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While the basic physics of Microwave Assisted Magnetization Reversal (MAMR) phenomenon is

well established both theoretically and experimentally, its application in a practical magnetic

recording environment was so far studied primarily with the help of micromagnetic recording

models. In this work, we instead attempt to use analytical formulation and simple numerical

models to understand the main challenges as well as benefits that are associated with such a

system. It appears that the main difference between the previously introduced theory [G. Bertotti

et al., Phys. Rev. Lett. 86, 724 (2001); K. Rivkin et al., Appl. Phys. Lett. 92, 153104 (2008);

S. Okamoto et al., J. Appl. Phys. 107, 123914 (2010).] and recording environment is that both the

RF and DC magnetic fields are applied at a substantial angle to the anisotropy axis. While the

associated symmetry breaking prevents one from describing the reversal process explicitly, it is

possible to approximate the solutions well enough to satisfactorily match numerical models both in

the case of wire and Spin Torque Oscillator generated RF fields. This approach allows for physical

explanation of various effects associated with MAMR such as high gradient of writeable

anisotropy and reduction of track width, and offers a clear guidance regarding future optimization

of MAMR recording. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882063]

Microwave Assisted Magnetization Reversal (MAMR)

is a phenomenon where RF frequency field is applied to

magnetic material and by resonantly exciting large angle pre-

cessions succeeds in lowering its coercivity, or even revers-

ing the magnetization altogether. The existence of such

effect was first proposed in 1970s, but it was not researched

in any depth until rediscovered independently by a number

of groups in 2000s. One of the first papers on the subject pre-

sented the experiment which clearly demonstrated the phe-

nomenon by applying a combination of RF and DC fields to

magnetic nanoparticles and observing the reduction of their

switching field.1 Later, a simple theory of the phenomenon

was developed,2 which assumes that the magnetic body can

be described as a single spin, i.e., its magnetization remains

mostly uniform during the switching, which is likely to be

true for all sufficiently small samples, smaller or comparable

to the exchange length. This includes the ones of consider-

able practical interest: ferromagnetic nanoparticles on 10 nm

scale or grains in magnetic granular recording media. It was

shown that as one investigates the possible modes of preces-

sion that can lead to a magnetization reversal, one needs to

fulfill the condition that there are no stable modes with small

precessing angles,2,3 i.e., the magnitude of the RF field is

large enough so that all of them become unstable. RF

induced switching path is then somewhat similar to a

Lyapunov stable analytical solution which can be obtained

for the case when the RF frequency is a function of time4

and the increase of effective magnetic field (or reduction in

the media’s coercivity) can be expressed in terms of appear-

ance of an extra field component linearly proportional to the

RF frequency.5

Analytical solutions are available when the RF field

polarization is circular, i.e., when the RF field rotates around

the anisotropy axis, so that the phase difference between the

rotating magnetization and the RF field is constant, but they

can be readily extended towards the case of linearly polar-

ized field by just reducing its amplitude by half. The expla-

nation is that linearly polarized field is equivalent to two

circularly polarized components with opposite chiralities:

one acts in resonance when the magnetization is close to its

initial state, and the other one acts in anti-resonance and

therefore becomes relevant only when the magnetization is

close to being reversed.3 This means that unlike purely circu-

lar polarization, which can in theory reverse the magnetiza-

tion all by itself, linear polarization can only push the

magnetization to the point where its projection on anisotropy

axis is zero; going any further will activate MAMR effect

which will pump the energy into the system and move the

magnetization back towards zero. However, if a large DC

field is simultaneously applied, the resonant frequency when

magnetization is parallel to the DC field is increased, while

that for the opposite case—decreased and therefore a higher

frequency can still cause the magnetization reversal. Using

the analytical solution with half the magnitude of the RF

field then becomes justifiable.

How applicable are such single spin models?

