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Formation of high-density surface spin-wave soliton train

T. Iwata, T. Eguchi, and K. Sekiguchi*
Graduate School of Engineering Science, Yokohama National Univ., Tokiwadai 79-5, Yokohama 240-8501, Japan

*Faculty of Engineering, Yokohama National Univ., Tokiwadai 79-5, Yokohama 240-8501, Japan

The propagation characteristics of solitary spin waves in an yttrium iron garnet waveguide were investigated using a vector network

analyzer and a real-time oscilloscope. Frequency- and time-domain analyses of spin-wave waveforms revealed the transition from
linear to nonlinear response regimes and identified the threshold excitation power required to establish a single spin-wave soliton. With
sufficiently high excitation power, a single spin-wave soliton transformed into a stable soliton train when the excitation frequency was
modulated within dipole gaps. The frequency characteristics of the soliton train varied with the duration of the excitation power signal.
The different time segments of the waveforms suggested the presence of new spin-wave modes excited through the self-modulation
instability process, providing valuable insights into the formation of high-density spin-wave soliton trains.

Keywords: magnonics, spin-wave soliton train, nonlinear dynamics, modulational instability, magnetic insulator, microwave technique

1. Introduction

Spin waves, as a stream of angular momentum, induce no
electric Joule heating, eliminating the need for charge flow ).
This unique property facilitates ultra-low power information pro-
cessing, making spin waves a promising candidate for next-
generation information carriers. They enable a new class of de-
vices, including magnon transistors>), magnon logic gates>%),
magnon multiplexers®>'?, magnon half-adders 'V, and spin-
wave reservoirs 2719 However, practical magnetic materials like
ferromagnetic permalloy, single-crystal iron, and even ferrimag-
netic yttrium iron garnet (YIG) can introduce damping and distort
the initial waveforms of spin waves due to finite dispersion and
wave confinement. To overcome these challenges, spin-wave soli-
tons have emerged as a potential solution.

Spin-wave soliton is generated when the Lighthill criterion,
DN < 0, is satisfied. Here, D = d°@/dk? is the dispersion pa-
rameter, N = do/ 8\14\2 is the nonlinear parameter 1922 @, u,
and k represent spin-wave angular frequency, spin-wave ampli-
tude, and wave vector, respectively. Previous soliton experiments
have primarily focused on the backward volume magnetostatic
spin wave (BVMSW) due to its analytically derived convex down-
ward dispersion curve (D > 0) and negative nonlinear coefficient
(N < 0)2929 or the forward volume magnetostatic spin wave
(FVMSW) due to D < 0 and N > 029727, both of which ful-
fill the Lighthill criterion. Additionally, by leveraging modula-
tional instabilities (MI) including induced modulational instability
(IMI), coupled modulational instability (CMI) with two modula-
tion continuous spin waves, and self-modulation instability (SMI)
with a single spin-wave packet, pioneering research has demon-
strated that spin-wave solitons can transform into a distinctive
“train”-like signal pattern, characterized by consecutive multiple
solitons 172325,

While magnetostatic surface spin waves (MSSWs) do not in-
herently support spin-wave solitons due to their dispersion prop-
erties (D < 0, N < 0), recent research on soliton trains sug-
gests that manipulating the carrier frequency around the dipole
gap can alter the dispersion parameter (D), potentially enabling
MSSW soliton formation '”. The dipole gap, a characteristic fea-
ture in the dispersion relation of spin waves, refers to an energy
gap between two distinct branches of spin wave modes 2”29
This gap arises due to the confinement effect in the thickness di-
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rection, which discretizes the dispersion curves when spins are
pinned at the surface or interface of a magnetic material. Since
no spin-wave states exist within the dipole gap, the input signal
cannot be transmitted via spin waves within that frequency range,
thereby manifesting as a dip in the transmission loss curve. The
dipole gap plays a crucial role in soliton formation. Under condi-
tions where both the spin-wave wave vector and the effective mag-
netic field are relatively small, the group velocity derived from the
dispersion relation of magnetostatic waves indicates that MSSW
soliton trains exhibit higher group velocities than BVMSW soli-
ton trains 232, suggesting faster propagation compared to pre-
viously reported BVMSW soliton trains 2%,

In this paper, time-domain analysis of propagating spin waves
spectroscopy was employed to investigate the propagation charac-
teristics of MSSWs in both linear and nonlinear excitation power
regimes. The position of the dipole gaps was determined by mea-
suring the transmission loss curve using a vector network analyzer.
By varying the excitation frequency around these dipole gaps, we
observed the formation of MSSW solitons at specific frequencies
and confirmed that self-modulation instability (SMI) could induce
MSSW soliton trains. The density of the soliton train was con-
trolled by adjusting the duration of the input excitation signal.

2. Experimental methods

Figure 1 illustrates the experimental setup. An yttrium iron gar-
net (YIG) film deposited on a gallium gadolinium garnet (GGG)

Real-time

Signal Generator |Oscilloscope

Fig. 1. Experimental setup for MSSW soliton generation. Signal
generator provided input signal, which was amplified to 3W be-
fore being applied to excitation antenna. Output spin-wave signal
was detected using real-time oscilloscope.
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substrate served as the waveguide. The YIG film dimensions were
10 pum thick, 2 mm wide, and 20 mm long. To minimize spin-wave
boundary reflections, both ends of the waveguide were cut at a 45°
angle. An external magnetic field was applied perpendicular to the
waveguide to excite magnetostatic surface spin waves (MSSWs).
The excitation and detection antennas were microstrip lines with
widths of 450 um and 75 um, respectively, and a characteristic
impedance of Zy = 50 Q. The distance between the excitation
and detection antennas was d = 5 mm. Time-domain measure-
ments were conducted to observe the formation of spin-wave soli-
ton trains. A signal generator produced a sinusoidal wave with a
frequency (fj,) and a duration (7p). A 3W RF amplifier ampli-
fied the input power to induce nonlinear effects on MSSWs. The
output signal was captured by a real-time oscilloscope.

3. Results and discussion

3.1 Propagation of MSSWs

To establish a baseline for subsequent nonlinear studies, we first
examined the linear response of our waveguide. The propaga-
tion characteristics of magnetostatic surface spin waves (MSSWs)
were analyzed using a vector network analyzer (VNA). The input
microwave power was set to a relatively low 5 dBm to avoid VNA
receiver saturation and ensure linear spin-wave behavior. Figure
2 shows the transmission loss curve (AS31) in response to the ex-
ternal magnetic field (Hex). The resonant frequencies (fres) are
determined as the maxima indicated by solid triangles. As shown
in the inset of Fig. 2, the resonant frequencies (fies) show a shift
towards higher frequencies with larger Hex. The dashed curve
represents a theoretical fitting curve using the MSSW disper-
sion relation 2?31 The fitting parameters are gyromagnetic ratio
y=1.76 x 10! T~ s~!, permeability of vacuum po = 47t x 1077
H/m, saturation magnetization Mg = 139.3 kA/m, wave vector
k = 6795 rad/m, and film thickness L = 10 pm. As shown, the
experimentally observed fies agree well with the theoretical dis-
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Fig. 2. Measured transmission spectra (AS>;) of magnetostatic
surface spin waves (MSSWs) propagating between microstrip
lines spaced 5 mm apart. Inset shows experimentally determined
resonance frequencies (fres) as function of applied external mag-
netic field (Hex). Dashed curve represents theoretical fit based on
MSSW dispersion relation.
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persion curve, confirming the propagation of MSSWs.

