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Abstract: Microwave-assisted switching (MAS) is simulated for different CoPt and CoPt/CoszPt
nanosrtuctures as a function of applied DC field and microwave frequency. In all the cases, the
existence of microwave excitation can lower the switching field by more than 50%. However, this
coercivity reduction comes at a cost in the required switching time. The optimal frequencies follow the
trends of the ferromagnetic resonances predicted by the Kittel relations. This implies that: (a) when
the DC field is applied along the easy axis, the coercivity reduction is proportional to the microwave
frequency, whereas (b) when the coercivity is lowered by applying the DC field at an angle of 45° to
the easy axis, extra MAS reduction requires the use of high frequencies.
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1. Introduction

Microwave-assisted magnetic recording (MAMR) refers to the application of microwave-
assisted switching of the magnetization (MAS) in recording media. In MAS, the switching
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The feasibility of MAMR is based on the development of Spin-Torque Oscillators [9-13].
Compared to other means of dealing with the writability problem, MAMR requires minimal
change on the existing digital magnetic recording technology. Furthermore, it can be
combined with other ideas that have been proposed to push up the physical limits of areal
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time (switching time) is an important parameter that has been less studied in the litera-
ture [16,25,26]. The switching time in composite media drops from several nanoseconds
to a fraction of a nanosecond as the field is increased to a value double of the coercivity,
similar to what is observed in single-phase media [14]. Switching at lower applied fields
with high frequency MAS seems to come at a price of longer switching times [2]. In Fe-Co
thin films, the switching field is saturated for microwave durations above 50 ns, an effect
attributed to the competition between the pumping and damping processes [27]. It has been
reported that in micron-sized elements, where the reversal is inhomogeneous (i.e., involves
nucleation—propagation-relaxation processes, mechanisms with different relevant frequen-
cies), the switching time is a complex oscillating function of the microwave frequency [28].
It must be noted, however, that the dynamics that govern the MAS reversal are complex
anyway, even within a one-macrospin approximation: the process depends sensitively
to all the parameters involved [29], including the rise time and duration of microwave
pulses [26,30]. This can be simply understood by considering that during the switching
process, the effective field which depends on the magnetic state, changes during the mag-
netization reversal, and so does the precession frequency. Therefore, the optimal effect
may be achieved using “chirped” microwaves [31-33], in which the frequency is varied to
match the varying magnetization precession frequency, a technologically challenging task.

In the following, we present micromagnetic simulations of the microwave-assisted
reversal of disk-shaped nanoelements and compare the effect of size and angle of the DC
field. For the main part, we have considered fixed frequency rf fields of 1 ns duration, and
we discuss the issue of pulse duration and rise time in the last section. As typical examples,
we have considered single-layer CoPt and CoPt/CozPt nanodisks. Co-Pt alloys are typical
materials proposed for high-density magnetic recording media [34-36]. In particular, the
equiatomic chemically ordered CoPt (as well as FePt) alloys consist of alternative Co and
Pt layers along the c-axis of the tetragonal L1 structure. This atomic arrangement gives
high anisotropy [37]. These high anisotropy materials can be combined with semihard
phases such as the, also chemically ordered, Co3zPt to reduce the coercive field in favor
of writability [38]. The key advantage of such composite structures is that the reversal
process which is induced by thermal activation, is more homogeneous than the reversal
induced by applying an external field. Thus, due to the different reversal modes of the
field-induced switching process and the temperature-induced switching process, the ratio
of the energy barrier over the coercive field can be optimized to achieve high thermal
stability without the loss of writability [14]. An extra interesting fact about these phases
is that they can be produced with intermediate degrees of chemical ordering, achieving
tailor-made properties [39]. The micromagnetic simulations have been performed using
the mumax3 package [40,41]. This is an open-source graphics-processing-unit accelerated
micromagnetic simulation package that gives possibility to perform faster, larger, and more
complex simulations. The results of the quasistatic properties can be compared with the
predictions of the Stoner-Wohlfarth model: this is an exactly solvable model for coercivity
based on the simplifying assumption of homogeneous reversal in single-domain particles
with uniaxial anisotropy [42]. Assuming homogeneous magnetization, the multiparameter
problem of a spatially inhomogeneous magnetic state is reduced to finding the minimum of
one-parameter free energy function. This parameter is the angle of the magnetization with
the easy axis, which also defines the angle to the applied field. The Stoner—Wohlfarth model
has large applicability despite the fact that, even in single-domain particles, the reversal
might not be uniform. However, it turns out that non-homogeneous modes have nucleation
fields with a similar angular dependence [43]. In order to study cases with clear deviations
from homogeneous reversal, we have also modeled 60 nm diameter disks. As MAS is based
on the resonant excitation of the precessional motion, we compare the results with the
predicted homogeneous resonances of the system given by the Kittel equations [42]. For
a uniaxial particle with effective anisotropy Hx along its symmetry axis, under an inversed
field H applied along its axis, the Kittel equation is simply f = y(Hx — H), where 7 is
the gyromagnetic ratio, typically o = 28.025 GHz/T. Note, that in this case, the anisotropy
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field also defines the Stoner-Wohlfarth coercivity. The corresponding equation for the field
applied at an angle of 45° to the easy axis is derived in Appendix A.