Thankfully, there is a large body of experimental work,6–8

which clearly demonstrates MAMR effect on a large variety

of magnetic materials. In particular, three things become

apparent:

a. Thermal contribution to switching probability becomes

substantial for long (many tens or hundreds of nanosec-

onds) RF pulses, but does not seem to alter MAMR

effect on shorter time scale and on a timescale of record-

ing processes (100–300 ps) is likely to be negligible.
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b. Large objects (i.e., with dimensions substantially

exceeding the exchange length) can exhibit a dramati-

cally enhanced MAMR effect.9 The proposed explana-

tion is excitation of non-uniform modes; the similarity

should be noted with modeling of the media with par-

tially exchange decoupled layers, where a similarly

large enhancement was found.10,11

c. Most importantly, single spin theory offers a rather

good prediction of the switching field as a function of

the applied frequency; the observed reduction of coer-

civity and the optimal frequency are both slightly larger

than the analytical limit, which can be taken into

account by a minor adjustment in the formulas, as

shown below in this paper.

The last observation also addresses the possible impact

of damping on MAMR effect. Obviously, increased damping

constant means more energy transferred from the RF field to

heat rather than magnetization precession and results in over-

all reduction of MAMR effect, even though as magnetization

becomes aligned with the direction of the DC magnetic field

it relies on damping to speed up the reversal process. At the

same time, it is extremely uncertain a priori which value of

damping should be used in a single spin formalism. It has

been long speculated, that when majority of the reversal

occurs at relatively high angle with respect to the equilib-

rium, a nonlinear damping coefficient should be employed.12

One also should consider the effect of multi-magnon scatter-

ing, especially for larger systems.13

However, what MAMR experiments demonstrate, is that

despite being performed on materials where the physics of

damping processes varies significantly (ranging from perm-

alloy films8 to continuous modern recording media7 or high

anisotropy dots of various sizes9), there are no cases where

the damping negates the MAMR effect or requires substan-

tial alteration of analytical formulas, even though in deriving

the latter the damping term was omitted altogether.2 In the

most severe case, which is excitation of non-uniform mag-

netization, it actually enhances the MAMR effect.9 In all

other cases, it appears that to sufficiently well describe the

system is to enough to use a value of damping coefficient of

b ¼ 0:06 or thereabout. It can be shown that for such values

of damping, the formalism2 can be altered by introducing a

relatively minor reduction of the amplitude of the RF field,

linearly proportional to the damping coefficient.

In all these experiments, the DC field is anti-parallel to

the initial direction of magnetization and the RF field is per-

pendicular to the anisotropy axis. Let us consider how this

differs from a typical magnetic recording setup.18 At the

heart of such system (Fig. 1) lies the construction which

includes a non-magnetic writer gap, separating narrow mag-

netic pole (typically made from high saturation magnetiza-

tion material, i.e., 4pMs ¼ 2:4T) from the shield. Recording

media is located below the writer, with anisotropy axis ori-

ented perpendicular to its surface. Let us introduce the coor-

dinate system to be used throughout this paper, in which z

axis is parallel to the anisotropy axis in the media, with posi-

tive direction aligned with the initial (non-reversed) orienta-

tion of the magnetization. The DC wrier field19 (Fig. 1) in

the gap is applied along yz plane, with a negative projection

on z axis. The x direction is the direction parallel to the edge

of the write pole.

In the gap, magnetic field changes its angle with respect

to anisotropy axis from 0� and anti-parallel to the magnetiza-

tion direction (the one we want to reverse) underneath the

pole (Fig. 1, zy projection) to perpendicular somewhere

close to the gap’s center and parallel to both anisotropy axis

and magnetization direction—at the end of the gap (where

no magnetization reversal occurs). In the Stoner-Wolfarth

limit,14 the highest anisotropy value can be written when the

anisotropy axis and magnetic DC field are at 45� with each

other—which occurs in the gap, close to the write pole. After

this, towards the shield, the capability of magnetic field to

reverse magnetization quickly drops. Resulting high gradient

of writeability, i.e., the fact that the maximum writeable ani-

sotropy (which we further on characterize by corresponding

value of anisotropy field Hk) varies fast within the gap is

very important. This gradient along the y axis, together with

the width of the write field (which depends on the gradient

along x axis, Fig. 1, xy projection) define the maximum

achievable areal density.