3.2 Formation of a single soliton

Figure 3(a) shows the time-domain signals of propagating spin
waves at Hex = 95.49 kA/m, at fi, = 5.323 GHz, and with T = 50
ns. The origin of time (r = 0 ns) was defined at the rising edge of
the input pulse. Accordingly, the excitation signal was applied
during 0 ns <t < 50 ns. To investigate nonlinear responses,
we varied the input excitation power P, and measured the spin-
wave signal Vsw, which was then converted to spin-wave power
(Psw = Vew? /Zp). As shown in Fig. 3(a), the maximum values
(peaks) of the spin waves are observed at approximately = 150
ns for all input power levels (Py,). This arrival time of MSSWs
is shorter than that of BVMSW solitons reported in the previous
study 2%, indicating their faster propagation. With increasing ex-
citation power, the peak value of the spin-wave signal increases,
and the waveform becomes narrower. At P, =222 mW, the signal
shape becomes the steepest, suggesting the possible formation of
a spin-wave soliton.

To verify soliton formation, the peak power and full width
at half maximum (FWHM) of the spin-wave signals were ana-
lyzed. Figure 3(b) shows the peak powers (represented by closed
red circles) and FWHM values (represented by closed blue cir-
cles) of the spin-wave power at various input powers (). Er-
ror bars are derived from the standard deviation of twenty mea-
surements. As illustrated in Fig. 3(b), at lower input powers
(P < 41.3 mW), the spin-wave power increases proportionally,
as indicated by the fitting dashed line. However, as the input
power increases (P, > 41.3 mW), the output power demonstrates
a more rapid increase, deviating from this proportional relation-
ship. This nonlinear behavior is a hallmark of spin-wave solitons,
as reported in previous studies 20)23>24-26) At the highest input
power (P, = 222 mW), the peak spin-wave power reaches 443
uW. This suggests that the threshold for soliton formation is lo-
cated at P, = 41.3 mW, where nonlinear response emerges.

Soliton formation was also confirmed by analyzing the FWHM.
At lower input powers (P, < 85.0 mW), the FWHMs gradually
decrease from 27.3 ns to 23.2 ns. However, at P, = 85.0 mW,
there is a sudden drop in the FWHM from 23.2 ns to 13.3 ns.
For P, > 85.0 mW, the change in FWHM exhibits a gradual de-
crease from 13.3 ns to 7.19 ns. It is important to note that the spin-
wave power possesses a 50 ns tail originating from the excitation
duration, which affects the Gaussian fitting used to evaluate the
FWHM, resulting in lower accuracy compared to that of the peak
height. Therefore, we determine the threshold between the linear
and nonlinear regimes of MSSW response as P, = 41.3 mW, and
the shaded area (P, > Py,) indicates the nonlinear regime.

To gain insights into the nonlinear regime, we performed Fast
Fourier Transform (FFT) analysis on the spin-wave signals (Vsw).
As shown in Fig. 3(c), at lower power levels, the frequency spectra
all show a single peak corresponding to the input frequency fi;, =
5.323 GHz, as represented by a vertical dashed line. As the input
power P, increases and exceeds the threshold power (P, > 41.3
mW), the FFT amplitudes at both ends of the spectra increase (in-
dicated by arrows). At even higher power levels (£, > 136 mW),
the spectra split into multiple peaks. This phenomenon indicates
spin-wave energy (i.e., frequency) transfer in the nonlinear regime
through magnon-magnon scatterings. Specifically, this can be at-
tributed to four-magnon scattering, where two magnons in the ini-
tial state (ko, fo) transition into states (k-,fy) and (k—, f_), sat-
isfying both energy conservation (2fy = f} + f-) and momentum
conservation (2kg = k4 +k_) 33),
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Fig. 3. Formation of single MSSW soliton. (a) Output power of propagating MSSWs as function of time with varying input power. (b)
Peak power and full width at half maximum (FWHM) of spin-wave spectrum as function of input power. Dashed line represents linear
contribution observed at low input power levels. (¢) Amplitude spectra obtained by performing Fast Fourier Transform (FFT) on output
spin-wave signals for different input power levels. Vertical dashed line indicates position of input frequency (fi, = 5.323 GHz).
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Fig. 4. Observation of dipole gaps and formation of MSSW soliton trains. (a) Transmission loss spectrum (AS;;) measured at external
magnetic field of Hex = 95.49 kA/m, showing characteristic peaks and dips (indicated by arrows). (b)-(g) Time-domain waveforms of
output spin-wave signals for various input frequencies at excitation power of P, = 174 mW. Waveforms for frequencies on left-hand side
of dipole gaps (indicated by blue vertical dashed lines) are shown in (b) and (g). Waveforms for frequencies on right-hand side (indicated

by red vertical dashed lines) are shown in (c), (d), (e), and (f).

3.3 Formation of soliton trains

To determine the frequency positions of dipole gaps, the trans-
mission loss curve (AS;1) was measured using a VNA at 5.20 GHz
< fin < 5.70 GHz. The input power of the VNA was fixed at
5 dBm. As shown in Fig. 4(a), the dipole gaps appear as dips
on the transmission spectrum because they represent frequency
ranges where the spin wave dispersion relation exhibits a signifi-
cant change due to the presence of pinned spins at the surface. As
indicated in the inset of Fig. 4(a), dispersion parameter D < 0
on the left-hand side (blue shaded regions) and D > 0 on the
right-hand side (red shaded regions) of the dipole gaps, therefore

Journal of the Magnetics Society of Japan Vol.49, No.3, 2025

DN > 0 on the left-hand side and DN < 0 on the right-hand side
of the dips on the transmission spectrum. Soliton train formation
experiments were conducted at various input frequencies near the
dipole gaps, specifically at fi, = 5.274 GHz, 5.323 GHz, 5.342
GHz, 5.370 GHz, 5.385 GHz, and 5.445 GHz, with an excitation
input power P, = 174 mW, which exceeds the threshold power
for the nonlinear regime.

