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High thermal stability of zero-field ferromagnetic resonance above 5 GHz

in ferrite-doped CoFe thin films
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*Department of Physics, Center for Superconducting and Magnetic Materials,
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(Received 30 May 2013; accepted 10 July 2013; published online 24 July 2013)

Ferrite doped CoFe films with stripe domains are demonstrated to possess zero-field ferromagnetic
resonance frequency above 5 GHz. The high resonance frequency is driven by the rotatable
magnetic anisotropy propagated from the stripe domain structure and exchange coupling between
rotatable ferrimagnetic spins and the ferromagnetic grains. The high temperature results show that
these films have excellent thermal stability, which may have a great implication for microwave
applications. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816754]

Soft magnetic thin films have been extensively utilized
in many high frequency applications such as microwave
noise filters, thin film inductors, and so on.'™ As the operat-
ing frequency in many modern devices reaches towards giga-
hertz range, it is indispensable to seek magnetic thin films
that possess a resonance frequency f, higher than 5GHz.°
Moreover, since many of such applications need to operate
in environments where the temperature fluctuates drastically
in a temperature range from 300K to 420K, it is required
that the microwave properties of the magnetic thin films
have a good thermal stability at least in this range.” While
the requirement for high f; beyond 5GHz can be fulfilled
through the usage of exchange bias coupling between ferro-
magnet (FM) and antiferromagnet (AF),® oblique deposition
technique,” or gradient composition deposition,'™'" it is
quite difficult to realize a thin film that have good thermal
stability with such a high f.."*™'* The reason for this techni-
cal difficulty is mostly due to the substantial reduction of
both magnetization and magnetic anisotropy (MA) with tem-
perature when the films are heated up.'>™'* In the present
work, we demonstrate that this thermal stability problem can
be resolved by employing rotatable magnetic anisotropy
(RMA) to push the f, towards a higher range, rather than tra-
ditionally using other kinds of MA such as unidirectional an-
isotropy or uniaxial anisotropy, which are more vulnerable
to temperature changes. RMA was discovered many years
ago mainly in two kinds of magnetic thin films: FM-AF
exchange-biased systems'>™'® and thin films with stripe
domains.'"”' Very recently, RMA has also been found in
ferrite doped FM thin films without stripe domain, which is
in principle quite similar to the FM-AF exchange-biased sys-
tem and may thus be placed into the first category.?” Here,
we employ the RMA arising from both stripe domain struc-
tures and such a ferrite doped FM system to yield high f;, and
good thermal stability in magnetic thin films. Since the stripe
domain was found in magnetic thin films with thicknesses
higher than a critical one, normally around 150 nm.'**° The
stripe domain structures were obtained by increasing the
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thickness of the ferrite doped FM thin film to 180 nm, from
our previous work of 110 nm.*

The radio frequency (1f) magnetron sputtering chamber is
used to deposit 180 nm thick ferrite doped CoFe magnetic thin
films at ambient temperature onto 5 mm x 10 mm x 0.50 mm
Si(100) substrates with background pressure lower than
5 x 10~ Torr. The 3-inch CosoFesq targets have varying num-
bers of equal-sized 3mm x 3mm Ni,sZn,sFe,O, ferrite
chips attached. The compositions of the magnetic thin films
were controlled by changing the number of NigsZng sFe,Oy4
ferrite chips. During sputtering, an Ar flow rate of 16 SCCM
(SCCM denotes cubic centimeter per minute at STP) was
needed to maintain an Ar pressure of 2 x 10™ Torr, and the rf
power density was 2.7 W/cm?. The thickness of the thin film
was controlled both by the deposition time and by keeping the
deposition rate constant, which was verified by a thickness
profile meter. The composition of the films was determined by
energy dispersive X-ray spectroscope (EDS). Thicknesses of
the thin films were measured by cross section image achieved
by the SEM. The crystalline structure was characterized by
grazing incidence X-ray diffraction (GIXRD, Panalytical
Empyrean with Cu Ko radiation). The surface image and mag-
netic domain state of the ferrite doped CoFe magnetic thin
films are measured by Atomic Force Microscopy (AFM)/
Magnetic Force Microscopy (MFM). The M and M-H loops
were obtained by the vibrating sample magnetometer (VSM)
with temperature range from 300 to 420K. Permeability
spectra were carried out with a vector network analyzer using
the room temperature shorted microstrip transmission line®'
and near field microwave microscope (NFMM) method
from 500 MHz to 10 GHz with temperature range from 300
to 420K.>* The temperature is meticulously controlled by
changing the current applied to the heater and a thermo-
couple sensor attached to the sample holder to monitor the
temperature.’” The angular dependence results of high fre-
quency properties were measured with the NFMM by attach-
ing the thin films onto an angular-resolved sample holder.