Before we discuss performance of MAMR system, let us

briefly indicate the parameters that define magnetic record-

ing in general. First, it is the amplitude of energy barrier that

separates two possible magnetization states in the media

(i.e., the ones when the magnetization is parallel to the ani-

sotropy axis). For sufficiently small values of it, the magnet-

ization becomes thermally unstable (on timescale of months

or a few years) and therefore unusable for reliable informa-

tion storage. This means that the absolute value of media Hk

(as determined by the strength of the writer field), multiplied

by the grain’s volume is a constant independent on writer

FIG. 1. Magnetic recording setup and the coordinate axis chosen with the

nomenclatures for angles defining the direction of RF and DC fields.

214312-2 Rivkin et al. J. Appl. Phys. 115, 214312 (2014)
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design. Any boost of writer field and Hk can then

be converted to improved areal density (at least theoreti-

cally), by decreasing the media grain size and therefore—

increasing number of grains per written “bit,” resulting in

higher signal to noise ratio.

In a more general case, one can achieve higher areal

density either by reducing the track width, while maintaining

or slightly improving both the maximum writeable Hk and

the writeability gradient or by substantially increasing both

the maximum writeable Hk and the writeability gradient,

while simultaneously reducing the grain size in the media. In

the first case, one relies on improving the track density,

in the second case—linear density (i.e., the number of bits in

the direction of the writer head’s movement, parallel to the

track direction and along x axis in Fig. 1). The areal densities

higher than 2 Tbit/in2 cannot be obtained without at least

some lowering of the media grain size (which means rede-

signing the magnetic media) and overall requires the second

approach, but to advance from the current areal density limit

(around 1 Tbit/in2) (Ref. 20) the first approach is sufficient:

one needs to be able to record more narrow tracks, while

modestly improving other recording parameters. It is nearly

impossible to do so with a conventional recording head, as

reduction of the track width by, for example, reducing the

width of the write pole, leads to loss of magnetic field ampli-

tude generated by the write pole—and therefore loss of

writeability and its gradient.

As we will show further on, in MAMR all these three

key recording parameters—track width, writeability gradient

within the gap, and the value of media anisotropy Hk—are

intrinsically related, which allows for implementation of

both approaches, as it can be used to simultaneously substan-

tially reduce the track width, boost writeability and increase

the gradient, although the last parameter in MAMR-assisted

recording is substantially different from the one in conven-

tional recording.

As we mentioned before, the peak writeability in a con-

ventional recording system occurs when the DC field is at

45� with respect to the anisotropy axis—and it is reasonable

to assume that this is exactly the point where we also want to

maximize the MAMR effect. Unfortunately, the analytical

formulas2 in their derivation heavily rely on the fact that the

problem has spherical symmetry with respect to the anisot-

ropy axis, i.e., the DC field is parallel to the anisotropy axis.

It is however possible to combine numerical and analytical

approaches to further extend it. As before, we assume for the

moment that the damping can be neglected.

If we take a point in the gap where the angle between the

DC field and anisotropy axis is denoted by / (Fig. 1, zero cor-

responds to the DC field anti-parallel to the initial direction of

the magnetization), then the resonant frequency (more pre-

cisely, since we do not require the system to be at the equilib-

rium—its real component) of a configuration where the

magnetization tips by the angle u with respect to the positive z

axis, while remaining in the yz plane, is given by

x ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hk � H0 cos /ð Þ2 þ H0 sin / H0 sin /� Hk sin uð Þ

q
:

(1)

H0 is the amplitude of the DC field and Hk is the maxi-

mum anisotropy we can switch with MAMR. It is driven by

both Stoner-Wolfarth component HSW ¼ ððH0 cos /Þ
2
3

þ H0 sin /ð Þ
2
3Þ

3
2 and MAMR enhancement, which we will

further on denote as effective MAMR field Heff :

Hk � HSW þ Heff .