2. Micromagnetic Simulation Details

The nano-element geometry was that of a disk consisting of either a single hard
phase (with the CoPt-type phase parameters saturation magnetization Mg = 800 kA/m
and uniaxial anisotropy Kmc = 4.9 MJ/ m? [42]) or two phases, where a thin semihard
layer (CosPt type with saturation magnetization Mg = 1114 kA /m and uniaxial anisotropy
Kmc = 0.6 MJ/m3 [42]) is on top of the hard layer. The magnetocrystalline easy axis was
set either along the disk normal (z-axis) or at 45° to the disk normal for the tilted media.
A small misalignment of 1 deg was introduced to avoid numerical errors that would arise
in the cases where the axes of the magnetocrystalline, shape anisotropy, and applied field
all coincide. A perfect alignment, apart from not being relevant to real conditions, leads to
zero torque: in this case, the reversal is mainly governed by some incubation time related
to the random thermal motion of the magnetization.

The thickness of the hard phase layer was ¢ = 4 nm. For the two-phase disks, an extra
2 nm of the semihard phase was added on top of the hard. MAMR was studied for two dif-
ferent diameters: D = 16 nm (which shows coherent reversal) and D = 60 nm, for which
highly inhomogeneous reversal occurs. The exchange stiffness was set to Aex = 10 pJ/m.
The lateral (along the disk diameters) cell size was set to 1.0 nm, whereas along the disk axis,
it was set to 0.5 nm. These values are much smaller than the characteristic exchange length

scale, Lex = 1/2Aex/ ]/toMz, which is close to 5 nm for both phases. This choice ensures
the minimization of discretization errors. One way to check this issue is by ensuring that
further reduction does not change the results (errors are smaller than the used data point
symbols). Furthermore, the maximum angle between two simulation cells can be checked
at all times. We have found that this value (which is maximized close to the coercive field)
at all cases is less than 0.009 rad for single-phase CoPt materials and less than 0.2 rad at the
interface of bilayer CoPt/CozPt nanodisks.

For the dynamic properties, the damping constant was set to « = 0.02. The time
discretization of 0.1 ps corresponds to 10 THz, which is well above the frequency response
of the systems. For each geometry, the sample was initially relaxed in zero field from
a state magnetized along the +z direction. Then, a reversed DC field was applied simul-
taneously with a circularly polarized alternating field with a frequency up to 420 GHz
and the magnetization was monitored for 14 ns. The pulse rise time and duration were
systematically varied for selected cases. The assumption of having a perfect material with
the bulk material constants could be questioned. In general, for nano-materials in the
regime of homogeneous reversal, the presence of imperfections facilitates nucleation and
tends to decrease the switching field, whereas in the regime of inhomogeneous reversal,
imperfections provide hindrances in the domain wall motion and increase the switching
field [42]. Here, we have also included systems above the threshold of the homogeneous
reversal, but without introducing any type of imperfection. The intention of this study
is not to obtain results for a specific recording medium product, but rather the effect of
the main design parameters and their tradeoffs in the MAS process; note that successful
simulations of the MAS behavior can be obtained even in the one-macrospin limit [29].