In this work we deposited ferrite doped CoFe thin films
with thickness about 180nm onto Si (100) substrates to
obtain the stripe domain structures. By changing the ferrite
chips on CoFe target, the composition of the different
element Co, Fe, Ni, Zn can be found in Fig. 1(a). The

© 2013 AIP Publishing LLC
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FIG. 1. (a) The composition of the thin film with different ferrite chips place
on the CoFe target. (b) The XRD spectrum shows peaks shift to the right as
the doping concentration increases indicating grain sizes shrink as dopant
elements increases.

concentration of Co reduces while Fe almost keeps constant
with the dopant increasing, as Fe is also one element of the
dopant. Ni and Zn increase linearly almost with the same ra-
tio as the ratio in the source is also 1:1. Being concise, we
use the concentration of Ni+-Zn to indicate the concentration
of dopant. Fig. 1(b) shows the XRD spectra of the film with
different dopant concentration. It shows the diffraction perks
shift to the right as the doping concentration increases indi-
cating grain sizes shrink as doping increases. The ferrite
doped CoFe thin films have granular structures with CoFe
grains surrounded by a matrix of amorphous Co-Fe-Ni-Zn-O
oxide, only (110) peak of becc structure CoFe grains can be
found in the XRD results. As clear evidence shown in Figure
2 from AFM and MFM images for a representative CoFe
film doped with 7% dopant, stripe domains are found in our
films. The MFM image in Fig. 2(b) was taken with an arbi-
trary referenced direction for the film in remanent state, the
typical domain width (bright or dark stripe) is about 85 nm.
After that, a sufficiently large magnetic field of about 5 kOe
was applied in the x-axis and reduced to zero so that the sam-
ple was in remanent state along the x-axis. Then the MFM
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image was taken again as in Fig. 2(c) which unambiguously
shows that the stripe domains are now aligned along the
x-axis. A similar procedure was performed with the external
applied field along the y-axis and the result was presented in
Fig. 2(d) exhibiting a clear alignment of the stripe domains
along the y-axis following the direction of the applied field.
This observation clearly demonstrates that the direction of
stripe domains can be rotated under a sufficiently large exter-
nal magnetic field*' and this external field serves to define
the RMA to be discussed later.

Two typical M-H loops of undoped and ferrite doped
CoFe films are presented in Figures 3(a) and 3(b) together
with the corresponding permeability spectra for each film in
the insets. The hysteresis loops for undoped CoFe film ex-
hibit normal magnetization curves without stripe domains
and show no signature of the presence of in-plane anisotropy.
This is also the case for all the films with dopant concentra-
tion less than 4%. However, when the dopant concentration
reaches beyond 4% both easy axis and hard axis loops shows
superimposed curves with a specific shape characterized by a
linear decrease of magnetization from its saturation value
and a moderate remanence%*! being a clear signature of the
formation of stripe domains with the presence of out-of-
plane magnetization component. The formation of stripe do-
main structures in those films (with dopant concentration
higher than 4%) is also verified by MFM characterization as
in Fig. 2. As the loops in both easy and hard axes are quite
similar, one may expect that there is no significant static in-
plane anisotropy in this case. However, the permeability
spectra in the insets of Figs. 3(a) and 3(b) exhibit quite con-
tradicting behaviors. For the film without doped ferrite as in
the inset of Fig. 3(a), there is practically no visible peaks cor-
responding to ferromagnetic resonance FMR in the perme-
ability spectra. This implies that the dynamic MA is not
present in this case. Yet, for the films doped higher than 4%
as in the inset of Fig. 3(b), a prominent peak at f, around
6 GHz can be observed suggesting that there exists a large
dynamic magnetic anisotropy field H,™" even though the

