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ABSTRACT

A structure that consists of a \/4 stepped-impedance microstrip resonator is proposed as an instrument for the investigation of nonlinear
effects in thin magnetic films and also can be used as a microwave frequency doubler. A conversion efficiency of 0.65% is observed at a one-
layer 100 nm NigoFeo thin film at an input signal level of 4.6 W for a 1 GHz probe signal. The maximum measured conversion efficiency (1%
at 1 GHz) was achieved for the 9-layer NigoFey film where 150 nm magnetic layers were separated by SiO; layers.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009045

I. INTRODUCTION

Despite that recently most commercial microwave multipli-
ers employ semiconductor elements as nonlinear media for gen-
eration of high-order harmonics, a number of applications when
semiconductor elements are not suitable still exist. For this rea-
son, great attention is devoted to investigations of new methods and
materials, which can be used for multiplier designing,' for exam-
ple, graphene” © or ferroelectric films.” Magnetic materials are well
known as nonlinear media;” " they are well suitable for nonlinear
investigations and applications,'""'* and it is obvious that attempts
were made to design magnetic frequency converters.””'® At the same
time, most of the present investigations are performed at frequencies
of spin wave mode generation,” which will be promising in the future
but are rather high for modern electronics.

Recently, mainly two methods are exploited for excitation in
magnetic media of nonlinear harmonics using microwave fields.
The most common method, a method of broadband stripline spec-
troscopy,’”* is the same as for ferromagnetic resonance (FMR)
investigations, when a microstrip or a coplanar line is used for RF-
field generation. The main advantage of the method is that the line
is not a frequency selective structure, so it can be easily simulated
and used in a very wide frequency range, allowing one to use it as a

generator and detector of nonlinear harmonics simultaneously and
making it the most common method for the investigation of spin
waves traveling in magnetic films.

In the other method,”*”’ independent excitation and detec-
tion circuits are used. For example, in Ref. 27, for excitation, an
X-band waveguide was employed to excite the second harmon-
ics in a YIG sample, while detection was performed by a K-band
waveguide. The main advantage of the method is that the frequency
of the excitation signal is lower than the cut-off frequency of the
receiver waveguide which means that most of the energy trans-
mitted to the ferrite element will be transferred to the nonlinear
oscillation modes. However, two remarks should be made about the
above-mentioned method. Any regular waveguide is transparent for
high-order harmonics of its principal eigenmode, meaning that all
high-order harmonics excited in the ferrite will also be transferred
to the receiver waveguide. In other words, the energy transferred to
the ferrite can be involved in the excitation of all nonlinear harmon-
ics, reducing the efficiency of the device with the second harmonic
generation. In addition, a frequency doubler in waveguide imple-
mentation will be tremendous in size for L- and S-bands, which is
the scope of the current investigation. This problem can be solved,
if one would apply planar electrodynamic resonators, for example,
microstrip or stripline resonators. These structures are common in
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VHF and UHF ranges in communication systems as a part of system
components because of their diminutiveness and suitable quality
factor. For this reason, much attention was paid to the resonator
structure in the presence of the magnetic material, particularly, fre-
quency tuning vs a magnetic state of a material”® *' as the resonators
are prospective in terms of application in active tunable microwave
devices.””

In the resonator method, one resonator is used to excite the
media and to measure its nonlinearity by transferring high-order
harmonics to the output of the device. The main advantage of this
method is that it operates in the standing wave mode, meaning
that the energy stored in the resonator will be proportional to its
loaded quality factor. Hence, much more energy will be available
to excite nonlinearity in the media. It is well known that a regu-
lar microstrip resonator has an equidistant spectrum of eigenfre-
quencies, so it has the same disadvantage as the waveguide method.
However, the incorporation of steps in the width of the resonator
allows one to displace the eigenfrequency of resonant oscillation
modes. In addition, in the best case, presented in the current inves-
tigation, the frequency of the second oscillation mode will be twice
the frequency of the first mode, while frequencies of the 3rd and 4th
modes will be shifted to much higher frequencies. Hence, most of
the energy injected in the resonator will be used to derive a signal
of the second harmonics. A brief explanation of the nonlinear effect
is presented in Sec. I1. The proposed resonator construction for the
investigation of the nonlinearity of magnetic media will be presented
in Sec. I11. The experimental setup will be discussed in Sec. I'V, while
the experimental results for NigoFezo thin magnetic films will be pre-
sented in Sec. V. The results of the investigation are summarized in
Sec. VI.

