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The spin Hall nano-oscillator (SHNO) is a promising spintronic device to produce high-frequency and
low-linewidth microwave signals. We study a type of SHNO based on the L1,-FePt/NiFe/Pt exchange-
spring system with an ultrahigh perpendicular magnetic anisotropy by micromagnetic simulation. The
hard-soft magnetic exchange-spring system has a very high interlayer-exchange-interaction field, result-
ing in a more than 30-GHz emission frequency and 38.6-GHz/T field tunability. Apart from conventional
localized and nonlocalized auto-oscillation modes, localized or nonlocalized modes with central antisym-
metry also appear in this SHNO. Two oscillation centers possess nonequal amplitudes and opposite phases
in these antisymmetrical modes. Different modes are determined by the competition between three fac-
tors: the exchange-interaction field, the perpendicular anisotropic field, and spin-orbit torque. The spin
dynamics in the SHNO exhibit complex field and current dependence. Our results provide a possible
direction for the design of SHNOs, which may be beneficial for the research and development of spintronic

nano-oscillators.
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I. INTRODUCTION

Sustained magnetization oscillation excited by a pure
spin current has attracted much attention for years [1].
The spin Hall nano-oscillator (SHNO) [2] is a kind of
spintronic device that exploits the localized pure spin cur-
rent to drive persistent magnetization oscillation, which
is similar to the spin-torque oscillator [3—5], except the
spin polarization is replaced with a pure spin current pro-
duced by the spin Hall effect [6] or interface scattering
(Rashba effect) [7]. In SHNOs, magnetization oscillation
can be electrically detected through anisotropy magne-
toresistance (AMR) [2] at the cost of output power. The
exceptional frequency characteristics and auto-oscillation
mode, like self-localized bullet and spin-wave modes,
have been studied [8,9]. In previous studies on SHNOs,
ferromagnet (FM)/heavy-metal structures like NiFe/Pt
[1,2,10-12], NiFe/W [13], Co-Fe-B/W [8,14], Co-Fe-B/
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Pt [15], [CoNi],/Pt [16], and so on, were investigated.
Moreover, a device composed of a single ferromagnetic
layer, such as Al,Os(substrate)/NiFe [17], is also demon-
strated to be a SHNO. Among these SHNOs, a high out-of-
plane magnetic field is needed to reduce self-localization
and form a nonlocalized spin-wave mode [8,9,18,19].
The application of a film with perpendicular magnetic
anisotropy (PMA) may help to reduce the out-of-plane
external field [20].

Here, we exploit the exchange interaction between
NiFe (NisgFesp) and strongly perpendicular magnetic
anisotropic L1y-FePt [21-27] to take the place of the
high out-of-plane field and excite the nonlocalized spin-
wave modes in nanoconstricted SHNOs. L1j-FePt is
one of the ferromagnetic transition-metal alloys with
the highest PMA and an easy axis along the [001]
direction of the tetragonal lattice. The L1,-FePt(hard
magnet)/NiFe(soft magnet) bilayer film investigated here
is a classic exchange-spring (ES) [28] system. The
exchange interaction forces the magnetization of NiFe
toward the out-of-plane direction and makes the spin pre-
cession in L1y-FePt much easier. The dynamic behavior
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of the magnetization in NiFe is changed by the exchange
interaction [29]. The frequency and spin-wave propagation
of the L1,-FePt/NiFe/Pt SHNO (ES SHNO) are only
calculated under an in-plane magnetic field. In a L1,-
FePt/NiFe/Pt SHNO (ES SHNO), microwaves with a
frequency beyond 30 GHz and tunability over 38.6 GHz/T
can be obtained with the aid of a relatively low in-plane
external field. Additionally, four auto-oscillation modes
may be present in this system when varying the current
and in-plane field. In addition to conventional localized
spin-wave bullet and nonlocalized spin-wave modes, anti-
symmetric nonlocalized or localized modes are also found
in this ES SHNO.

I1. SIMULATION METHODS

The micromagnetic simulation is carried using the
object-oriented micromagnetic framework (OOMMF) soft-
ware. The Landau-Lifshitz-Gilbert equation with a spin-
orbit-torque (SOT) term is

dm (m x Heg) + m\ L r
— =—y(m x almx — ,
dr Y eff, i SOT
where

Heff = Hex +Hu +H +HOC - Hde,

and

S "
SoT = J/Moe 2fst

(m x p x m).