If there would be no application of the RF field, instead

of reversing, the magnetization would reach the local

minimum of the energy function E ¼ �Hk cos2/
þH0 cos /þ uð Þ. Combining this with Eq. (1) and assuming

a rather crude approximation, when both u and / are rela-

tively small, the FMR frequency of such equilibrium config-

uration is close to the one given as if the magnetization

would not have tipped at all

x � c Hk � H0cos/ð Þ: (2)

If MAMR field is applied at frequency above this value,

the system is off resonance and the effect is miniscule, how-

ever, the optimal MAMR frequency, for which the reduction

of switching field Heff is the largest—is substantially smaller.

One of the ways to look at it is that while the DC field of any

magnitude with non-zero / will tip the magnetization by

some angle (since it resides in a local energy minimum), the

reversal will not happen, as the effective field needed to

overcome the potential barrier given by the above mentioned

expression for the potential energy is proportional to the

largest derivative of such potential—the one observed at a

much higher angle u. This in part also explains why MAMR

effect has limited dependence on starting conditions, or rise-

time of the external field:15 it does not require the phase

matching between the RF field and magnetization in the be-

ginning of the reversal, as initial motion occurs mostly under

the influence of the DC field, but when the MAMR reduction

of coercivity actually occurs, synchronization between the

magnetization and RF field is favored since it is the only

Lyapunov stable trajectory. It can also be shown that almost

the entire transfer of energy from the RF field to the system

occurs in close to just 2 periods of the RF field, which means

that thermal fluctuations have to be rather severe to perturb

the trajectory in a significant way; however, they do have an

impact of increasing the probability that magnetization

switches back. Recalling the analytical solution3 for u ¼ 0,

in the absence of DC field and with circularly polarized RF

field,

HRF

Hk

> 1� x
cHk

� �2
3

 !3
2

;
HRF

Hk

>
ffiffiffi
2
p x

cHk

� �
�

ffiffiffi
2

3

r
; (3)

where HRF is amplitude of RF field, Hk is anisotropy that can

be reversed, x is RF field’s frequency, and c is gyromagnetic

ratio. The solution was obtained by solving the Landau-

Lifshitz equation in spherical coordinates and observing the

conditions for which all trajectories with a fixed phase differ-

ence between the magnetization vector and that of RF field

become unstable, i.e., the energy flowing into the system is

substantial enough and is in resonance with the magnetiza-

tion, so that its reversal is the only valid outcome. Its trans-

formation for the case of DC field applied parallel to the

anisotropy axis is straightforward.3,9 For a more general

214312-3 Rivkin et al. J. Appl. Phys. 115, 214312 (2014)
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case, with non-zero DC field’s angle and linearly polarized

RF field, assuming that the RF field is applied at the optimal

angle (effect of which will be discussed shortly), the same

can be done only in a very approximate fashion, yielding

HRF

2 Hk � HSWð Þ > 1� x
c Hk � H0 cos /ð Þ

� �2
3

 !3
2

HRF

2 Hk � HSWð Þ >
ffiffiffi
2
p x

c Hk � H0 cos /ð Þ

� �
�

ffiffiffi
2

3

r
:

(4)

The solution for the most optimal MAMR effect, i.e., largest

value of Hk � HSW is given by

x� 0:66c Hk�H0 cos/ð Þ

Hk¼HSWþ
HRF

2 1� x
c Hk�H0 cos/ð Þ

� �2
3

 !3
2

�HSWþ4:25HRF:

(5)

Let us compare this formula with the numerical calcula-

tions. Here and after, we will extensively use the model, in

which we approximate the media as a single magnetic dipole

with Landau damping coefficient b ¼ 0:06. DC and RF

fields are applied as a linear function of time with the rise-

time of 150 ps; modeling of other risetimes revealed that the

main difference is that for substantially shorter ones (<50

ps) the magnetization enters the mode of precessional

switching, but even in this case (which currently holds little

practicality), majority of the analysis in this paper holds after

a few rather obvious adjustments. For the current state of the

art magnetic recording, the risetimes exceed 100 ps. Another

practical consideration is that in reality the DC field reverses

its direction for the purpose of writing “up” and “down” bits,

however, for this effect to have a real impact on MAMR

effect as described by Eqs. (1)–(5), the field reversal should

happen on 200 ps scale—faster than the value typically used

in modern recording systems.