Il. FREQUENCY DOUBLING IN A MAGNETIC MEDIUM

The dynamics of the magnetization M are described by the
Landau-Lifshitz equation,

O M HT s Emx 28 1
ot Y Ty W

where y is the gyromagnetic ratio, a is the damping parameter, M
is the saturation magnetization, and Heg is an effective field, usu-
ally composed of three different terms: the applied constant and
time-varying magnetic fields, the shape demagnetizing field, and the
magnetic anisotropy field. In an equilibrium state, the magnetiza-
tion vector is oriented along the effective field (M x Heg = 0). In
the case of an isotropic magnet under the influence of a circularly
polarized microwave field & with components h, and h, applied in
the x—y plane perpendicular to the Heg vector at frequency w, the
magnetization vector will precess about Heg at the frequency of the
exiting field in a circular orbit in the x-y plane. In this case,
the amplitudes of the dynamic time dependent part m(t) of the mag-
netization vector M are |my| = |m,| and |m| = 0 [Fig. 1(a)]. However,
if the magnet is anisotropic or the driving microwave field is lin-
early polarized, the magnetization oscillation in the x-y plane may
become elliptical (|m,| # |m,|). However, since the magnetization
vector length must be constant, the non-zero m, component will
emerge [Fig. 1(b)]. From this simplified picture readily follows that
m; varies at a doubled frequency 2w of the excitation field.”®

ARTICLE scitation.orgljournal/rsi

FIG. 1. Sketch of magnetization dynamics: (a) an isotropic magnet excited by the
circularly polarized microwave field (|my| = |my|) and (b) an anisotropic magnet
excited by the linearly polarized field (|my| > |my]). In the second case, a double
frequency component of magnetization m; arises.

Using the second-order approximation, the amplitude of the
double frequency component m, can be expressed as

m; = ﬁ|mi—m§, 2)
where my = Yu(W)he + iy (w)hy and my = ixp(w)he + Xy (w)hy,
are the components of the dynamic magnetization determined from
the solution of the linearized Landau-Lifshitz equation with Xxx,
Xay» Xpx» and x,, being the components of the magnetic suscep-
tibility tensor.”” In general, the magnitude of the magnetic sus-
ceptibility reaches its maximum when the frequency of the exci-
tation field is close to the ferromagnetic resonance frequency of
the magnet. The expression (2) shows why a thin magnetic film
is a preferred medium for the excitation of nonlinear magnetiza-
tion dynamics: Because of the film’s shape magnetic anisotropy, it
demonstrates a very high |m,|/|my| ratio (x-axis being normal to the
film plane). From the expression (2) also follows that the frequency
doubling in a magnetic medium is a quadratic effect—the output
power at frequency 2w increases quadratically with the input power
at frequency w. Concluding this section, we should note that the
general solution of the inherently nonlinear Landau-Lifshitz equa-
tion reveals rather complex dynamics of magnetization, with the
excitation of high-order harmonics with exponentially decreasing
amplitudes.”®’

lll. RESONATOR STRUCTURE

The microstrip resonator is a well-known instrument for mate-
rial investigation.’“ A\/2 microstrip resonators are easier in fabrica-
tion and usually have a higher measured unloaded quality factor
than A/4 microstrip resonators, which are twice smaller than the
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FIG. 2. Resonator construction and its photo in the middle.

first mentioned. This state is very important in terms of the fabri-
cation of a frequency doubler for a commercial microwave system.
However, a regular \/4 microstrip resonator has a frequency of the
second oscillation mode equal to 3f (fo—frequency of the funda-
mental oscillation mode), so one will need to make irregularities in
the resonator strip to shift the frequency of the second oscillation
mode to a frequency of 2f.