3. Results

The starting case is a single hard-phase disk with D = 16 nm, ¢ = 4 nm. The data are
shown in Figure 1. The x-axis represents the applied reversed DC field and the y-axis the
frequency of the RF field.
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Figure 1. Conditions (exciting frequency vs. applied reversed field) under which reversal occurs
within 1 ns for a CoPt disk with diameter D = 16 nm and thickness ¢t = 4 nm. The color code
represents the switching time in nanoseconds. A particular color is used for switching time, which is
between the values indicated at its two edges. The solid black line represents the Kittel condition
f=v(117T-H).

The points corresponding to conditions for which magnetization reversal occurs within
1 ns are denoted. These points fall below a straight line corresponding to the ferromagnetic
resonance (FMR) frequencies given by the Kittel condition f = 7 (Hq. — H), where Hy, is
the coercivity without MAS. The color code represents the time of the reversal. For this disk
geometry, the demagnetization factor along the z direction is N = 0.7341. For a hard phase
with anisotropy K¢ and saturation magnetization Mg, the coherent rotation coercivity is

given by the relation:
2K n (1-3N)
#oMs 2

For the used parameters of the CoPt, this is expected to be Hy. = 11.7 T, which agrees
with the data of Figure 1.

An impressing reduction down to 4.5 T (by 62% of the initial Hg4.) can be achieved
if high frequencies (180 GHz) are available, but we must also note that in this case, the
reversal time increases to 0.5 ns, compared to just 0.1 ns at higher fields. The reversal can
remain fast (0.13 ns) and still have a reduction by 40% of Hy. with 100 GHz.

The data are compared with the case where an extra-soft layer is used to reduce
the coercivity. By adding a softer CozPt layer of 2 nm, the DC coercivity is reduced to
4.2 T, but the reversal time is doubled (Figure 2). Using frequencies close to 100 GHz, the
reversal field can be substantially lowered down to 0.6 T (86% of Hg.), but the reversal time
approaches 1 ns.

Hyc Ms, @

reversed dc field (T)

Figure 2. Conditions (exciting frequency vs. applied reversed field) under which reversal occurs
within 1 ns for a CoPt disk with diameter 16 nm and thickness 4 nm, covered by a 2 nm Co3Pt layer.
The color code represents the switching time in nanoseconds. A particular color is used for switching
time, which is between the values indicated at its two edges. The solid black line represents the Kittel
condition f =y (4.2 T — H).
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Next, we consider the case of having the anisotropy easy axis at 0 = 45° to the applied
field, which, according to the Stoner—-Wohlfarth model, gives the lowest reversal field and
minimal sensitivity on the switching field dependence on the easy axis distribution [38].
The data are shown in Figure 3. MAS reduction of the reversal field is achieved only at
high frequencies (200 GHz) and the reduction of the switching field is only by 20%. This
must be related to the different dependence of the resonance frequency on the field in
the case of 45° tilting. Since, in this case, the magnetocrystalline and shape anisotropy
axes do not coincide, a simple analytical expression for the FMR frequencies cannot be
derived, and the resonances of the system have been found by mumax3 simulations. This
was performed using the Fourier transform of the magnetization response after a sinc-
function excitation. The derived frequencies agree very well with those obtained for
a uniaxial Stoner—Wohlfarth particle with the DC field applied at 6 = 45° to the easy axis
(see Appendix A) setting Hx = 12.3 T. However, the switching occurs at lower fields than
the Hx /2 (predicted by the Stoner-Wohlfarth for 6 = 45°) and the optimal frequencies are
lower than the Kittel resonances of the system.
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Figure 3. Conditions (exciting frequency vs. applied reversed field) under which reversal occurs
within 1 ns for a CoPt disk with diameter 16 nm and thickness 4 nm, when the applied field is at 45°
to the easy axis. The color code represents the switching time in nanoseconds. The solid black line
represents the Kittel condition in this case.