Figures 4(b)-(g) illustrate the real-time output waveforms at
these frequencies. On the positive slope sides of the dipole gaps
[Figs. 4(c): fin = 5.323 GHz, 4(d): fin = 5.342 GHz, 4(e):
fin = 5.370 GHz, and 4(f): fi, = 5.385 GHz], indicated by the
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vertical red dashed lines in Fig. 4(a), the outputs display stable
waveforms with sharp peaks, characteristic of soliton trains. Ob-
servable patterns of 2-, 3-, and 4-peak soliton trains are shown
in Figs. 4(d), 4(e), and 4(f), respectively. However, on the nega-
tive slope side of the dipole gaps [Figs. 4(b): fin = 5.274 GHz and
4(g): fin = 5.445 GHz], indicated by the vertical blue dashed lines
in Fig. 4(a), the characteristic steep soliton waveforms are not ob-
served in the waveforms. This demonstrates the occurrence of
self-modulation instability (SMI) in MSSWs and highlights how
the attractive/repulsive characteristics of spin waves vary depend-
ing on the positions of dipole gaps and the Lighthill criterion.

3.4 High-density soliton trains

Finally, we investigated the dependence of soliton train for-
mation on the excitation duration. At an input frequency of
fin = 5.385 GHz and an input power of P, = 174 mW, where
the 4-peak soliton train shown in Fig. 4(f) was formed, we var-
ied the duration (7p) of the input excitation signal and analyzed
the resulting waveforms. A waveform with 7y = 100 ns is exem-
plified in Fig. 5(a). The black open circles indicate the positions
of each peak (coach) of the soliton train, revealing eight peaks.
Figure 5(b) illustrates the waveforms as the signal duration (7p) is
varied. Intriguingly, as Tp increases, both the length of the output
waveforms and the number of coaches increase. Moreover, we

identified three distinct time-domain regions exhibiting different
responses to changes in 7. In the red-shaded region in Fig. 5(b)
(referred to as the “front”), the number of coaches remained un-
changed despite variations in 7. In the green (“middle”) and blue
(“rear”) shaded regions, the number of coaches changed. Notably,
the “middle” region, where the waveforms exhibit no peaks, was
observed exclusively for durations 7y > 150 ns. The boundary
between the “front” and “middle” regions remained constant at
t = 170 ns, while the boundary between the “middle” and “rear”
regions shifted linearly with increasing 7y. In other words, only
within approximately 70 ns from the beginning of the input sig-
nal (“front”) and approximately 85 ns before the end of the input
signal (“rear”) did the waveforms exhibit oscillations and form
train-like patterns with multiple peaks.

Figure 5(c) shows the analysis of the number of coaches (n)
as a function of 7y. The “total” data represents the total number
of coaches in the waveforms. In the “front” and “middle” region,
ne remains constant at n. = 5 and n. = 0, respectively. However,
in the “rear” region, the n. increases as T increases. Since the
ne values of the “front” and “middle” regions remain constant,
the behavior of n¢ of the “rear” region is reflected in that of the
“total” region. When T > 150 ns, n. of the “total” region satu-
rates at n, = 14. Figure 5(d) represents the time interval between
coaches (Ar.) as a function of 7j. In a similar manner to Fig. 5(c),
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Fig. 5. Dependence of MSSW soliton trains on input signal duration. (a) Output waveform (converted to power) for input signal duration
of Tp = 100 ns. Black open circles indicate peaks (coaches) of soliton train. (b) Variation of output waveforms with changing 7. Shaded
regions indicate different time domains: “front” (red), “middle” (green), and “rear” (blue). (c) Number of coaches in soliton trains as
function of Ty. (d) Time interval between coaches in soliton trains as function of 7y. (¢) FFT amplitudes of “front” and “middle” regions.
(f) FFT amplitude of “rear” region, with inset showing enlarged view at Tp = 150 ns.
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the analysis is divided into the “front,” “rear,” and “total” parts.
At is determined as the average of the time intervals between two
neighboring coaches in each time region, with the error bars repre-
senting the standard deviation of (nc — 1) time intervals. It should
be noted that the Az, values of the “middle” region and of the
“rear” region for 7 < 100 ns are not defined since n. = 0. At of
the “front” region remains approximately constant at Az, = 11 ns,
whereas that of the “rear” region monotonically decreases and sat-
urates at Ar. = 7.7 ns as Ty increases. Consequently, for Ty < 150
ns, the Az, of the “total” region also decreases, dragged by the de-
crease in the “rear” region. However, for Tp > 150 ns, it rapidly
increases due to the extension of the “middle” region. This sug-
gests that the density of soliton trains is improved with the exten-
sion of the “rear” region, while it is reduced due to the extension
of the “middle” region.

Figure 5(e) shows the frequency spectra of the “front” (100 ns
<t < 170 ns) and “middle” (170 ns < t < tyy, Where ty is the
time of the minimum just before the first coach of the “rear” re-
gion) parts. The FFT amplitudes in the “middle” region, defined
only for Ty > 150 ns, are shown in the inset. The vertical dashed
line represents the input frequency fi, = 5.385 GHz. In the “front”
region, the spectra do not change significantly with varying Tj,
although the broadening of the spectrum is mainly attributed to
lower frequencies compared to the spectra in the linear regime as
shown in Fig. 3(c). The spin-wave spectra in the “middle” region
show a single peak, suggesting similar spectral characteristics to
a spin wave in the linear regime. Note that when the length of the
“middle” region is small, especially at 7o = 150 ns, the frequency
resolution is low, which leads to an FFT spectrum with reduced
clarity and precision.

Figure 5(f) shows the frequency spectra of the “rear” region.
To ensure consistent data length, the FFT was performed within a
unified time window of 190 ns: 170 ns < ¢t < 360 ns for Ty < 150
ns, and tyy <t < tyr + 190 ns for Ty > 150 ns. With an increase
in Ty, the spectrum near f;,, becomes steeper and exhibits a comb-
like shape. The inset depicts an enlarged view of the spectrum at
To = 175 ns. The black closed triangles represent the positions
of side peaks of fi,, indicating the excitation of new SMI modes.
Although the exact mechanism for the emergence of new SMI is
currently unclear, a similar phenomenon of new-mode excitation
has been reported in previous studies !>, In our experiments,
the SMI could be induced by system noise or fluctuations in exci-
tation power, since the spin waves in the “front” and “rear” regions
are easily affected by the drastic variations in the rising and falling
edges of the excitation signal. Power modulation of the excitation
may induce SMI, and this scenario is consistent with the existence
of the “middle” region where no spin wave soliton coaches were
observed.