Here, y is the gyromagnetic ratio, 7 is the reduced Planck
constant, 4 is the vacuum permeability, e is the charge
of an electron, M is the saturation magnetization, and
m = M/M; is the reduced magnetization. H . is the effec-
tive field, including the exchange-interaction field, H;
H, is the uniaxial anisotropic field; H4. is the demag-
netization field; H is the external field; and Ho. is the
Oersted field. « is the Gilbert damping constant. Tsor
is the SOT generated from Pt and determined by the
dampinglike torque efficiency, 0.4= 0.08, for the NiFe/Pt
interface. L1y-FePt cannot produce a spin current with-
out a concentration gradient of Pt, and therefore, makes
no contribution to the SOT [25,26]. J is the magnitude of
the current density, and #, is the thickness of the magnetic
layer. p is the unit vector of the spin-polarization direc-
tion of the spin current. We consider only the dampinglike
torque (DL torque) because the fieldlike torque originat-
ing from the NiFe/Pt interface is negligibly small [30].
In simulations, the saturation magnetizations of NiFe and
L1o-FePt are 860 x 10° and 690 x 10° A/m, respectively;
the exchange-stiffness constants of NiFe and L1,-FePt are
1.3x 107! and 1.0 x 10~'"" J/m, respectively; and the
damping constants, «, of NiFe and L1,-FePt are 0.02 and
0.01, respectively. The perpendicular anisotropic energy
density of L1y-FePt is 4 x 10 J/m® with an easy axis along

the [001] direction, which is the surface normal of the film
[22,27,29,31]. The anisotropic energy density of NiFe is
set as zero. The current-density distribution and Oersted
field in ES SHNO are calculated using COMSOL Multi-
physics and then input into OOMMF to perform a more
realistic simulation.

The configuration of the simulated SHNO is illus-
trated in Fig. 1(a), which has a total length x width of
1000 x 500 nm?. The width of the nanoconstriction is
100 nm. The thicknesses of L1y-FePt and NiFe are 2 and
4 nm, respectively, which are smaller than the exchange
length of L1y-FePt (about 5 nm). Current, /, flows along
the +x direction, and 6 is the angle between the +y
axis and in-plane external field, H. To obtain an elec-
trical output, we assume the AMR is 1 , so that the
total resistance is regulated by the angle between / and
total magnetization ({/,m)), as given by Ry = R+
ARcos? ({I,m)), as shown in Fig. 1(b), here AR means
AMR. The electrical outputs are thus calculated by V' =
IR + I ARcos? ((I,m)). Hence, the radio-frequency part
is Vi = IARcos® ({(I,m)) = IAR(M,/M,)?. The electri-
cal frequency and amplitude of microwave emission can
be obtained through processing the time-domain data of
M, /M, by Fourier transform.

III. RESULTS AND DISCUSSION

According to the easy and hard M-H loops of the ES
film shown in Fig. 1(c), the switching field, H;, is 1.58 T
and the nucleation field, H,, is about 0.52 T. The switching
field of the ES film is quite small due to the exchange-
spring effect compared with that of a single-layer L1,-FePt
film (more than 9 T) [31]. The effective PMA of the ES film
evaluated from the M-H loops is about 9.2 x 103 J/m?,
which is much lower than that of L1y-FePt. Figure 1(d)
shows the magnetization of each layer under an in-plane
field, H, with 6 =45°. When H increases, the x and y com-
ponents of the magnetization of NiFe (M i) Will increase
significantly, which means M ;. has an obvious deviation
towards to H. Meanwhile, the decrease of the z compo-
nent suggests that the magnetization of the FePt layer
(Mepy) is also dragged towards H by H... Additionally,
the direction of M gp; Will also be affected by a perpendicu-
lar anisotropy field, H,,. H is not constant and depends on
the angle between magnetizations. It can be seen that the
angle difference between M gep; and Mg 1S increased with
increasing H, suggesting an enhancement of the interlayer-
exchange field with the enlargement of H. Both H,, and H
will significantly affect the magnetization dynamics in ES
SHNO when a driving current is injected.