In the 0 = 45° case, switching at lower fields is also achieved at the expense of switching
rapidity. At 5 T, the switching time is 0.02 nsec and increases to 0.15 nsec at 4 T. Combining
easy axis tilting by 45°, with the addition of a softer phase (Figure 4), the switching field
can be lowered to 1.8 T (by 38% of Hy.) using frequencies close to 90 GHz. At 2.95T, the
switching time is 0.05 nsec, but increases to 1 nsec at 1.8 T. One common feature of the tilted
cases is that the resonance frequency does not depend sensitively on the applied DC field.
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Figure 4. Conditions (exciting frequency vs. applied reversed field) under which reversal occurs
within 1 ns for a CoPt disk with diameter 16 nm and thickness 4 nm, covered by a 2 nm CosPt layer,
when the applied field is at 45° to the easy axis. The color code represents the switching time in
nanoseconds. A particular color is used for switching time, which is between the values indicated at
its two edges.
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In order to probe the effect of MAMR in a system where inhomogeneous processes
govern the reversal, we consider a D = 60 nm CoPt disk with a thickness t = 4 nm (Figure 5).
The frequency vs. applied field map resembles the one for the D = 15 nm disk; the main
difference being that the reversal times are now longer. Even at 11 T, they approach
0.24 nsec. The addition of an extra 2 nm of soft phase (Figure 6) has a very drastic effect on
the coercive field, but always at the expense of the switching time, which is longer than
0.59 nsec at all cases.
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Figure 5. Conditions (exciting frequency vs. applied reversed field) under which reversal occurs
within 1 ns for a CoPt disk with diameter D = 60 nm and thickness ¢t = 4 nm. The color code
represents the switching time in nanoseconds. A particular color is used for switching time, which is
between the values indicated at its two edges. The solid black line represents the Kittel condition
f=v(0112T—-H).
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Figure 6. Conditions (exciting frequency vs. applied reversed field) under which reversal occurs
within 1 ns for a CoPt disk with diameter D = 60 nm and thickness ¢t = 4 nm, covered by a 2 nm CosPt
layer. The color code represents the switching time in nanoseconds. A particular color is used for
switching time, which is between the values indicated at its two edges. The solid black line represents
the Kittel condition f = v (29 T — H).

4. Discussion and Conclusions

We have examined microwave-assisted magnetic switching (MAS) in different nanos-
tructures as a function of applied DC field and microwave frequency. The systems chosen
include (a) single-phase vs. two-phase, (b) sizes both below and above the critical size
for coherent reversal, and (c) aligned and tilted anisotropy. In all the cases, the existence
of microwave excitation induces the reversal at lower fields than those needed with just
DC fields. The optimal frequencies are fairly close to the resonances predicted by the
Kittel relations. Thus, when the field is aligned with the easy axis, the linear Kittel relation
implies that the coercivity would decrease linearly with the frequency in accordance with
the predictions of the rotating frame model [8]. In contrast, for anisotropy misaligned by
45°, the reduction in coercivity is limited to high frequencies. This is consistent with the
form of the Kittel equation for this case.



Magnetism 2023, 3

67

However, this reduction in required DC field strength always comes at a cost in
reversal time, as shown in Figure 7.

1.0}

H (Tesla)

Figure 7. Summary of minimum magnetization reversal time using MAS, as a function of the applied
reversed field, for different CoPt (hard) and CoPt/CosPt (hard/soft) nanostructures.