4. Conclusion

We investigated the propagation of magnetostatic surface spin
waves (MSSWs) in an yttrium iron garnet waveguide, confirm-
ing their linear propagation characteristics using a vector network
analyzer. By modulating the input frequency, we generated soli-
ton trains in the nonlinear regime of a single MSSW soliton. The
formation of stable soliton trains with multiple distinct peaks was
found to occur precisely at frequencies corresponding to dipole
gaps, satistying the Lighthill criterion. We further analyzed the

dependence of soliton trains on input signal duration, identifying
three distinct time regions with varying characteristics. Extend-
ing the “rear” region led to a higher density of soliton trains. Fast
Fourier Transform analysis revealed the excitation of new spin-
wave modes due to nonlinear effects and self-modulation insta-
bility. Our findings demonstrate the potential for encoding and
high-density information transfer using spin-wave soliton trains.
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Chaotic vortex dynamics in circular magnetic nanodisk with double disk
structure induced by AC magnetic field
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Generating chaos in spintronics devices has attracted much attention for the application of physical reservoir
computing. We theoretically investigate the influence of the potential deformation due to the nanodisk structure on
the magnetic vortex core dynamics in circular magnetic nanodisk. Considering a circular magnetic nanodisk with an
additional disk, we numerically calculate the magnetic vortex dynamics using the Thiele equation. The deformation
potential is modeled by using micromagnetic simulation. The chaos is induced by applying an AC magnetic field to the
nanodisk with only an additional disk. In contrast, chaos disappears when the AC magnetic field is applied to a

nanodisk without an additional disk.

Keywords: vortex dynamics, Thiele equation, chaos, nonlinear potential

1. Introduction

In recent years, physical reservoir computing has
been actively studied for machine learning of time series
data in physical systems?. In general, it has been
reported that the learning performance improves close to
the border between a stable and an unstable (chaotic)
dynamics region 23, which is the so-called “edge of chaos.”

Spintronics devices are one of the leading candidates
for physical reservoirs?- ?. In fact, it has been reported
that the short-term memory capacity, one of the
indicators of learning performance, actually improved at
the edge of chaos when a spin-torque nano oscillator with
a two-free-layer structure was used®. It has been
experimentally confirmed that chaos can be generated in
vortex spin torque oscillator (VSTO) using nanocontacts?:
8, random pulse input?, and feedback circuitsl®.
However, no report exists that only an alternating-
current (AC) magnetic field can generate chaos in VSTOs.

This study investigates whether chaos can be
generated by applying only an AC magnetic field to
nanodisk. Here the nanodisk is intended to be used as a
free layer in VSTO. We theoretically demonstrate the
generation of chaos by using the relatively minor
modification of the additional disk to the nanodisk.

2. Calculation model

Figure 1 shows the calculation model of a circular
magnetic nanodisk with an additional disk. We consider
a circular magnetic nanodisk with an additional disk.
The additional disk has the same material as the
nanodisk but with a smaller radius than the nanodisk as
shown in Fig. 1. In this paper, the coordinate system is a
Cartesian coordinate system with the origin at the center
of the nanodisk. The basis vector is denoted as e, (k =
x,v,z). When an AC magnetic field h, = hysin(2nft) is
applied in the x-axis direction as an external force, the
motion of the magnetic vortex core can be described by

the following the Thiele equation!?: 12,

—Ge, x X —|D|(1 +ESZ)X—2—Z—cu*eZ xH =0 (1)
where X = (X,Y,0) is the position vector of the magnetic
vortex core, X is the velocity vector, s = VX2 + Y2 isthe
distance of the magnetic vortex core from the center of
the nanodisk, W(s) is the potential function, H = (h,, O,
0) is the external magnetic field, G = 2mpML/y is the
gyro-coefficient, D = —(2maML/y)[1— (1/2)In(Ry/R)] is
the damping coefficient, u* = TtMLR is the magnetic field
coefficient, M is the saturation magnetization, y is the
gyromagnetic constant, a is the Gilbert damping
constant, R, 1s the vortex core radius, ¢ 1is the
nonlinear damping constant, p is the polarity, and c is
the chirality of the magnetic vortex. The values of M =
1300 emu/cm®, y = 1.764 x 107 rad/(Oe s), a = 0.01,
Ry =10 nm, ¢ =2, p=1, and ¢ =1 were used for each
parameter?: 13, Here, FeB is assumed as the nanodisk
material. The nanodisk has the radius R of 187.5 nm
and the thickness L of 5 nm, and the additional disk
has the radius R, of 20 nm or 40 nm. The thickness of
the additional disk was 1/3 of that of the nanodisk.

As the above-mentioned definitions of the parameters,
the parameters G and D are generally dependent on the
thickness L. If an additional disk is present, it is thought
that the parametersGand D depend on the normalized
distances s through the thickness dependence. However,
in this study, the parameters G and D are treated as

* — - ... L

Nanodisk

Fig.1 Schematic illustration of the circular magnetic
nanodisk with an additional disk.
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Fig. 2 Schematic illustration of vortex core dynamics
driven by magnetic forces.

independent of the normalized distances. This
assumption is justified by the fact that the variationin L
is negligible. Because the effect of the modified potential
is adequate even if the parameters are independent of the
normalized distance s, the results presented in this paper
are primarily qualitative rather than quantitative.

Each term in the Thiele equation described by equation
(1) denotes a gyro-term Fg, a damping term Fp, a
restoring force Fg, and a force due to the magnetic field
Fy , respectively. The effects acting on the magnetic
vortex core are schematically shown in Fig. 2. The
additional disk on the nanodisk modifies the potential
shape, which is incorporated into the Thiele equation as
a restoring force Fr =—0W/dX. The potential shape
W(s) for the vortex core is obtained by changing the
position of the vortex core describing two vortex ansatz
(TVA)®, assuming that the magnetizations of the
nanodisk and the additional disk are rigid and strongly
coupled by exchange coupling. The potential, the sum of
the magnetostatic and exchange energies, is calculated
using micromagnetics calculation.

The magnetic vortex core motion was investigated by
numerically solving the Thiele equation for various AC
magnetic field amplitudes h, and the frequencies f.

3. Result and discussion
Figures 3(a), (b), and (¢) show the bird’s view of
potentials of magnetic vortex core on the nanodisk

C—
005 01 015
2

 W/odisk — 40nm ——
\. 20 nm /

0.15 XR

005 0.1

Fig. 3 Potentials of vortex core for on the nanodisk

(a) without additional disk, (b) with 20nm-radius
additional disk, and (c¢) with 40nm-radius additional
disk. (d) Potentials along the diameter direction.
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Fig. 4 Lyapunov exponent and Poincaré section when
an AC magnetic field with a frequency of 100 MHz was
applied to a nanodisk (a) without additional disk, (b)
with 20 nm-radius additional disk, and (c) with 40 nm-
radius additional disk. The AC magnetic field
amplitude was varied from 0 to 30 Oe. (a) Inset shows
a schematic illustration of the definition of Poincaré
section.

without an additional disk, with an additional disk of
radius R, = 20 nm, and with an additional disk of radius
R, = 40 nm, respectively. Figure 3(d) also shows the
potentials along the diameter direction across the center.
The potential on the nanodisk without an additional disk
shows almost the harmonic potential described by the
quadratic functions of the distance s from the center. If
there is an additional disk, the potential has local
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minimums near the additional disk edge. This is because
the potential is harmonic when the magnetic vortex core
exists within the additional disk, while the magnetic
vortex core is trapped at the boundary of the additional
disk due to magnetostatic energy. When the vortex cores
are located outside the additional disk, the harmonic
potential is almost identical to that without the
additional disk.