Similarly, for the purpose of this paper there is a sub-

stantial consistency between performing the modeling with

and without the presence of temperature (80 8C roughly cor-

responds to a typical hard drive environment). Adding sto-

chastic noise, and considering the magnetization “reversed”

if a 90% or higher switching probability is established in the

modeling yields qualitatively the same results as making just

a single calculation without temperature and recording

whether the magnetization reversal occurred.

In this first modeling run, we vary the value of the DC

field angle from 10� to 80�, keep the DC field amplitude

equal to 1 Tesla and that of linearly polarized RF field to 0.1

Tesla. For each value of the DC field angle, we find the RF

field angle for which the switchable anisotropy is largest.

The last condition is very important, as (Eq. (5)) is a the-

oretical maximum of the attainable MAMR effect. In order

for this value to be achieved, the projection of torque pro-

duced by the RF field, m� hRF, should be such that it is

aligned along the path across the potential barrier; if the RF

field were to be instead at this moment aligned parallel with

the magnetization, the MAMR effect would disappear. The

optimal angle of the RF field depends on the angle of the DC

field in the manner which we will consider later on in this

manuscript.

Finally, we compare the results with Eq. (5). They are

noticeably similar, however, just as we discussed before

when addressing the discrepancies between analytics and ex-

perimental results—the optimal MAMR frequency and re-

versible anisotropy are both slightly higher than the ones

given by (Eq. (5)). Since the correction is small, for practical

purposes we believe it should be taken into account by

rewriting the (Eq. (5)) as

x ¼ 0:72c Hk � H0cos/ð Þ

Hk ¼ HSW þ
HRF

2 1� 0:72ð Þ
2
3

� �3
2

� HSW þ 5:8HRF: (6)

We present the resulting comparison between the

numerics and analytics given by Eq. (6) in Fig. 2. Both re-

versible anisotropy field Hk (thick lines) and optimal MAMR

frequencies (expressed, from here onwards also in the units

of corresponding magnetic field f ¼ x=c, meaning that

f¼ 1 T roughly corresponds to 28 GHz frequency) appear to

be very consistent.

Consider now a more general case when the RF field is

applied in the same yz plane as anisotropy axis and the DC

field, at some angle a, measured with respect to the anisotropy

axis along the reversed direction of the magnetization (Fig. 1).

As we mentioned before, of particular interest is the case when

DC field is at about 45� (and if angle a is also at 45� this makes

both fields applied in parallel). Numerically, it is easy to calcu-

late how optimal angle of the DC field affects optimal angle of

the RF field (Fig. 3). As the DC field increases, the RF field

angle decreases; for almost all DC field angles of practical in-

terest though it remains close to 57�. This means that if we

were to repeat the experiment shown previously in Fig. 2 for

the fixed angle instead of optimizing its value at each point,

the results would be similar, provided we choose the RF field’s

angle to be close to 55�–60�.
Again, even though the strict mathematical derivation of

the impact due to operating at a suboptimal angle is difficult, it

is intuitively simple to construct an approximate expression.

First and foremost, the RF field effectively decreases. The

reduction is proportional to that of m� hRF, i.e., the cosign of

the Da—the difference between the chosen and the optimal

(like the ones shown in Fig. 3) value of RF field’s angle

Hk � HSW þ 5:8HRFjcos Daj: (7)

From Eq. (3), the optimal frequency should also

decrease to satisfy (Eq. (7))

x
c
� �1:63HRF þ 0:72 HSW � H0 cos /ð Þ þ Heff

�� 1:63HRF þ 0:72 HSW � H0 cos /ð Þ þ 5:8HRFj cos Daj:
(8)

Let us compare Eqs. (7) and (8) with numerical model-

ing, performed in the same manner as before, but for the

214312-4 Rivkin et al. J. Appl. Phys. 115, 214312 (2014)
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fixed angle of the DC field (45�) and varied angle of the RF

field a. As we can see, the analytics matches the numerical

results very well for a wide range of angles, both in terms of

optimal MAMR frequency f ¼ x=c and MAMR effective

field Heff ¼ Hk � HSW (Fig. 4). It should be noted that Eqs.