For the DC reversal, in which the applied field exceeds the DC coercivity, this increase
in time is easily explained within a macrospin approximation: the Hg that governs the
dynamics is the applied field minus the effective anisotropy field. The larger their difference,
the higher the frequency of the precession and the faster the dynamics. Thus, the presession
frequency is initially v (H — Hi), but as the magnetization is reversed towards the field
direction, it increases to v (H + Hk). Although Hg changes during the reversal, the sign
of Hegr and the chirality of the precession are always the same. On the other hand, using
MAS, the reversal starts from fields below the anisotropy field. In this case, not only the
precession frequency, but also the chirality required for the reversal, change [26] due to the
sign change of the effective field v (H — Hk). Our simulations show that, using a fixed
frequency, the resonance is limited to the initial stages of the reversal, but as the reversal
proceeds, the precession frequency quickly deviates from the microwave frequency. It is
reasonable then to ask if there is any point to extend the duration of the microwave pulse
beyond the first stages of the reversal and specially beyond the point where the precession
changes sign. However, we found no case in which the switching time was reduced by
stopping the microwave pulse before the reversal is completed. The pulse rise time is also
an important parameter which depends on the STO design. We examined the effect of
the rise time by varying its value from 5 ps to 400 ps. The reversal time, in general, is
not a monotonous function of the rise time, but presents many peaks. However, at all
cases examined, the reversal time is increased with respect to the value obtained for the
rise time approaching zero, but by an amount less than the rise time. The results of the
simulations presented here cover diverse situations of MAS application and can provide
general guidelines for the optimization of practical MAMR systems.
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Appendix A

Suppose we have a Stoner—-Wohlfarth particle with a uniaxial anisotropy and easy axis
in the x—z plane at 0 = 45° to the z-axis and we apply a DC field H in the z-direction. The
free energy can be written:

> +

e _K(Mc M,
- M, " M

2
K
) = MM, =~ (b~ oM, (A

where my, my, m, are the components of the normalized magnetization. The components of
the effective field are:

1 0E K H
= oM = o M M) = ) (A2a)
X S
1 oF
eff
_ L9k _ A2
¢ o M, 0, (A2b)
1 0E K H
= w0 O, — oz (Mt M)+ H = = (mx - mz) + H, (A20)
S

We suppose that, for a specific applied DC field, the magnetization precession with
frequency w, denoted by the vector m(t), can be expanded to a first order around its static
magnetization direction m. We, therefore, can write for each component, m; = m; + Sm;-eit,
i = X,y,z, where the m; are the static magnetization components and dm; are the small
amplitudes of variation due to the precession.

Then, we substitute to the equation of motion % = —ym X Hgg and keep the terms
up to first order in é. The zeroth order term must vanish, since the torque vanishes when the
magnetization is along its static value. This condition, if fact, gives the DC magnetization
curve for a Stoner-Wohlfarth particle at 6 = 45°: Hm, + % (m2 —m2) = 0. The static
magnetization is on the xz plane and we can use m2 + m2 = 1. The first order terms yield
the condition by which the uniform mode can be calculated by the determinant:

% H + 85 (my 4+ m,) 0
—H — Hymy w +Hgm, || =, (A3)
0 — 8 (my + m,) w
Finally, one gets:
5 1 1 2 2
@ = 7\ H? + 5 HHg (3mx + my) + 5 Hg (mx + mz)", (A4)

The other two solutions being w = 0 and the negative of Equation (A4).

1.  Okamoto, S.; Kikuchi, N.; Furuta, M.; Kitakami, O.; Shimatsu, T. Microwave assisted magnetic recording technologies and related
physics. J. Phys. D Appl. Phys. 2015, 48, 353001. [CrossRef]

2. Thirion, C.; Wernsdorfer, W.; Mailly, D. Switching of magnetization by nonlinear resonance studied in single nanoparticles.
Nat. Mater. 2003, 2, 524-527. [CrossRef] [PubMed]

S

Zhu, ].-G.; Zhu, X.; Tang, Y. Microwave Assisted Magnetic Recording. IEEE Trans. Magn. 2008, 44, 125-131. [CrossRef]

4. Liu, Z; Huang, P-W,; Hernandez, S.; Ju, G.; Rausch, T. Systematic Evaluation of Microwave-Assisted Magnetic Recording. IEEE
Trans. Magn. 2018, 54, 1-5. [CrossRef]

5. Suto, H.; Kudo, K.; Nagasawa, T.; Kanao, T.; Mizushima, K; Sato, R.; Okamoto, S.; Kikuchi, N.; Kitakami, O. Theoretical study of
thermally activated magnetization switching under microwave assistance: Switching paths and barrier height. Phys. Rev. B 2015,