The Lyapunov exponent and Poincaré section are
indices that determine whether the behavior of a solution
in a dynamical system is chaotic or not!¥. The Lyapunov
exponent indicates the initial value sensitivity and a
general characteristic of chaos. The Lyapunov exponent
is an index calculated as the degree of increase or
decrease in the difference between two solutions that are
slightly different at a certain time. If the sign of the
Lyapunov exponent is positive, the dynamics may show
chaotic behavior. Also, when the Lyapunov exponent is
zero, the orbit of the vortex core is a limit cycle. Generally,
the Lyapunov exponent A for an AC-applied system is
calculated for the autonomous system'!®. An autonomous
system means a system whose equations do not depend
explicitly on time t . Introducing the new third
component as Z = wt, the Thiele equation is rewritten as
an autonomous system.

. ow X
(R e
Y|=Alow v )
7 I + cu*hy sin(2)
w
—|D|(1 + és¥)/A —G/A 0
A=< G/A —|D|(1 + &s¥)/A 0),(3)
Il;)I(l &s%) OG '
S 1ol + 53l

For a general three-dimensional autonomous system
U=f)U= “(U,U,U;), the Lyapunov exponent is
defined as follows. At a certain time t,, a solution V1(t,)
is created that deviates slightly from the solution
U(ty). The difference between the two solutions of U(t,)
and V(t,) is set to ¢. If the solution deviates from the
time t, by a certain time step At, we define [;
expressed as

- log(p) V(o + At) — U(ty + At)| s
1= At P11 = < ) ( )
where the distance is defined by |V -U|=

, 3.,(V;—U)?. In order to calculate the Lyapunov

exponent A, [; added together an infinite number of

times as follows.

R [Vito + i At) — U(t, + i AD)|
A = lim Li,p; =
n—00 £ n &

i=

, (6)

where
Vi(ty +iAt) = Uty + (i — 1) At)
HV (b + (- 1D A — Ut + (i — 1) A)}/pi—s.-

It means the normalization of the distance between the
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Fig. 5 Phase diagram when an AC magnetic field with
frequency of 100 MHz was applied to a nanodisk with
40 nm-radius additional disk. The AC magnetic field
amplitudes were (a) 10 Oe, (b) 18 Oe, (c) 21 Oe, and
(d) 25 Oe, respectively.

two solutions. In this calculation, the iteration number n
is the order of 10°, sufficient to saturate the Lyapunov
exponent A in this system.

The Poincaré section is a plot of the intersection of a
line segment from the origin with the trajectory of the
magnetic vortex core in the x —y plane during the
vortex motion. In general, if the Lyapunov exponent is
zero and the vortex core continues to follow the same
orbit, that is, the limit cycle, the Poincaré section will
have only a finite number of points. In particular, in the
case of a limit cycle that describes an ellipse with a single
period, the Poincaré section has only one point. Solutions
with a positive Lyapunov exponent and chaotic behavior
show a Poincaré section that fills the line segment for the
intersection with the orbit. In this study, the Poincaré
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Fig. 6 FFT of X/R when an AC magnetic field with
frequency of 100 MHz and amplitudes of (a) 10 Oe, (b) 18
Oe, (c) 21 Oe, and (d) 25 Oe was applied to a nanodisk with
40 nm-radius additional disk.
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Fig. 7 Lyapunov exponents and Poincaré sections for
the nanodisk with an additional disk of radius 40 nm,
where the amplitude of the external magnetic field is
varied from 0 Oe to 30 Oe. The frequency of the
external magnetic field is set to (a) 50 MHz, (b) 80
MHz, (c) 120 MHz, and (d) 150 MHz, respectively.

section is the intersection of the positive region of the
y —axis and the orbit after entering the steady state.

The Lyapunov exponent A and the corresponding
Poincaré sections are shown in Figs. 4 (a), (b), and (c) for
the cases with and without the additional disk when the
AC magnetic field of 100 MHz frequency is applied. The
reason why we chose this value will be explained later.
The amplitude of the AC field h, was varied from 0 to 30
Oe. Without the additional disk shown in Fig. 4 (a), the
limit cycle has an elliptical shape stretched in the
y —axis direction and the magnetic vortex core trajectory
expands with the AC field amplitude, so the Poincaré
section of the relative position Y/R is a monotonically
increasing. When there is an additional disk, as shown in
Figs. 4 (b) or (c), in the small amplitude region, the
Lyapunov exponent maintains zero, and the Poincaré
section is still linear due to ordinal oscillatory motion.
However, as the vibration radius increases, the
Lyapunov exponent becomes positive, and the
intersection points is proportional to the AC amplitude
due to the additional disk. Thereafter, chaotic and non-
chaotic regions appear alternately.

In the case of the 40 nm radius additional disk, the
solution trajectories of the magnetic vortex core in the
x —y plane, the so-called phase diagram, are plotted in
Figs. 5 (a), (b), (¢), and (d) for amplitudes hy = () 10, (i)
18, (iii) 21, and (v) 25 Oe for an AC magnetic field of 100
MHz frequency. In the case of the magnetic field
amplitude hy = 10 Oe shown in Fig. 5(a), the magnetic
vortex core oscillates around the bottom of the harmonic
potential formed by the additional disk. On the other
hand, in the case of AC field amplitude of hy, = 18 Oe as
shown in Fig. 5(b), the magnetic vortex core repeatedly
moves inside and outside the additional disk, indicating
chaotic behavior rather than periodic oscillations. In the
case of AC field amplitude hy = 21 Oe shown in Fig. 5 (c),

Journal of the Magnetics Society of Japan Vol.49, No.3, 2025

a complex limit cycle is observed, which is different from
the chaotic behavior. Furthermore, when the AC field
amplitude h, = 25 Oe shown in Fig. 5 (d), the chaotic
behavior appears again. These results are consistent
with the Lyapunov exponent A shown in Fig. 4(c),
suggesting that the system exhibits chaotic behavior at a
certain AC field amplitude h.

The FFT power spectra of X(t) for amplitudes of (a) 10
Oe, (b) 18 Oe, (c) 21 Oe, and (d) 25 Oe are shown in Fig.
6. When the amplitude of the AC magnetic field is 10 Oe,
there is a steep peak at 100 MHz, the same frequency as
that of the AC magnetic field. This is because the
magnetic vortex has a rotational motion near the origin,
resulting in a simple limit cycle of elliptical orbits. When
the AC field amplitude is 18 Oe, the frequency spectrum
unexpectedly becomes broader at the input signal
frequency of 100 MHz. In contrast, when the amplitude
is 21 Oe, the spectrum shows the discrete multimode
with multiple superimposed frequencies. When the
amplitude of the AC magnetic field is 25 Oe, the result is
broad around the frequency of the input signal, as is the
case with an amplitude of 18 Oe. Every case has peaks at
an odd multiple of the AC magnetic field frequency of 100
MHez. It is because the damping and restoring force terms
have nonlinearity associated with reduced distance s. In
case of hy =10 Oe as shown in Fig.6 (a), however, the
oscillation is single mode due to the small oscillation radius
and the effect of nonlinearity almost being so small.