In Fig. 2, the structure of the proposed microstrip resonator
for the investigation of nonlinear dynamics of thin magnetic films is
presented, which can be used as a base for a magnetic frequency dou-
bler. The resonator is divided into two parts: one (S;) that is closer
to the grounded end of the strip has an air-gapped structure, where
a substrate with a film under investigation is placed below the strip,
while the second part is a stepped impedance microstrip resonator
designed on a dielectric substrate. The thickness of the air gap and
the length of the segment of the resonator are strongly dependent
on parameters of a thin magnetic film, particularly on the size of the
dielectric substrate used in film synthesis. The width of the resonator
segment at the air-gapped part is taken as an optimum between the
current density in the strip and the amount of magnetic material
involved in the harmonic generation, and in our case, when the size
of a film is 8 x 11 mm?, it is equal to 1.0 mm. It means that frequen-
cies of resonator’s modes can be tuned only by changing parameters
of the microstrip part of the structure, particularly, the width and the
length of segments S, and S3 (w2, w3, I, and I3).

To investigate the generation of the second harmonics in a
magnetic film, one will need to shift the frequency of the second
oscillation mode to a double frequency of the principal oscillation
mode (2fp). It can be obtained by making a step of the width of the
segments S and Sz (w2 > w3). It should be noted that, in the best
case, the middle of the segment S, should be situated in the antinode
of the electric field as the output of the resonator is also connected to
the middle of the segment through a SMD capacitor. This solution
will allow one to isolate the output of the resonator from the excita-
tion signal. It is obvious that a change in the width of the segments
will lead to a change in the frequency of the first mode of the res-
onator, which can be tuned by lengths I, and I3, whereas parameters
wi and /; are fixed. Another feature of the resonator is that the step
of the width that shifts even modes to a lower frequency also shifts
odd modes to a higher frequency, thereby breaking the frequency
multiplicity and the equidistance of the oscillation modes in the res-
onator. In terms of the nonlinearity investigations, this means that

ARTICLE scitation.orgljournal/rsi

the system will be sensitive only for the second harmonics generated
in a film, and all other modes, allowed for generation in the film, are
prohibited for the resonator.

The resonator is connected to the input port at the open end of
the segment S3, ensuring that it has a proper matching with feedlines
at a frequency of the principal oscillation mode. The overall degree
of matching is determined by the value of capacitance of the SMD
capacitor used to connect with the excitation port.

For the current investigation, a resonator with the frequency
of the principal oscillation mode equal to 1 GHz was designed and
fabricated. The parameters of the resonator were as follows: w;
=1.0mm, w, =9 mm, w3 = 0.3 mm, /; = 12 mm, ,, = 2.7 mm, and
I3 = 24.1 mm. A 0.508 mm Rogers RO4003B was used as a dielec-
tric substrate for stepped impedance segments of the resonator. The
width of the feedlines connecting the external ports with the capac-
itors is 1.1 mm, which correspond to the 50 Q impedance of the
microstrip lines fabricated on the substrate. A value of the capaci-
tance of SMD components was obtained during the measurements,
and it was found that in terms of the second harmonics excited in the
film and transferred to the output of the device, the feedlines should
be connected to the resonator using 1 pF capacitance. An increase
and a decrease in the capacitance lead to a decrease in the level of
the second harmonics emerging the device, which is explained by
the existence of an optimum degree of matching with feedlines. An
increase in the matching degree decreases the loaded Q-factor of the
resonator, meaning that less energy can be transferred to a film from
the resonator for the harmonic generation in one period of time. On
the other hand, a decrease in the matching degree, which increases
the value of the Q-factor, reduces the overall level of energy trans-
mitted through the resonator due to enlarged reflected power from
the resonator.