91, 094401. [CrossRef]
Sun, Z.Z.; Wang, X.R. Magnetization reversal through synchronization with a microwave. Phys. Rev. B 2006, 74, 132401. [CrossRef]

o

7. Boone, C.T.; Katine, J.A.; Marinero, E.E.; Pisana, S.; Terris, B.D. Demonstration of microwave assisted magnetic reversal in
perpendicular media. J. Appl. Phys. 2012, 111, 07B907. [CrossRef]


http://doi.org/10.1088/0022-3727/48/35/353001
http://doi.org/10.1038/nmat946
http://www.ncbi.nlm.nih.gov/pubmed/12883551
http://doi.org/10.1109/TMAG.2007.911031
http://doi.org/10.1109/TMAG.2018.2835155
http://doi.org/10.1103/PhysRevB.91.094401
http://doi.org/10.1103/PhysRevB.74.132401
http://doi.org/10.1063/1.3676051

Magnetism 2023, 3 69

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

Kikuchi, N.; Sato, K.; Kikuchi, S.; Okamoto, S.; Shimatsu, T.; Kitakami, O.; Osawa, H.; Suzuki, M. Microwave-assisted switching
in CoCrPt granular medium under continuous microwave fields. J. Appl. Phys. 2019, 126, 083908. [CrossRef]

Zhou, T.; Zhang, M.; Cher, KM.; Wong, H.S.; Chung, H.]J.; Low, B.H.; Yang, Y.; Liu, Z; Tjiptoharsono, F. Development of
Spin-Torque Oscillators and High Ku CoPt Media with Small Grain Size for Microwave-Assisted Magnetic Recording. IEEE Trans.
Magn. 2015, 51, 1-7. [CrossRef]

Abert, C.; Bruckner, F,; Vogler, C.; Suess, D. Efficient micromagnetic modelling of spin-transfer torque and spin-orbit torque.
AIP Adv. 2018, 8, 056008. [CrossRef]

Zhou, Y.; Zha, C.L.; Bonetti, S.; Persson, J.; Akerman, J. Microwave generation of tilted-polarizer spin torque oscillator. J. Appl.
Phys. 2009, 105, 07D116. [CrossRef]

Zhu, J.-G. Impact of Spin Torque Oscillator Frequency in Microwave-Assisted Magnetic Recording. IEEE Trans. Magn. 2019, 55,
2937996. [CrossRef]

Yoshida, K.; Yokoe, M.; Ishikawa, Y.; Kanai, Y. Spin Torque Oscillator with Negative Magnetic Anisotropy Materials for MAMR.
IEEE Trans. Magn. 2010, 46, 2466-2469. [CrossRef]

Suess, D. Micromagnetics of exchange spring media: Optimization and limits. |. Magn. Magn. Mater. 2007, 308, 183-197.
[CrossRef]

Bashir, M.A; Schrefl, T.; Dean, J.; Goncharov, A.; Hrkac, G.; Bance, S.; Allwood, D.; Suess, D. Microwave-Assisted Magnetization
Reversal in Exchange Spring Media. IEEE Trans. Magn. 2008, 44, 3519-3522. [CrossRef]

Li, S.; Livshitz, B.; Bertram, H.N.; Fullerton, E.E.; Lomakin, V. Microwave-assisted magnetization reversal and multilevel recording
in composite media. J. Appl. Phys. 2009, 105, 07B909. [CrossRef]

Suto, H.; Kanao, T.; Nagasawa, T.; Mizushima, K.; Sato, R.; Kikuchi, N.; Okamoto, S. Microwave-magnetic-field-induced magneti-
zation excitation and assisted switching of antiferromagnetically coupled magnetic bilayer with perpendicular magnetization.
J. Appl. Phys. 2018, 125, 153901. [CrossRef]

Greaves, S.; Kanai, Y.; Muraoka, H. Antiferromagnetically Coupled Media for Microwave-Assisted Magnetic Recording. IEEE
Trans. Magn. 2017, 54, 1-11. [CrossRef]

Wang, J.-P. Tilting for the top. Nat. Mater. 2005, 4, 191-192. [CrossRef]

Krone, P.; Makarov, D.; Albrecht, M.; Schrefl, T. Magnetization reversal of bit patterned media: Role of the angular orientation of
the magnetic anisotropy axes. J. Appl. Phys. 2010, 108, 013906. [CrossRef]

