angle are
shown in Fig. 4(b). The values of coercivity of other multi-
layer films are similar with Ta thickness of 5 nm (only coer-
civity data for Ta thickness of 5 nm are shown in this figure).
The coercivity of the films only changes in a small range of
2—-12 Oe with the oblique angle increasing. This means that
all these films are kept soft even though the anisotropy fields
are increasing with the oblique angle. The behavior of the
resonance frequency shows a similar behavior with anisot-
ropy, which is consistent with the Kittel’s equation.

It is known that the interlayer coupling will affect the
effective uniaxial anisotropy of the multilayer thin films,'*">
we thus plot the results of resonance frequency and the in-
plane uniaxial anisotropy dependence on the interlayer thick-
ness with fixed oblique deposition angles. The results can be
found in Figure 5. The uniaxial anisotropy field Hy and the
resonance frequency f; decrease with the increasing Ta inter-
layer thickness from O to 15nm when the oblique angle is
larger than 15°, where 0 nm means the single layer thin film.
These behaviors are the same as the other multilayer thin
films.'>™"> It is known that the effective anisotropy has a
relationship with the total energy density in the films. In mul-
tilayer thin films, the interlayer interaction energy becomes
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FIG. 4. Dependence of (a) the in-plane uniaxial anisotropy field Hy (b) the
coercivity H. and (c) the resonance frequency f; on the oblique deposition
angle in CoHf/Ta multilayer with different interlayer thickness. x nm in the
figure means the interlayer thickness, 0nm means the single layer CoHf
film.

larger when the interlayer is thinner. Thus, the effective ani-
sotropy field shows a decreasing behavior with the increasing
interlayer thickness. However, for samples deposited with an
oblique angle of 10°, the behavior shows a little difference.
The Hy and f; first decrease with the thickness of Ta layer
increasing from O to 10nm, then show a slight increasing
behavior when the thickness of Ta layer increases from 10 to
15nm. For this sample, the oblique deposition angle is so
small that the self-shadow effect may no longer be the major
effect for the effective anisotropy in the multilayers.
Therefore, the behavior may be different compared with
other samples with larger oblique deposition angles.

IV. SUMMARY

In summary, we have performed a detailed investigation
of the influences of the oblique deposition angle and the
interlayer thickness on the magnetic and microwave proper-
ties of CoHf/Ta multilayers. It is found that the oblique

J. Appl. Phys. 117, 063901 (2015)
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FIG. 5. Dependence of (a) the in-plane uniaxial anisotropy field Hy and (b)
the resonance frequency f; on the interlayer thickness CoHf/Ta multilayer
with different oblique deposition angle. The value marked in the figure
means the oblique deposition angle.

deposition angle can tailor the anisotropy significantly when
the interlayer thickness is small, which is suggested to result
from the formation of tilted columnar structure arising from
self-shadow effect in oblique deposited films. For thicker
interlayers, the anisotropy does not change very much with
the oblique deposition angle as the thick interlayers may in-
hibit the growth of the columns and even destroy the regular
array of the elongated columns. For multilayers with the
same oblique deposition angle, the effective anisotropy
decreases when the interlayer thickness is increased due to
the reducing interlayer interaction. As a result, the resonance
frequency can be tuned from 2.1 to 3.4 GHz, which is prom-
ising for microwave applications.
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