Figure 7 shows the Lyapunov exponents and Poincaré
sections of a 40 nm disk with AC magnetic field
frequencies of (a) 50 MHz, (b) 80 MHz, (c) 120 MHz, and
(d) 150 MHz, respectively. A chaos-induced region exists
from 50-120 MHz, but in the case of 150 MHz, the
Lyapunov exponent and Poincaré section show that chaos
is almost not generated. This is thought to be due to the
frequency of the AC magnetic field being close to the
resonance frequency of the VSTO, which consists of the
nanodisk as a free layer. The value is approximately 200
MHz. Therefore, it is suggested that the frequency needs
to be adjusted for chaos to be induced. Also, in the case of
frequencies that have the region induce chaos, some
zones would be used as the edge of chaos, which is the
intermedia between a stable state and chaos.
Furthermore, above 150 MHz, there is no region
available as an edge for chaos.

The chaos and complex limit cycles are caused by a
reversal of the direction of the velocity vector v due to
potential gradients. We consider the Thiele equation as
below

()15> =4 %_V: ' % ()}f) + (—IDI(IZ-C?ZZ)CM*> ho sin(wt)] ,(7)

_ 1 —|D|(1 + &s?) -G
A_GZ+|D|(1+§SZ)2( G —|D|(1+§sz))'(8)
To simplify, we can rewrite the Thiele equation as
owy
v = (¥>A X + Ab,(9)
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Where v = t(lX, Y), X=XV,

, s (—IDl(l +&s%) -G

T G2+ D|(1 +¢57)? G —Ip|(1 + 552))'(10)

Furthermore, since G? » D?, the off-diagonal elements

of the matrix A are dominant, thus, a more
straightforward expression is as follows
~ a—W(‘Y) + Ab.(11)
ds \ X '

The direction of v is reversed obeying the sign of W /ds.
Therefore, the change in the potential shape due to the
additional disk can induce chaos in the vortex core
motion depending on the sign of the potential gradient.

These results suggest that VSTO with an additional
disk, a simple modification, may improve learning
performance when used as a physical reservoir because
the edges of chaos are more pronounced.

4. Summary

In this study, the behavior of the magnetic vortex core
was numerically investigated when an AC magnetic field
was applied to a circular magnetic nanodisk with an
additional disk. When the input AC magnetic field
amplitude was varied from 0 to 30 Oe with the frequency
of 100 MHz, no chaos was observed in the absence of an
additional disk, but chaos was observed in the presence
of an additional disk. In the case of the 40 nm disk, chaos
was induced in some regions when the frequency of the
external magnetic field was 50-120 MHz, but almost not
at 150 MHz. This indicates that the amplitude and
frequency must be adjusted to induce chaos in nanodisk
with an additional disk. These results are justified by the
Lyapunov exponent, Poincaré section, phase diagram,
and FFT consistency. Therefore, the VSTO, which
consists of the nanodisk as a free layer, may improve the
machine learning performance.
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Magnetic anisotropy of Sm(Fe-Co-Ni)12-B thin films and
formation of ThMni2 phase by element substitution and addition

Y. Mori*?, S. Nakatsuka*, T. Sato**, M. Doi*, and T. Shima*
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The combined addition of Ni and Co is a promising method for stabilizing the ThMni2-type crystal structure
without significantly decreasing the saturation magnetization. In this work, the structure and magnetic properties of
Sm(Fe-Co)12-B thin films by substituting Ni and Co with a part of Fe sites and adding B were investigated in detail.
It was observed that when the Fe sites of Sm(Fe-Co-Ni)12 thin films were partially substituted with Ni, the peak
intensity from the ThMniz-type phase decreased, but recovered with increasing the amount of Co substitution.
Furthermore, most of the samples with combined Ni and Co substitution had an isotropic or in-plane easy axis of
magnetization with respect to the film plane. However, it was confirmed that the easy axis of magnetization was
varied to the perpendicular direction by adding a small amount of B to the Sm(Fe-Co-Ni)12 thin films.

Keywords: ThMnia-type crystal structure, magnetic anisotropy, element substitution, Sm(Fe-Co-Ni)12-B thin film

1. Introduction

RFe12 (R: rare earth element) compounds (hereafter
referred to as 1:12) with a tetragonal ThMniz-type
crystal structure are expected to have a high saturation
magnetization due to their high Fe content, and they
are promising candidates for new high-performance
permanent magnet materials. In particular, it has been
SmFei2-based exhibit

magnetic room

confirmed that compounds

superior intrinsic properties at
temperature and at high temperatures compared with
Ndz2Fe14B the
saturation magnetization (uoMs = 1.78 T), anisotropy
field (uoHa = 12 T), and Curie temperature (7t = 879 K)
can be obtained at room
Sm(FeosCoo2)12  thin filmV.

reported that a high coercive force of 1.2 T was obtained
in a B-doped Sm(Fe-Co)-B thin film prepared by

sputtering, which is due to a columnar structure in

sintered magnets?®. For example,

temperature in a

Furthermore, it was

which Sm(Fe-Co)12 particles were surrounded by the
grain boundary phase?. In recent years, we have
succeeded in further increasing the coercivity of Sm(Fe-
Co)12-B thin films through the grain boundary diffusion

of nonmagnetic elements®1V, and we reported that a
particularly large coercivity (uoH. = 1.8 T) can be
obtained by depositing an Al cap layer!V. However, in
previous studies, it was well known that the SmFei2
phase was thermodynamically unstable in the bulk
state, and therefore it was necessary to substitute some
of the Fe sites with stabilizing elements such as Al, Si,
Ti, V, Co, and Zr'?-19, The addition of these stabilizing
elements inevitably results in a significant decrease in
the saturation magnetization of the SmFei2 compound,
which has been a major drawback. Therefore, in order
to obtain a sufficiently high saturation magnetization
stability of ThMniz-type
compounds, it is necessary to either minimize the

while maintaining the
amount of stabilizing elements added or to replace part
of the Fe sites with ferromagnetic elements that
function as stabilizers.