Varvaro, G.; Agostinelli, E.; Laureti, S.; Testa, A.M.; Generosi, A.; Paci, B.; Albertini, V. Study of Magnetic Easy Axis 3-D
Arrangement in L10 CoPt(111)/Pt(111)/MgO(100) Tilted System for Perpendicular Recording. IEEE Trans. Magn. 2008, 44,
643-647. [CrossRef]

Wang, ].-P.; Shen, WK.; Bai, ] M.; Victora, R.H.; Judy, J.H.; Song, W.L. Composite media (dynamic tilted media) for magnetic
recording. Appl. Phys. Lett. 2005, 86, 142504. [CrossRef]

Zou, Y.Y.; Wang, ].P.; Hee, C.H.; Chong, T.C. Tilted media in a perpendicular recording system for high areal density recording.
Appl. Phys. Lett. 2003, 82, 2473-2475. [CrossRef]

Chan, K.S.;; Wood, R.; Rahardja, S. Maximum Likelihood Detection for 3-D-MAMR. IEEE Trans. Magn. 2019, 55, 2944800.
[CrossRef]

Tudosa, L; Stamm, C.; Kashuba, A.B.; King, F.; Siegmann, H.C.; Stohr, J.; Ju, G.; Lu, B.; Weller, D. The ultimate speed of magnetic
switching in granular recording media. Nature 2004, 428, 831-833. [CrossRef] [PubMed]

Zhu, J.-G.; Wang, Y. Microwave Assisted Magnetic Recording Utilizing Perpendicular Spin Torque Oscillator with Switchable
Perpendicular Electrodes. IEEE Trans. Magn. 2010, 46, 751-757. [CrossRef]

Wang, Z.; Sun, K,; Tong, W.; Wu, M.; Liu, M.; Sun, N.X. Competition between pumping and damping in microwave-assisted
magnetization reversal in magnetic films. Phys. Rev. B 2010, 81, 064402. [CrossRef]

Yanes, R.; Rozada, R.; Garcia-Sanchez, F.; Chubykalo-Fesenko, O.; Pimentel, PM.; Leven, B.; Hillebrands, B. Modeling of
microwave-assisted switching in micron-sized magnetic ellipsoids. Phys. Rev. B 2009, 79, 224427. [CrossRef]

Cimpoesu, D.; Stancu, A. Dynamic and temperature effects in microwave assisted switching: Evidence of chaotic macrospin
dynamics. Appl. Phys. Lett. 2011, 99, 132503. [CrossRef]

Kanai, Y.; Itagaki, R.; Greaves, S.J.; Muraoka, H. Micromagnetic Model Simulations Considering Write Head, Spin-Torque
Oscillator, and Double-Layered Medium Altogether. IEEE Trans. Magn. 2018, 55, 1-13. [CrossRef]

Rivkin, K.; Ketterson, ].B. Magnetization reversal in the anisotropy-dominated regime using time-dependent magnetic fields.
Appl. Phys. Lett. 2006, 89, 25250. [CrossRef]

Wang, Z.; Wu, M. Chirped-microwave assisted magnetization reversal. ]. Appl. Phys. 2009, 105, 093903. [CrossRef]

Lim, J.; Zhang, Z.; Garg, A.; Ketterson, J. Simulating Resonant Magnetization Reversals in Nanomagnets. IEEE Trans. Magn. 2020,
57,1-4. [CrossRef]

Weller, D.; Moser, A.; Folks, L.; Best, M.; Lee, W.; Toney, M.; Schwickert, M.; Thiele, J.-U.; Doerner, M. High K/sub u/ materials
approach to 100 Gbits/in/sup 2/. IEEE Trans. Magn. 2000, 36, 10-15. [CrossRef]

Mohapatra, J.; Xing, M.; Elkins, J.; Liu, J.P. Hard and semi-hard magnetic materials based on cobalt and cobalt alloys. . Alloys
Compd. 2020, 824, 153874. [CrossRef]