static magnetic anisotropy field H,*™ in this case as shown in

FIG. 2. (a) The surface image of the
ferrite doped CoFe magnetic thin film
taken by AFM. The color exhibits the
roughness of the surface. (b) The MFM
image taken for an as-deposited state in
an arbitrary direction. The color repre-
sents the strength of the perpendicular
component of spins. (¢) MFM image in
remanent state after the sample was
placed under a sufficiently large field
along the x-axis. (d) MFM image in re-
manent state after the sample was
placed under a sufficiently large field
along the y-axis. The image of higher
magnification is also presented.
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Fig. 3(b) is quite small. With the increasing of the doped fer-
rite concentration, the saturation magnetization My decrease
from about 23.5 kG to 15 kG as shown in Fig. 3(c). The rea-
son for this behavior is because the saturation magnetization
of ferrite is much smaller than that of CoFe,>*? thus causing
a dilution of the magnetization of the ferrite doped CoFe
films as observed. The static permeability g estimated from
the VSM is presented in Fig. 3(c) showing a similar decrease
of ug with the increasing of ferrite dopant. This behavior can
be easily understood as pg is proportional to Mg while it is
inversely proportional with the H®™7'® H P which is
inclined to increase with the increasing of ferrite dopant.

The variation of coercivity H. with the NiZn ferrite con-
centration is shown in Fig. 3(d). The H, first decreases with
ferrite concentration when the doped ferrite is less than 2%,
then it is increased with further increase of dopant concentra-
tion up to 9%. The increase of the H. may possibly be due to
the emergence of the stripe domains'®?° The H. decreases
when the dopant is increased from 9% to 16%. This behavior
may be caused by the decrease of the grain size. According
to random anisotropy model,**** the effective anisotropy
fields H,*™ in magnetic thin film increase as the separation of
the grains increases. Thus, the H, " and H. increase when
the ferrite concentration increases. Also presented in Fig.
3(d) is the variation of f; with the concentration of doped fer-
rite. It is shown that f; is increased from 5.4 GHz to 6.3 GHz
when the dopant concentration is increased from 4% to 9%.
This behavior can be understood within the framework
of the emergence of the H, ™", which is caused by the stripe
domains and the ferrimagnetic spins. Once the stripe
domains have been completely formed with dopant concen-
tration reaching 9%, an increase in ferrite concentration does
not lead to a further increase of the MA. The f, is thus

slightly decreased down to 5.8 GHz because of the reduction
of the saturation magnetization.

The damping coefficients o as function of doped ferrite
concentration are shown in Fig. 3(e). It is interesting to
observe that the damping factor is reduced to a very low
level of around 0.02 with dopant concentration reaching 7%.
This small value of o is very useful for high frequency appli-
cations. With the small damping value, the permeability
spectra shown in the inset of Fig. 3(b) have an imaginary
part being almost zero in the frequency range is lower than f;
indicating a very low magnetic residual loss in the films.?°