(7) and (8) are most accurate when the DC field angle is in

30�–80� range—for very small DC field angles (0�–5�), the

torque produced on the media magnetization in the absence

of the RF field, by the DC field alone is rather small and

switching is therefore significantly suppressed.

Equations (7) and (8) are rather general in nature, and in

the next few paragraphs we will see them being applied to

more and more practical scenarios, showing that even for a

realistic MAMR system they correctly predict the magnitude

of MAMR effect and its resonant frequency.

With this, let us study the case for which the RF field

can be considered uniform in the recording gap in Fig. 1.

This can be practically obtained if the RF field is generated

by a wire placed in proximity to the recording area. Let us

consider a simplification, for which in the gap the DC writer

field remains constant in amplitude, but changes its angle

from 0 (underneath the write pole) to 90� (at the gap’s cen-

ter). The RF field is applied at a constant frequency, and

therefore Heff will no longer be constant, but will reflect the

fact that the optimal MAMR frequency is a function of the

DC field angle. With the modeling parameters same as

before, i.e., DC field amplitude is 1 T, RF field amplitude is

0.1 T, the results are presented in Fig. 5. As the optimal fre-

quency does not vary much in 40�–70� range (Fig. 2), the

Heff will also vary little. In this region, the gradient of write-

ability dHeff=dy–change in maximum reversible anisotropy

with the change of position within the gap (which corre-

sponds to the change in the DC field angle), will be the same

as for the DC field only case. Large variations in MAMR

effect occur at specific angles between 0� and 30�, where

correspondingly the optimal frequency varies the most (Fig.

2) and if the RF frequency is high enough—above 80�,
where the optimal frequency f ¼ x=c starts to decrease,

albeit only a little bit (Fig. 2).

The reason for such a sharp change is that as was dem-

onstrated before2,3 the MAMR effect has a rather abrupt end

in the high frequency region, where there suddenly appears a

stable oscillatory mode. As the angle of the DC field

changes, this cutoff frequency also shifts, as shown in Fig. 6.

FIG. 2. Numerical (solid lines) and an-

alytical (dashed lines) solutions for the

case of angled DC field; both optimal

MAMR frequency f ¼ x=c (in units of

magnetic field, T) and largest switch-

able anisotropy Hk are given in the

unit of field, Tesla.

FIG. 3. The optimal angle of the RF field as the function of the DC field

angle.

FIG. 4. Numerical (solid line) and analytical (dotted line) estimation of

effective field Heff ¼ Hk � HSW, for fixed DC field angle at 45� angle and

varied RF field angle a.
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This cutoff frequency, given by (Eq. (8)), is not only the

largest for which MAMR effect is still observed, but also the

optimal MAMR frequency for the given DC field angle.

When the RF field is applied at this cutoff frequency we

have a full MAMR enhancement of writeability at this angle,

and no MAMR effect at the one only marginally different

(Fig. 6). As we briefly mentioned in the previous work,3 the

transition is infinitely sharp in idealized case. By introducing

temperature and substantially weakening the DC field (for

example, evaluating the transition occurring at the track’s

edges rather than in the center), we can observe decrease of

both the optimal frequency and MAMR effective field. The

transition will become more probabilistic, i.e., it is the proba-

bility of switching that will vary rather than just the value of

switchable anisotropy—nevertheless it will still be consider-

ably sharply confined.

This phenomena underlies what we should call MAMR-

specific gradient. Irregardless of the method by which RF

field is produced, at some point there is always a drop of

writeability, which occurs almost as a step function of the

position in the writer gap, with its magnitude proportional to

MAMR Heff , reaching roughly 0.2–0.4 Tesla in majority of

proposed recording systems. It occurs at low angles of DC

field, since the MAMR frequency varies greatly in this range;

it can also occur at high angles of DC field, either when the

operating frequency is very high, or the effect is exacerbated

by presence of a gradient in RF field amplitude or angle.