Recently, Landa et al. reported using a fundamental
framework based on density-functional theory in which
SmNiy(Fe-Co)s alloys exhibit a negative formation
energy and that the formation energy is minimal when
the mole fraction of Co in Fe-Co is 0.419°16), To obtain a

high saturation magnetization without affecting the

T [(6) 6,65
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o FesNi
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Fig. 1. Out-of-plane XRD fatterns for Sm(Fe1-x;CosNij12 thin films with different amount of Ni substitution [(a) ~

(] and Co substitution [(G) ~ (v)].
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Fig. 2. Magnetization curves for Sm(Fe1-xyCoxNip1z [x (1) ~ (iv), ¢ () ~ (d)] thin films. Filled and open circles are
denoted curves measured in perpendicular and parallel directions to the film plane, respectively.

anisotropy field or Curie temperature, they propose
replacing a certain amount of Fe and Co with Ni in
Sm(Fei1-xCox1z the
substitution of Ni and Co is expected to be a candidate

alloys. Therefore, simultaneous
method for stabilizing the SmFei2 phase without
significantly decreasing the saturation magnetization.
In this study, Sm(Fe-Co)12 and Sm(Fe-Co)12-B thin films
with added Ni, which is expected to stabilize the
ThMnis-type phase without significantly decreasing
saturation magnetization, are prepared and the crystal
structure and magnetic properties by variation of the
film composition, such as the amount of Co and Ni
substituted for Fe and the amount of B added are also
investigated in detail.

2. Experimental procedure

The samples were prepared by using an ultra-high
vacuum magnetron sputtering system with an ultimate
pressure of less than 4.0 X 107 Pa. First, a V buffer
layer with a thickness of 20 nm was deposited on a
MgO(100) single crystal substrate at a substrate
temperature (7%) of 400°C in an Ar gas atmosphere with
a process gas pressure of 0.17 Pa. Subsequently, a 50
nm of Sm(Fe1-xyCoxNiy12-B layer (x=0 ~ 0.5, y =0 ~
0.13) was deposited by co-sputtering with Sm, Fe,
Fes0Cos0, FesoB2o and Ni targets at 7: = 400°C. The mole
fractions of Ni and Co (x, y) were determined from the
results of energy dispersive X-ray analysis (EDX).
However, due to the detection limit of light elements,
the content of B cannot be determined by EDX, so the B
content was determined by the ratio of the deposition
rate of boron to that of the Sm(Fe-Co-Ni)i2'B layer.
Finally, a 10-nm V cover layer was deposited as a
protective layer to oxidation at

prevent room
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temperature. The crystal structure was analyzed by X-
ray diffraction (XRD) with Cu- K, radiation by adjusting
the y and ¢ angles to adopt out-of-plane and in-plane
configurations. The magnetic properties were evaluated
using a superconducting quantum interference device
(SQUID) All

performed at room temperature.

magnetometer. measurements were

3. Results and discussion

XRD patterns for Sm(Fei-r,CosNiy)12 thin films with
different amounts of Co substitution (x= 0 ~ 0.3) and Ni
substitution (y= 0 ~ 0.13) are shown in Fig. 1. As shown
in Fig. 1(2)@), the (002) and (004) peaks of the ThMni2-
type crystal structure were clearly observed in the Ni-
thin film. At Co
substitution x = 0.1, the position of the peak from the

and Co-unsubstituted SmFeis

1:12 phase remained almost unvaried, but it was
confirmed that the peak position shifted to a lower
angle with increasing x. It was confirmed that as the Ni
substitution amount y increased from (a) to (d), the
peak intensity from the 1:12 phase decreased, while at
the same time, the peak intensities from the FesNi and
a-Fe phases seen at 20 = 34.6° and 66.6° increased.
These results indicate that the substitution of Co into
Fe sites elongates the lattice spacing of the cplane,
while the substitution of Ni inhibits the formation of the
1:12 phase and instead leads to the formation of FesNi
and a-Fe phases. In addition, in the Sm(Fe-Co-Ni)12 thin
film [(b)-(d)], the peak intensity from the 1:12 phase was
recovered by increasing the Co substitution amount x,
and the peaks of the FesNi phase and the a-Fe phase
were decreased, that is, their formation was suppressed.
This suggests that the presence of Co facilitates the
formation of the 1:12 phase with Ni added.
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g) ~ (d)] and Co substitution [x= 0~ 0.5: () ~ (vD].
Magnetization curves for Sm(Fei-x,CoxNiyi2 thin
films with different amounts of Co (x) and Ni ()
substitution are shown in Fig. 2. The filled and open
circles denote the results measured in perpendicular
and parallel directions to the film plane, respectively. In
the SmFess thin film without Co or Ni substitution (x =
0 and y = 0) shown in Fig. 2(a)(i), a high saturation
magnetization poMs =1.63 T exhibiting perpendicular
magnetic anisotropy was obtained. Increasing the Co
substitution amount x improved the squareness of the
hysteresis loop in the first quadrant, but further
increasing x to 0.3 decreased the uniaxial magnetic
anisotropy constant (Xu). The value of K. was calculated
by subtracting the integral of the out-of-plane M-H
curve from the integral of the in-plane M-H curve in the
first quadrant. As shown in Fig. 2(b), when the Ni
substitution amount y was 0.05, it was confirmed that
K. decreased due to Co substitution and the easy
direction of magnetization varied from perpendicular to
the film plane to almost isotropic. In addition, as shown
in Fig. 2(c), when y was increased to 0.08, the easy axis
of magnetization of the Sm(Fe-Ni);2 thin film varied
from the perpendicular direction to the film plane to the
in-plane direction. Furthermore, even when the
amounts of Co substitution and Ni substitution were
further increased, the easy axis of magnetization
remained in-plane. Thus, it was confirmed that Ni
substitution does not contribute to improve the hard

E4

In-plane XRD patterns for Sm(Feo,95-xCo.Nio.05)12"B thin films with different amount of B content [0 ~

8% B:
magnetic properties of Sm(Fe-Co)iz compounds, and
that the
predominant as the Ni content increases. Therefore, an
attempt was made to improve the anisotropy by adding
B to Sm(Fe-Co-Ni)12 thin films with a small amount of
Ni substitution y= 0.05.

XRD patterns of Sm(Feo.95-xCoxNio.05)12-B thin films
prepared with different amounts of B content (B = 0 ~
8%) and Co substitution (x = 0 ~ 0.5) measured in the
out-of-plane configuration (y = ¢ = 0) are shown in Fig.
3. It should be noted that the B content is determined
by the deposition rate of boron during the deposition of
the Sm(Feo.95-xCoxNio.05)12-B layer. In the B-free Sm(Fe-
Co-Nio.05) thin film shown in Fig. 3(a), it was observed
that the (002) and (004) peak positions of the 1:12 phase
shifted to lower angles when x was 0.1, and then shifted
to higher angles as x increased further. On the other
hand, when the amount of B added was increased to 2%
and 5%, the peak intensity of the 1:12 phase decreased
in the case of samples not substituted with Co, and
when the amount of B added was further increased to
8% (d), it was confirmed that the peak of the 1:12 phase
almost completely disappeared. However, the peak
intensity of the 1:12 phase was increased significantly
in the 2%B and 5%B films by substituting Co into the
Fe site (x = 0.1), and the peak intensity further
it was

in-plane magnetic anisotropy becomes

increased with increasing x. In addition,
confirmed that the peak intensity of the FesNi and a-Fe
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Fig.)5. Magnetization curves for Sm(Feo.95xCoxNio.05)12-B thin films with different amount of B content [0 ~ 8% B: (a)
~(d ;

] and Co substitution [x: () ~ (vi)].

phases decreased with increasing Co substitution,
suppressing their formation. In the 8%B sample, the
peak intensity of the 1:12 phase recovered from 0.2 to
0.5 due to an increase in the Co substitution amount,
but it was confirmed that the intensity was lower than
that of the 5%B sample with a lower B addition at each
xvalue.