After relaxation of the system, the magnetization
dynamic behavior in ES SHNO is simulated under
H =600 mT, 0 =45°, and three different currents of 5.5,
8.5, and 10.5 mA. The time and frequency domains of
the oscillation spectra are shown in Fig. 2. It is obvious
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(a) Schematic diagram of L1,-FePt/NiFe/Pt SHNO under an in-plane field. (b) Diagram of angle dependence of AMR. (c)

Total M-H loops of SHNO shown in (a). (d) Field dependence of magnetization components of the two ferromagnetic layers under an

in-plane field with 6 =45°.

that the oscillations of Mpep; and Myire are completely
synchronous due to the large enough interlayer-exchange
interaction, but the amplitude of the oscillation of M gep;
is lower than that of Myir.. When the current increases
from 5.5 to 8.5 mA, the oscillation amplitude of each fer-
romagnetic layer increases, corresponding to an increased
electrical output, as seen in Figs. 2(a) and 2(b), right. The
main frequencies are 34.87 GHz with 0.067-mV amplitude
for 5.5 mA, and 35.26 GHz with 0.080-mV amplitude for
8.5 mA. The linewidths of the SHNO are all located in the
range of 75—85 MHz. The obtained low linewidths agree
with the general properties of SHNOs. The high-frequency
oscillation obtained in ES SHNO is in good contrast to
that of NiFe/Pt systems, which only produce 5—10-GHz
oscillation frequency under the same field. According to
the Kittle formula [32], a higher effective field will result
in a higher magnetization-precession frequency. The much
higher frequency is thus attributed to the much larger
H.y in the ES system than in NiFe/Pt systems. The
enhancement of H . originates from the strong interlayer-
exchange interaction and the extremely high anisotropy
field of FePt. It is noteworthy that the electrical ampli-
tude of the main frequency, as the current is increased to
10.5 mA, sharply decreases to a low value; meanwhile,

the second-harmonic signal becomes remarkable, as shown
in Fig. 2(c). Due to the relatively strong second-harmonic
signal, the waveform is also not a typical sinelike wave.
The main frequency in this case is 37.56 GHz with 0.021-
mV amplitude, and the second harmonic is 75.02 GHz with
0.009 mV. In contrast to a relatively small increase (about
0.4 GHz) as the current increases from 5.5 to 8.5 mA,
a large frequency increase (about 2.3 GHz) is observed
when the current is enhanced from 8.5 to 10.5 mA. This
kind of strong current-dependent oscillation behavior is
related to the appearance of a special oscillation mode and
is discussed later.

The field dependence and current dependence of the out-
put spectra of an ES SHNO are investigated and shown
in Fig. 3. Figure 3(a) is the field dependence of the main
frequency of auto-oscillation at /=7 mA and 6 =45°.
Under an applied field in the range of 500—700 mT, the
oscillation has a typical sinelike waveform, with the main
frequency increasing with external field. This kind of field
dependence of frequency is widely reported in NiFe/Pt,
Co-Fe-B/Pt [15], and Co-Fe-B/W [8]. The field tunability
is approximately 38.6 GHz/T, which is much higher than
the value of 12.14 GHz/T [17] obtained in the NiFe/Pt sys-
tem. The high field tunability is attributed to H.g in the
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FIG. 2.
and currents of / =5.5, 8.5, and 10.5 mA, respectively.

ES system varying much faster than the applied in-plane
H, as discussed before. Figures 3(b)-3(d) show the cur-
rent dependences of frequency and amplitude under three
different fields with 8 =45°. The working currents for
these three conditions are all above 4 mA, higher than
that of Pt/NiFe (1-2 mA), indicating that a much higher
SOT is required to drive spin oscillation in the NiFe/FePt
ES system. The large working current can be attributed
to high H.g in the ES system. The precession frequency
dm/dt increases with H.g, leading to an enhancement of
the damping torque (am x dm/df). Therefore, a larger cur-
rent is needed to offset the damping torque. A sudden jump
in frequency and a fast drop in amplitude are observed in
the spectra for H =550 and 600 mT, while, in that for
H =650 mT, the frequency changes continuously with-
out any sudden jump. These sudden changes are typical
indications of the waveform transform shown in Figs. 2(b)
and 2(c). The transition currents are 8.5 mA for 550 mT
and 9.5 mA for 600 mT. It seems that this mode trans-
formation occurs at a relatively low in-plane field and
disappears as the field is larger than some value between
600 and 650 mT. Meanwhile, the current tunabilities of fre-
quency in the low-amplitude regions shown in Figs. 3(b)
and 3(c) are positive, indicating the oscillation modes