The gradient of writeability (i.e., switchable anisotropy

values) in conventional magnetic recording is a continuous

function of the location within the gap. In MAMR, the deriv-

ative of the drop in writeability with respect to location in

the gap is almost a delta function. It is localized at a specific

point in the gap and occurs at a very specific value of Hk.

This means that if during the recording the transition

between “positive” and “negative” polarity in the media is

formed substantially above or below this value, the impact of

MAMR gradient on transition sharpness is absolutely negli-

gible, and such is determined purely by the gradient of the

DC field.

Let us now turn to micromagnetic modeling of a more

“realistic” writer. There are multiple parameters that deter-

mine writer’s performance; it appears that for MAMR the

most important are the width of the pole perpendicular to the

gap (chosen by us to be 20 nm), and the width of the gap

(45 nm, although the ones in 20–40 nm range were also mod-

eled). Since we will try to use the same design further on

with STO (Spin Torque Oscillator), we did not introduce

beveling in the gap, but compensated for its absence with a

large, 150 nm tall beveling on the bottom of the write pole at

the 45� angle. On the sides, the pole is flared continuously

with 35� angle. At the surface facing the recording media

(xy plane in Fig. 1), the pole is rectangular and has dimen-

sions of 20� 80 nm. It should be noted that alteration of any

of these parameters does not change conclusions of this

manuscript; for a more detailed recording modeling we refer

the reader to specialized publications.10,16 The media

FIG. 5. Maximum reversible anisot-

ropy as a function of DC field angle

for various RF field frequencies: 0.8,

1.2, and 1.34 T. Solid line is writeable

anisotropy with only the DC field.

FIG. 6. Maximum reversible anisotropy as a function of frequency for two

values of DC field angle.
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thickness is taken as 15 nm, with 5 nm spacing between the

pole and the media surface. The pole material has saturation

magnetization of 4pMs ¼ 2:4T. The RF field is uniform, lin-

early polarized with the magnitude of 0.1 T and applied with

angle a in yz plane with respect to the negative direction of z

axis and angle b with the positive y axis in the xy plane

(Fig. 1).

We calculate the maximum writeable anisotropy in sin-

gle, decoupled spins placed in the media region, spaced 1 nm

away from each other. This limits the amount of writeability

gradient we can observe (from spin to spin) to the magnitude

of the MAMR effect divided by 1 nm; since such high values

were approached, but never actually reached in the model-

ing, the discretization appears to be sufficient. On the other

hand, in a typical recording model, a magnetic grain of

5–10 nm in diameter is used instead of 1� 1 nm spins. While

we performed such modeling as well, it is quite hard to

deduce from it accurate values of writeability gradient and

other basic performance parameters, since their impact on re-

cording now strongly depends on the grain diameter, while

qualitatively conclusions obtained from such recording

model are basically the same. Another complication that

appears in a more realistic model is presence of finite

exchange coupling—a rather strong one within grain and

some limited amount between grains, the latter being quite

non-uniform as it depends on the boundary surface between

the grains. If the sample size is large enough, a combination

of exchange coupling and dipole-dipole interaction can lead

to excitation of coupled non-uniform switching, which how-

ever requires the area quite larger than the typical bit length

in modern magnetic recording (roughly 12.5� 60 nm) and

therefore probably of little practicality. Another effect is that

exchange interaction is quite effective in carrying the

absorbed RF fields’ energy from one grain to another. Since

this effect is similar to the one in conventional recording, in

which exchange interaction creates a cluster of grains whose

behavior is correlated, resulting in increased bit size and

poor confinement of transition between bits, it is reasonable

to assume that the same techniques that are used in conven-

tional recording to decrease the intergrain exchange

interaction can be also successfully used in MAMR. Because

of these, we decided to limit the presentation in this paper

only to an extreme limiting case, which is that of very small,

1 nm in diameter, uncoupled grains. To account for non-

uniformity of the DC field, we subdiscritized the media with

1 nm spacing along the media thickness.