— .
(=) (92}
| |

Insertion loss, dB
O
|

NS
(V)]
|

_30|||IIIIII
1 2 3 4 5 6 7 8 9 10

Frequency,GHz

FIG. 3. Resonator frequency response in the absence of a magnetic film (black
line) and in the case of the harmonic generation (red line).
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The frequency dependence of the fabricated resonator is pre-
sented in Fig. 3, in the absence of a magnetic film and in the state of
the second harmonic generation. It can be seen that in the state of the
harmonic generation, the frequency of the second oscillation mode
of the resonator exactly doubles (2 GHz) the frequency of the princi-
pal mode (1 GHz) at which the film is excited. At the same time, the
frequency of the third oscillation mode is 5.5 GHz, which suggests
that the one nonlinear harmonic was excited in the structure.

IV. MEASUREMENT SETUP

To purify the probe signal and in order not to overload the
input circuit of the spectrum analyzer used to measure the signal,
two bandpass filters were designed and fabricated. The first one, con-
nected to the input of the resonator, has a passband at the frequency
of the first oscillation mode of the resonator, while the frequencies
of the second, the third, and the fourth modes are located inside the
stopband of the filter. The filter’s task is to purify a probe signal, by
filtering harmonic and non-harmonic components of the signal at
the output of a microwave generator, which are further additionally
amplified before the resonator. The second filter has a passband at
the frequency of the nonlinear harmonic under investigation, while
the frequency of the probe signal and frequencies of another har-
monic signal are located in the stopband of the filter. The filter locks
the probe signal in the resonator forcing it to transform into a non-
linear harmonic. In addition, the filter is protecting the input circuit
of a spectrum analyzer from a probe signal and allows one to make a
proper measurement of a harmonic level.

First of all, let us consider how a high-level probe signal influ-
ences the input schemes of spectrum analyzers and distorts the
level of the signal under investigation. A 20 dBm probe signal was
used in two schemes that differ from each other only by the sec-
ond bandpass filter installed at the output of the resonator filled
with a clear quartz substrate. One can see from Fig. 4 that the spec-
trum of the probe signal (black line) consists of harmonics generated
and amplified before the resonator, as it has been previously men-
tioned. Next, the measured signal is strongly distorted in terms of
increased noise level for frequencies less than 3 GHz. The inclu-
sion of the second filter reduces the level of the signal at 1 GHz on
76 dB and at 3 GHz on 100 dB, and, what is more important, a

ARTICLE scitation.orgljournal/rsi

VNA
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Pe >

Gen - WBPA +BPF1- —ﬁ I

FIG. 5. Measurement setup. HC—Helmholtz coil, VNA—vector network ana-
lyzer R&S ZVA50, Gen—microwave generator R&S SMA100B, WBPA—wideband
power amplifier R&S BBA150, BPF1—bandpass filter 1, BPF2—bandpass filter 2,
and SA—spectrum analyzer R&S FSW.

*BPF2> SA

19 dB decrease of the signal level of the second harmonics is
observed, which is much closer to a specified level for the generator
(>60 dBc) [Fig. 4(a)].

The connection of the first bandpass filter before the resonator
reduces the harmonic level in the probe signal on 85 dB, as it can be
seen from Fig. 4(b), so one can be sure about the purity of the probe
signal.

The presented method was previously’” used to investigate the
nonlinear behavior of a plasma antenna and, for the first time,
allowed to confirm that plasma antennas are strictly nonlinear
devices, previously presented results left questions and doubts about
the nature of the measured harmonics.