(a)c) Time-domain (left) and frequency-domain (right) diagrams of an ES SHNO under a field of A =600 mT and 6 =45°

are nonlocalized. The current tunabilities of frequency in
the high-amplitudes regions shown in Figs. 3(b)-3(d) are
nonmonotonic. The existence of a minimum frequency
indicates the occurrence of the mode transition from a
localized to a nonlocalized one. Figure 3(e) shows the
spectrum under H = 600 mT and 6 = 60°. There is only a
low-amplitude mode existing, and the frequency increases
monotonously with the current, indicating that the mode is
nonlocalized. For the case of H=800 mT and § = 85°, as
shown in Fig. 3(f), the relationship between spectra and
current becomes rather complex—three regions are sep-
arated by two sudden jumps as the current increases. In
the first region from 6 to 8 mA, the coexistence of the
negative-current tunability and low amplitude, which is
quite different from the spectra shown in Figs. 3(b)-3(e),
indicates the appearance of a different type of localized
mode. The second region from 8.5 to 16.5 mA and the
third from 17 to 20 mA show phenomena similar to that
in Figs. 3(b) and 3(c). As shown in Figs. 3(g)-3(i), the
sudden jumps of frequency also occur when the direc-
tion of the in-plane component of Myire is changed. In
all regions, the frequencies decrease as 6 increases. The
0 dependences of the spectra indicate that the direction of
the field also plays a role in spin-precession regulation. All
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spectra shown in Fig. 3 suggest that different oscillation
modes may occur, depending on the field or SOT. At the
transition point, frequency and amplitude will be subject
to a sudden change.

Six types of magnetization configuration, correspond-
ing to different oscillation modes, may occur with changes
to the current and field, as displayed in Fig. 4. The six
oscillation patterns are extracted from Fig. 3 and can be
divided into four types of modes according to localiza-
tion and symmetry. The four types of mode are localized
symmetrical mode [Fig. 4(a)], nonlocalized-symmetrical
mode [Figs. 4(b) and 4(e)], localized antisymmetrical
mode [Fig. 4(d)], and nonlocalized antisymmetrical mode
[Figs. 4(c) and 4(f)]. All the patterns shown in Fig. 4
include two relatively independent oscillations originating
from the upper or bottom edges of the nanoconstriction.
They can be taken as a pair of oscillation centers because
local maxima of the current density are also present at
the two edges. The intralayer-exchange field tends to
fuse two centers to form bigger one. Hence, the forma-
tion of an oscillation-center pair may be attributed to the
large out-of-plane interlayer-exchange field, which can
force Mep; and Myire in the nanoconstriction to precess
around their respective H ., which have a high-z compo-
nent. Due to the high-z component of Myjr., the in-plane

Influences of the magnitudes of field (a), current (b)—(f), and angle of the field (g)—(i) on the output spectra of an ES SHNO.

intralayer-exchange field between two oscillation centers
is relatively small and can be overcome by the interlayer-
exchange field. As a result, the relative independence of
two oscillation centers can be maintained. The existence of
a pair of oscillation centers should be the precondition for
the occurrence of antisymmetrical modes, while competi-
tion between intralayer exchange and interlayer exchange
determines the final mode of the ES SHNO—a high
interlayer-exchange field prefers antisymmetrical modes,
while a high intralayer-exchange field prefers symmet-
rical modes. The reason why the antisymmetrical mode
appears under a low in-plane H can be thus attributed to
the relatively small in-plane intralayer-exchange field due
to the high-z component of Myjr.. In the antisymmetri-
cal mode [Figs. 4(c), 4(d), and 4(f)], the phases of two
oscillation centers are opposite (red versus blue in pattern).
Accordingly, the oscillations of magnetization originating
from two oscillation centers are also opposite in phase and
almost compensate for each other. This is the reason for
the appearance of low-amplitude regions in the spectra, as
shown in Fig. 3. For the nonlocalized symmetrical mode
[Figs. 4(b) and 4(e)] and the nonlocalized antisymmetrical
mode [Figs. 4(c) and 4(f)], it can be found that a change
in the direction of in-plane A will dramatically change
the wavelength. The short-wavelength modes shown in
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Figs. 4(e) and 4(f) appear only when H is close to the —x
direction. A short-wavelength nonlocalized symmetrical
mode can be transformed from a localized antisymmetri-
cal mode, as marked with red dashed lines in Figs. 3(f)
and 3(h), and changed into a short-wavelength nonlo-
calized antisymmetrical mode with increasing current, as
indicated by the green dashed line in Fig. 3(f). Accord-
ing to the geometrical relationship of SOT (m x p x m),
the increase of the x component of magnetization caused
by near-x-direction H will enhance the magnitude of SOT.
A large SOT may also be beneficial for overcoming the
intralayer exchange and maintaining the independence of
the two oscillation centers, considering that the intralayer-
exchange field of a short-wavelength mode is larger than
that of a normal-wavelength mode.