Stavroyiannis, S.; Panagiotopoulos, I.; Niarchos, D.; Christodoulides, ].; Zhang, Y.; Hadjipanayis, G. CoPt/Ag nanocomposites for
high density recording media. Appl. Phys. Lett. 1998, 73, 3453-3455. [CrossRef]


http://doi.org/10.1063/1.5111576
http://doi.org/10.1109/tmag.2014.2354411
http://doi.org/10.1063/1.5006561
http://doi.org/10.1063/1.3068429
http://doi.org/10.1109/TMAG.2019.2937996
http://doi.org/10.1109/TMAG.2010.2043071
http://doi.org/10.1016/j.jmmm.2006.05.021
http://doi.org/10.1109/TMAG.2008.2002601
http://doi.org/10.1063/1.3076140
http://doi.org/10.1063/1.5089799
http://doi.org/10.1109/TMAG.2017.2730881
http://doi.org/10.1038/nmat1344
http://doi.org/10.1063/1.3457037
http://doi.org/10.1109/TMAG.2008.918205
http://doi.org/10.1063/1.1896431
http://doi.org/10.1063/1.1565503
http://doi.org/10.1109/TMAG.2019.2944800
http://doi.org/10.1038/nature02438
http://www.ncbi.nlm.nih.gov/pubmed/15103370
http://doi.org/10.1109/TMAG.2009.2036588
http://doi.org/10.1103/PhysRevB.81.064402
http://doi.org/10.1103/PhysRevB.79.224427
http://doi.org/10.1063/1.3640230
http://doi.org/10.1109/TMAG.2018.2869208
http://doi.org/10.1063/1.2405855
http://doi.org/10.1063/1.3121075
http://doi.org/10.1109/TMAG.2020.3039468
http://doi.org/10.1109/20.824418
http://doi.org/10.1016/j.jallcom.2020.153874
http://doi.org/10.1063/1.122794

Magnetism 2023, 3 70

37.
38.

39.

40.

41.

42.
43.

Skomski, R. Phase formation in L10 magnets. J. Appl. Phys. 2007, 101, 09N517. [CrossRef]

Niarchos, D.; Manios, E.; Panagiotopoulos, I. Towards Terabit/in2 Magnetic Storage Media. MRS Online Proc. Libr. OPL 2008,
1106, 1106-PP02-03. [CrossRef]

Okamoto, S.; Kikuchi, N.; Kitakami, O.; Miyazaki, T.; Shimada, Y.; Fukamichi, K. Chemical-order-dependent magnetic anisotropy
and exchange stiffness constant of FePt (001) epitaxial films. Phys. Rev. B 2002, 66, 024413. [CrossRef]

Vansteenkiste, A.; Leliaert, J.; Dvornik, M.; Helsen, M.; Garcia-Sanchez, F.; Van Waeyenberge, B. The design and verification of
MuMax3. AIP Adv. 2014, 4, 107133. [CrossRef]

Leliaert, J.; Dvornik, M.; Mulkers, J.; De Clercq, J.; Milosevic, M.V.; Van Waeyenberge, B. Fast micromagnetic simulations on
GPU—Recent advances made with mumax3. J. Phys. D Appl. Phys. 2018, 51, 123002. [CrossRef]

Coey, ].M.D. Magnetism and Magnetic Materials; Cambridge University Press: New York, NY, USA, 2009.

Pousthomis, M.; Anagnostopoulou, E.; Panagiotopoulos, I.; Boubekri, R.; Fang, W.; Ott, F.; Atmane, K.A.; Piquemal, ]J.-Y.; Lacroix,
L.-M.; Viau, G. Localized magnetization reversal processes in cobalt nanorods with different aspect ratios. Nano Res. 2015, §,
2231-2241. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1063/1.2711801
http://doi.org/10.1557/PROC-1106-PP02-03
http://doi.org/10.1103/PhysRevB.66.024413
http://doi.org/10.1063/1.4899186
http://doi.org/10.1088/1361-6463/aaab1c
http://doi.org/10.1007/s12274-015-0734-x

	Introduction 
	Micromagnetic Simulation Details 
	Results 
	Discussion and Conclusions 
	Appendix A
	References