The whole scheme of the investigation is presented in Fig. 5; it
consists of two parts, one with a vector network analyzer as the main
sensitive instrument, which is used to measure the resonator fre-
quency response and make a slight frequency tuning, in the presence
of magnetic materials, and the tuning of the filters in the presence of
the resonator. The second part of the scheme is the standard scheme
for nonlinearity investigations, which consists of a microwave gen-
erator, a broadband microwave power amplifier, and a spectrum
analyzer. An external magnetic field used for biasing a thin film
under investigation is produced by two orthogonal Helmholtz coils
that allow obtaining the angular dependence of harmonic generation
for the fixed resonator and a magnetic film inside it. A comparison

20 20
a) b)
0+ 0 -
s 20 4 e -20
g 8
< 40 = -40
o o
5 5
S .60 = -60 -
5 5
w2 w2
-80 -80 |
-100 + -100 - f
_120 _‘pm#" g—-& 120 _M&é

1 2 3 4 5 1 2
Frequency, GHz

FIG. 4. Probe signal spectrum measured
by the spectrum analyzer (black lines):
(a) in the presence of the bandpass fil-
ter 2 (red line) and (b) in the presence of
the bandpass filters 1 and 2 (red line).

Frequency, GHz
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FIG. 6. Comparison of probe (1 GHz)
and measured (2 GHz) signals in
frequency (left panel) and time (right
panel) domains.
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of the probe and measured signal is presented in Fig. 6 for frequency
(left panel) and time (right panel) domains.

V. EXPERIMENTAL RESULTS

For the current investigation, a 100 nm thin film was deposited
from the NigoFey target in the presence of a bias magnetic field
in the chamber during a dc-magnetron deposition on a 0.5 mm
quartz substrate. An external magnetic field, applied during depo-
sition, induced in the film an in-plane magnetic uniaxial anisotropy.
Two samples with lateral size 8 x 11 mm? were further cut off from
the film so that sample 1 has the easy axis of magnetization (EA)
along the short side of the sample, while, in sample 2, the EA was
directed along the long side.

As the first step of the investigation, both samples were char-
acterized by means of a local FMR spectrometer'’ to obtain the
following magnetic parameters of the film:

For sample 1, Hpmr = 8.1 Oe, AHpmr = 3.7 Oe, M = 914
emu/cm®, Hy = 2.73 Oe, and Ty = 89.9°.

For sample 2, Hpmr = 14 Oe, AHpmr = 3.7 Oe, M = 917.2
emu/cm?, Hy = 2.96 Oe, and Ty = 1.7°.

Here, Hemr is the field of ferromagnetic resonance, AHgmgr is
the resonance linewidth, M is the saturation magnetization, Hy is
the anisotropy field, and Ty is the angle of the easy axis.

In Fig. 7, the results for the level of the second harmonics vs
the angle of the external field are presented at the level of the probe
signal limited to 100 mW. The measurements were performed at the
field being higher than the anisotropy field obtained during FMR
spectrum investigation. Figure 7 consists of the four curves:

1. yellow curve: sample 1 short side oriented along the strip;
2. green curve: sample 1 long side oriented along the strip;
3. black curve: sample 2 short side oriented along the strip;
4. red curve: sample 2 long side oriented along the strip.

One can see from Fig. 7 that the maximum level of the sec-
ond harmonics is observed, when induced magnetic anisotropy and
shape anisotropy give the same contribution to the harmonic gen-
eration (red curve), while the smallest one is observed when the
anisotropies are in opposition (black curve). At the same time, the

0 2e-10 4e-10 6e-10 8e-10 1e-9
Time, sec

shape anisotropy gives a higher contribution than the induced one,
according to the difference between the maximum levels in the
yellow and black curves.

The maximum of harmonic generation is observed at an angle
of 25° from the hard axis. This behavior of the angular dependencies
can be explained as follows: when the film is placed in the resonator
so that the direction of the induced anisotropy (EA) is oriented along
the resonator strip and the external field is applied perpendicular to
it, the coupling between the resonator and magnetic layer is rather
small, allowing magnetic dynamics in the film to develop indepen-
dently with the minimum influence of the resonator, which brings
the system to the highest quality factor, which is proved by a narrow
linewidth. In addition, in such a configuration, a bigger amount of
magnetic material is incorporated in the harmonic generation, as the
shape anisotropy is directed along the resonator strip.