To verify the causality between the antisymmetrical
modes and the exchange field, the microwave outputs of
the ES SHNO with nanoconstriction widths of 140 or
60 nm are calculated under H = 600 mT, 6 =45°, and the
results are shown in Fig. 5. Compared with that in an ES
SHNO with a nanoconstriction width of 100 nm, the cur-
rent density in the one with the 60-nm nanoconstriction

width is higher. As shown in Figs. 3(b) and 3(c), it is
expected that a higher current density would result in a
lower transition current. However, the sudden jump of fre-
quency or amplitude happens under a larger current for
the ES SHNO with 60-nm nanoconstriction. The enhance-
ment of the transition current with decreasing nanocon-
striction width is likely to result from the increase of the
intralayer-exchange field between two oscillation centers

(a) (b)
<39 — i
S /\
5 g0 |
& 37 ®
5 E
% ‘ o002 é_
Lt35 G—o—o—o0° < 0 o e
4 6 8 10 12 4 6 8 10 12
Current (mA) Current (mA)
FIG. 5. Current dependences of frequency (a) and amplitude

(b) of three ES SHNOs with different widths of nanoconstrictions
under H =600 mT, 6 =45°.
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due to the decrease in the separation of them. For the
ES SHNO with the 140-nm nanoconstriction width, no
sudden jump is observed in either frequency or ampli-
tude, and the amplitudes are obviously lower than those
of the symmetrical mode obtained in the ES SHNO with
60- or 100-nm constrictions. Actually, in the ES SHNO
with the 140-nm nanoconstriction width, no symmetrical
mode is produced, and the amplitudes of the oscillations
are consistently low and comparable with those of the
antisymmetrical mode observed for the 60- or 100-nm
constriction widths, as shown in Fig. 5(b). The differ-
ent oscillation behaviors of ES SHNOs with different
nanoconstriction widths suggest that the antisymmetrical
mode is likely to be determined by competition between
the interlayer-exchange field and intralayer-exchange field
around the oscillation centers. With an increase of the
separation between two centers, the intralayer-exchange
field between them diminishes, and the oscillation prefers
the antisymmetrical mode. Therefore, the applied current
plays a role in modulating the symmetry of the oscil-
lation mode in an ES SHNO with a relatively narrow
nanoconstriction.

If the two oscillation centers in the antisymmetrical
mode are of perfect antiphase and have the same ampli-
tude, the total amplitude of the SHNO is expected to be
zero, rather than a finite value, as shown in Figs. 2—4.
Figure 6(a) shows the magnetization oscillation in the
upper half and bottom half of the nanoconstriction under
H =600 mT, 8 =85°, and / =6.5 mA. There is a phase
difference close to 180° between the two areas, but the
amplitudes of the two areas are not equal, which results in
a nonzero total amplitude. The nonequal amplitudes of the
two antiphase oscillations explain the finite amplitude of
the antisymmetrical mode. Then the detailed process of the
oscillation-mode change is considered. In the ES SHNO,
the intralayer-exchange field, Hexin; interlayer-exchange
field, Hexinter; and ultrahigh H, of FePt will act on two
oscillation centers and make H ¢ much more complex than
that in a conventional SHNO. Figure 6(b) shows the distri-
butions of the magnetization z component of NiFe and H,,
of FePt in an antisymmetrical nonlocalized mode. It can be
seen that the variation of H,, during oscillation is more than
2.5 T at the oscillation centers. It is expected that H e inter
and H i, are also subject to a large variation. Figure 6(c)