We argue that the presence of large H, ™ observed in
the films with stripe domains in our case mostly stems from
the contribution of H,"". In order to verify this argument, we
perform an investigation of the angular dependence of the
high frequency permeability spec:tr2122’27’28 with the result
shown in Figure 4. The little variation of f, measured at dif-
ferent orientations in Fig. 4(a) indicates that the high fre-
quency responses of these films are isotropic. By fitting the
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FIG. 4. (a) The angular dependence of the f, for ferrite doped CoFe thin film
without additional magnetic fields. (b) The dependence of H,*" on 0 for fer-
rite doped CoFe thin films. Inset shows the enlarged view of the result. The
red line are the fitted curves to the equation H,®" =H, "™ cos 20 4+ H,™".
The horizontal line is H"™" =243 Oe.
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high frequency permeability spectra with LLG equation,29
we can obtain the H, ™" of the magnetic thin films as shown
in Fig. 4(b) as a function of the angle between the hard axis
and RF excited field. This angular dependent experimental
data of the H,™ can be fitted to the following formula
Hb ' =H™" + H " cos 20.%>*" The first term is H™
caused by the formation of rotatable stripe domains and can
only sense by dynamics measurements'”'®?% while the sec-
ond term is H,*™ stemming from the static uniaxial anisot-
ropy. The fitting results can be found in Fig. 4(b) with the
inset of the figure showing an enlarged view of the fitting
curve., From the fitting results, it is observed that the contri-
bution from the static uniaxial anisotropy of about 8 Oe is
much smaller than that of the H,"" which is 243 Oe. As the
ratio of H,"*/H,*™" is so large that the main dynamic proper-
ties are driven by the H,™,** we may conclude that the
doped ferrite grains scattering in the film provide pools of
rotatable stripe domain and ferrimagnetic spins to enhance
isotropic anisotropy and raise the f..

Figure 5 revealing that ferrite doped CoFe films possess
an excellent thermal stability for f.. The 4nMy-T curve
shown in Fig. 5(a) suggests that for both pure CoFe films and
ferrite doped CoFe films 4nM; is slightly decreased less than
5% when the temperature is raised from 300K to 420 K. It is
noticed that the typical shape of M-H loops for thin films
with stripe domains is still retained even when the tempera-
ture is increased up to 420 K. Previous studies of thermal sta-
bility of dynamic magnetization in several systems such as
exchange bias system,'>?” or oblique deposition system,'*
revealed that thermal stability of the f; is rather poor espe-
cially for the case of f, beyond 5 GHz, normally reduced at
least 15% when the temperature is heated up from 300K to
420K." The reason for this significant reduction is due to
the fall-off of MA with the increasing of temperature.'*~'#3°
However, in our case with ferrite doped CoFe films, the f; is
quite stable at about 6 GHz with temperature varied less than
5% as shown in Fig. 5(b). This result has a great implication
from the application point of view as the requirement for
thermal stability of high-frequency properties is crucially im-
portant for many microwave applications. Besides, from the
fundamental perspective, this excellent thermal stability of
ferrite doped CoFe films presents a challenge for the under-
standing of this intriguing behavior. As the mechanism for
the emergence of the ultra-high f; in our ferrite doped CoFe
films is due to RMA, we may tentatively ascribe this RMA
to the physical origin of the good thermal behavior of these
films. The temperature dependence of H,"" in Fig. 5(b)
exhibiting a stable behavior is supportive for our argument.

T
360

T T T
380 400 420

Temperature (K)

The H"™" in stems from the formation of stripe domains as
well as the exchange coupling between the rotatable ferro-
magnetic spin and ferromagnetic spins. As aforementioned,
the typical loop shape which is a signature of stripe domains
is rather stable with temperature in our films, thus leading to
the good thermal stability of the contribution of H,"" origi-
nated from stripe domains. For exchange coupling driven
RMA, it is stable with the temperature especially for thin
film thicker than 80 nm, which can also be found in AF/FM
multilayers of our previous work®® and we interpreted this
stability in terms of the balance between the formed and the
disappearing rotatable spins.*® However, further study with
more supporting evidence is still needed to verify this
argument.

In summary, we report a type of ferrite doped CoFe
magnetic thin films with ultra-high omnidirectional f, and
excellent thermal stability driven by RMA. The H,"" in this
system originates from two different mechanisms leading to
its very large value: one is due to the exchange coupling
between rotatable ferrimagnetic spins and the ferromagnetic
grains and the other one is due to the formation of stripe do-
main structures. Our finding of this kind of material suggests
a route to tailor the high frequency properties of magnetic
thin films with very good thermal stability to be used in
high-frequency applications.

The financial support from the Defence Research and
Technology Office (DRTech) of Singapore is gratefully
acknowledged.
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