On the opposite, when the EA of the induced anisotropy is
directed along the microwave field from the resonator, the resonator

0.08
Sample2
S le2
0.07 1 = samplr
Sample1
0.06 1
0.05
B
E.\ 0.04 -
N
[=™
0.03
0.02 1
0.01 1 /
0.00 T
-80  -60 -40 -20 0 20 40 60 80 b
angle, © Hext

FIG. 7. Angular dependences of the harmonic generation for both the samples.
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FIG. 8. Field dependences of the harmonic generation for both the samples.

has a maximum coupling with the film, reducing the quality factor
of generation and decreasing the overall level of harmonics.

Next, the behavior of black and green curves displays that the
volume of the magnetic material, which can be incorporated in the
harmonic generation, contributes more than the magnetic state in a
film.

For the optimal angles, obtained from Fig. 7 (47° —black curve,
25°—red curve, 40°—green curve, 30°—yellow curve), the field
dependences of the level of the second harmonics were measured,
which are presented in Fig. 8. One can see that the results obtained
for the angle dependence are proved for the field dependence: The
maximum of the harmonic level is observed for the case when the

——®——  Samplel
30 4 | —— — quadratic fit
—A——  Sample2
— — — quadratic fit
=z 20 4
g
o
=%
10
O T T T T
0 1000 2000 3000 4000 5000
P1, mW

FIG. 9. Level of the second harmonics vs input power for both samples and their
quadratic fit.

ARTICLE scitation.orgljournal/rsi

Conversion efficiency, %

0.0 . . . .

0 1000 2000 3000 4000

Pl, mW

FIG. 10. Conversion efficiency of the second harmonics vs input power for the
9-layer NigoFe film.

shape and induced anisotropies have the same contribution; at
the same time, the magnetic field, which corresponds to the
maximum harmonic level, is 1.5 times higher (9 Oe for red curve)
than for the case where anisotropies have different contributions, as
the direction of the applied external field is closer to the hard axis of
the film.

The power dependencies of the harmonic generation for the
two best cases were obtained for the optimal amplitude and the
angle of the applied field (9 Oe/25°—sample 1, 6 Oe/40°—sample
2), which are presented in Fig. 9. The classical quadratic behavior of
the power dependence is observed, where, for low powers, the level
of the second harmonics does not change much, and at powers above
1 W, there is a significant increase in the harmonic level.

The maximum measured harmonic level for the presented
magnetic films is 30 mW for the probe signal of 4.6 W, which cor-
responds to a conversion efficiency of 0.65% at 1 GHz. For the
moment, the maximum observed conversion efficiency of the sec-
ond harmonics was measured for the 9-layer NigoFey film where
150 nm magnetic layers were separated by SiO, layers and were
found to be 1% (43 mW for a probe signal of 4.2 W), whose
conversion efficiency vs input power is presented in Fig. 10.

VI. CONCLUSIONS

A construction of a /4 stepped-impedance microstrip res-
onator based on a hybrid substrate, which has an air gap in the
area of the grounded end, designed to install a dielectric substrate
containing a thin magnetic film on its surface is presented. Near
the field of ferromagnetic resonance in the film, the high-frequency
field of the strip resonator gives rise to a nonlinear regime of mag-
netization oscillations in the film, which causes the generation of a
high-frequency current in the resonator at a double frequency. The
proposed structure can be used either for the investigation of nonlin-
ear effects in magnetic films or magnetic samples or as a microwave
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frequency doubler for the case, when semiconductor devices cannot
be applied.

A method for nonlinear investigation is proposed based on
the application of bandpass filters and the resonator, which allows
for the measuring of pure nonlinear effects of a film, but not a
measurement setup.

For two 100 nm NigFy thin films with different magnetic
configurations, but deposited during the same dc-magnetron depo-
sition, the way to obtain the maximum of the second harmonic
generation (a conversion efficiency of 0.65% at 1 GHz) is presented.

The maximum conversion efficiency (1%) measured at the
1 GHz probe signal was achieved with the 9-layer NigoFeyo film
where 150 nm magnetic layers were separated by SiO; layers.
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