(b) H=600mT =45 /=95mA
500 Mz!Ms of NiFe PMA Field of Fept *10"mT
E250 7 Eas0
> 0.5 >\
0
0 500 1000 500 1000
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c @ 05 - T T T T T T T T .
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FIG. 6. (a) Magnetization-oscillation processes in the two half areas of nanoconstriction. Blue box is the upper area, and red box is

the bottom area of nanoconstriction shown in the inset. (b) Left, distribution of the z component of M ;g at a certain time point with a
configuration of H = 600 mT, 6 =45°, and I = 9.5 mA; right, distribution of the PMA field (H,) of FePt at the same time point as that
shown to the left. (c) Total time—oscillation-process curve; upper and bottom areas match those shown in the inset of (a).
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shows the detailed process from the symmetrical mode to
the antisymmetrical mode. As shown, for three different
time durations, the oscillation starts from a symmetrical
mode. However, due to the small deviation induced by the
enhanced SOT, this mode is not stable and the instability
enhances with time. The oscillation finally stabilizes in an
antisymmetrical mode with drastic changes in frequency
and amplitude. In consideration of the initial unstable sym-
metrical mode, the reason for the mode change may be as
follows: with an increase of the SOT, the variations of H,,,
H ey inter, and H ey jn €xceed the dynamic stable range of the
symmetrical mode, so that the mode transits to an antisym-
metrical one, which allows a larger variation of the three
kinds of fields mentioned above during oscillation. After
stabilization of the antisymmetrical mode, H .y becomes
higher, resulting in a sudden jump in frequency. In real
devices, H is also affected by temperature. Joule heat-
ing produced by a large working current may also be an
issue that needs to be considered. The increase of temper-
ature resulting from the Joule effect will lead to a decrease
of the saturation magnetization and PMA energy, espe-
cially at the nanoconstriction. A reduction of the PMA
energy will mean that Mg.p; can be more easily dragged
by an in-plane field. Therefore, Joule heating will lead to
decreases of H),, Hex inter, and Hg. It can be expected that
the frequency of microwave emission will be lowered, and
the conditions (driving current, amplitude and direction of
magnetic field, etc.) for the occurrences of the modes may
change. According to our previous discussion, the deceases
of H,, and H ¢y ineer may be unfavorable for antisymmetrical
modes. It is hard to evaluate well through the micromag-
netic simulation; however, practically, the effect of Joule
heating can be diminished by improving the DL torque effi-
ciency. In our simulation, the DL torque efficiency is only
0.08. For materials with strong SOC, such as a topological
insulator or some special alloys [33—35], a much higher DL
torque efficiency can be obtained. Temperature change also
brings about an equivalent randomly fluctuating field, Hr,
which is not considered in our simulations. Considering
that the magnitude of Hr is usually about 1-5 mT at 300 K
[36], this temperature-related fluctuating field is very likely
to act as a small perturbation, which may increase the
linewidth of microwave emission. According to our study,
Hp may also affect the stability of a mode and prompt the
transitions between different modes. As shown in Fig. 6(c),
the oscillation begins with the unstable symmetrical mode;
the introduction of Hy tends to exaggerate this instability
and prompt the transition from a symmetrical mode to an
antisymmetrical mode.

As presented above, complex spin dynamics may occur
in an exchange-coupled NiFe/L1y-FePt bilayer system
due to the complex H.y. SHNOs based on this kind of
bilayer not only produce a high oscillation frequency but
also create more oscillation modes than a normal Pt/FM
SHNO.

IV. CONCLUSION

We study a nanoconstricted SHNO based on the
L1o-FePt/NiFe/Pt  exchange-spring  system  using
micromagnetic simulation. By the introduction of a
high perpendicular magnetic anisotropic field and the
interlayer-exchange interaction, the oscillation frequency
is enhanced to more than 30 GHz under only 500-
mT in-plane field and the average field tunability is
38.6 GHz/T. In this SHNO, not only can the conven-
tional oscillation modes—the symmetrical localized mode
and symmetrical nonlocalized mode—be observed, but
also antisymmetrical modes, either localized or nonlocal-
ized, may appear by varying the excitation conditions. By
investigating the magnetization configuration in nanocon-
striction during oscillation, we find, in antisymmetrical
modes, antiphase oscillations of two oscillation centers
have nonequal amplitude, leading to finite total oscillation
of these modes. The antisymmetrical mode is found to be
formed by the balance of three factors: the perpendicular
magnetic anisotropic field, the exchange-interaction field,
and SOT. Our results provide a possible direction for the
design of SHNOs that may be beneficial for further studies
on spintronic oscillators and applications.
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