XRD patterns of Sm(Feo.95-xCoxNio.05)12"B (x=0 ~ 0.5,
B =
configuration (various x and ¢ angles) are shown in Fig.
4. As shown in Fig. 4(a), the (121), (031), (022), and
(222) peaks from the 1:12 phase were clearly observed
in the Sm(Feo.95Nio.05)12 thin film without B addition.
Similar to the results in Fig. 3(a), it was confirmed that

0 ~ 8%) thin films obtained from an in-plane

the intensity of peaks from the 1:12 phase decreased
with the addition of B, and its intensity was restored by
increasing the amount of Co substitution. When
increasing the Co substitution amount x, (132) and
(332) superlattice reflections were also observed, and
the Co substitution amounts at which these peaks
began to be observed were x = 0.4, 0.3, and 0.3 in the
0%B, 2%B, and 5%B samples, respectively. Furthermore,
the peak intensities of the (132) and (332) peaks were
stronger in the 2%B and 5%B samples compared with
the sample without B addition. From the results shown
so far, it was confirmed that increasing the amount of
Co substitution and adding a small amount of B, such
as 2%B or 5%B, promotes the formation of the Sm(Fe-
Co-Ni)12 phase.

Magnetization curves for Sm(Feo.95xCoxNio.0s)12-B (x
=0~ 0.5, B=0~ 8%) thin films are shown in Fig. 5. As
shown in Fig. 5(a), K of the B-free Sm(Fe-Co-Ni)12 thin
film decreased with increasing Co substitution amount

x [~(1], and it was confirmed that the easy axis of
magnetization varied from perpendicular to the film
plane to in-plane at x= 0.5. In addition, as shown in Fig.
5(b), by adding 2%B, the easy axis of magnetization of
the Co-unsubstituted Sm(Fe-Ni)12-B thin film was in the
film plane. However, K. increased as the amount of Co
substitution increased up to x of 0.2 and decreased with
further increase in x. When the B content was 5% (c), Ku
similarly increased with Co substitution, reaching a
maximum at x = 0.3. In contract, when B was added in
larger amounts up to 8%, the easy axis of magnetization
could not be obtained in the direction perpendicular to
the film plane at any Co substitution amount x. Thus, it
was confirmed that the addition of B to the Sm(Fe-Co-
Ni)i2 thin film increases the Co substitution amount (x),
which exhibits perpendicular magnetic anisotropy.
Scatter plots of the axial ratio da and the uniaxial
magnetic anisotropy constant K. for Sm(Feo.sos
+CoxNioos)12B (x = 0 ~ 0.5, B = 0 ~ 8%) thin films are
shown in Fig. 6. The value of ¢/a was obtained from the
peak positions of the 1:12 phase in Figs. 3 and 4. For
films without B, ¢/a increased as x increased up to 0.2
and then decreased with further increases in x. In the
sample with 2% B addition, d/a decreased as x increased
to 0.2, and at x = 0.3, da increased slightly, and a
further increase in x resulted in a slight decrease in da.
At 5%B, cda decreased significantly with a Co
substitution amount of x = 0.1, but it then increased at
x=0.2 and 0.3, and decreased slightly at 0.4. By adding
8%B, high ¢/a values were confirmed at x= 0.1 and 0.2,
and these values decreased significantly with a further
increase in B content. On the other hand, a high A
value of 3.89 MdJ/m3 was obtained for the SmFei2 thin
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Fig. 6. Scatter plot of the axial ratio da and the
uniaxial magnetic anisotropy constant K for Sm(Feo.o5-
+CoxNio.05)12-B (x=0~ 0.5, B=0 ~ 8%) thin films.

—
Bt 2

film (x = 0, B = 0%) with no added B or Co. However,
when the Co substitution amount x was 0.5, the Au
value dropped significantly and became negative.
However, when 2% and 5% B were added, the K. value
increased with increasing Co substitution, and the easy
axis of magnetization became perpendicular. In these B-
added films, high K. values were obtained at Co
substitution amount x around 0.2 ~ 0.3. However, as the
Co substitution amount x was further increased, K
decreased. From these results, it was confirmed that
positive values of K. were obtained for films with
contents of x=0 to 0.1 (0%B), 0.1 to 0.3 (2%B), and 0.2
to 0.4 (5%B), and that the da values for samples in
which the easy axis of magnetization was perpendicular
to the film plane were in the range of 0.559 to 0.578. It
was also confirmed that when the Co substitution
amount was 0.2 ~ 0.5, da decreased while K. increased
with increasing the amount of B. Therefore, it is
believed that adding B to Sm(Fe-Co-Ni)iz thin film
decreases the da and increases K. However, at 8% B,
where the Co substitution amount was x= 0.4 ~ 0.5, the
da decreased significantly, and K. also exhibited low
values. So, it is thought that the decrease in the da
contributes to the reduction in A.

4. Conclusion

In this study, Sm(Fe-Co)iz and Sm(Fe-Co)12'B thin
films with added Ni, which is expected to stabilize the
ThMnis-type phase without remarkable decreasing
saturation magnetization, were prepared and the
variation in the crystal structure and magnetic
properties that result from variation of the film
composition, such as the amount of Co and Ni
substituted for Fe and the amount of B added were also
investigated. It was found that the substitution of Co
into Fe sites in Sm(Fei-x;CoxNij)12 thin films elongates
the lattice spacing of the cplane, while the substitution
of Ni inhibits the formation of the 1:12 phase and
instead promotes the formation of Fes;Ni and o-Fe

phases. As the amount of Ni substitution increased, the

E6

easy axis of magnetization became predominantly in-
plane, but by adding a small amount of B (2% and 5%)
and substituting an optimal amount of Co, a
in which the of

magnetization was perpendicular was obtained. In other

composition region easy axis
words, it was found that the amount of Co substitution
in the Sm(Fe-Co-Ni)i2-B thin film with perpendicular
magnetic anisotropy increased with increasing B
content. This research will provide valuable insight into
the development of next-generation permanent magnets
that exhibit high saturation magnetization when the Fe

mole fraction is increased.
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