Let us calculate the maximum writeable anisotropy in

the media as a function of a and b angles (Fig. 7). We see

that the micromagnetic writer model (Fig. 7, left) shows the

results that are qualitatively the same as those obtained for a

single spin in a uniform 1 T DC field at 45� angle (Fig. 7,

right), despite the fact that in the first case the DC field is

strongly non-uniform and substantially larger in amplitude.

Second, the peak Hk value in Fig. 7 falls off as cosine of mis-

match with the optimal angles (a¼ 70�, b¼ 0�), essentially

repeating the result presented in Fig. 4; the difference in the

optimal angle itself from the case of a single spin is mostly

explained by the choice of writer design: while yielding a

substantially strong DC field amplitude, this particular one

produces the best writing at a relatively low angle—36�. The

maximum achievable MAMR Heff ¼ 0:604 T is also consist-

ent with Eq. (7).

Let us now study how the value of reversible anisotropy

Hk changes within the gap. The problem is similar to the one

considered in Fig. 5, but now instead of DC field angle the

distance y from the write pole edge is changed. The results,

demonstrated in Fig. 8 are qualitatively similar to those pre-

viously shown in Fig. 5: there is a large drop in writeability

for small y (i.e., low DC field angle), and a drop in writeabil-

ity for large y (i.e., high DC field angle), which occurs only

for sufficiently high frequencies. The location of the jumps

fits well the Eq. (8), since as we described before they are

characteristic of the operating frequency being equal to the

largest or optimal MAMR frequency for the given DC angle.

So, there are two large gradients of writeability; it is cus-

tomary in magnetic recording to refer to the one occurring

close to the write pole (small y values) as the leading edge

gradient, since this side leads when the media moves under-

neath the write pole, and to the other one—as the trailing

edge gradient. Their modeled values are presented in Fig. 9;

FIG. 7. Maximum writeable anisotropy as a function of RF field angles, obtained with writer model (left) and for a single dipole in the presence of 1 Tesla DC

field applied at 45� angle (right).
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as expected, comparison with Fig. 7 shows that the largest

gradients are automatically obtained when the peak MAMR

effective field is also the largest, and are comparable to its

magnitude.

The leading edge gradient is somewhat larger and can

be obtained for a much wider range of frequencies—as we

have shown before, only at very high frequency the decrease

of the optimal frequency at the high angles of the DC field is

strong enough to cause a large drop of MAMR effective field

on the trailing edge. The values of such frequencies and that

of corresponding Hk can either be obtained from numerical

modeling or directly from Eqs. (7) and (8).

Let us now briefly consider a question we so far

neglected—what happens with the written track in the direc-

tion perpendicular to the gap, i.e., on the sides of the pole?

To understand this, we return to Figure 7. Suppose we apply

the RF field so that around the pole’s center, in the writer

gap, it is at the optimal angles a and b, the latter is being

essentially zero. In this case in the gap, we get a substantial

amplification of writeability due to the MAMR effect. But

on the sides of the pole, i.e., when x coordinate is greater

than the pole width, the DC magnetic field is going to be ori-

ented mostly along x axis (Fig. 1) and therefore almost per-

pendicular to the RF field, so that the b angle is going to

increase to 90�. It is clear from Fig. 7 that for bþ 90� the

MAMR effect is negligible: the angle dependency of

MAMR is such that one can choose to enhance the effective

field in the recording gap, but not to impact the recording

that occurs with the fields parallel to x axis. Therefore, we

would expect that a track width, which we can customary

define as the width at which the writeable anisotropy is only

85% of its peak value—to decrease due to MAMR. This can

be confirmed in the modeling (Figure 10). Here the mini-

mum obtainable track width is 21 nm, close to the pole width

of 20 nm, while without MAMR the track width is 34 nm: a

well designed MAMR system automatically decreases the

track width to the value close to that of the pole width. This

means that in order to obtain a very narrow MAMR track the

pole should be designed with a small width next to the gap

and large flare angles on the sides, along x axis—in this case

the field along the track’s center will still be amplified by

MAMR, but the stray fields parallel to x axis will remain

unchanged and therefore the track width will be pushed

towards being defined by the pole width alone.

When the RF field is generated by means of a wire, it is

relatively easy to adjust the RF angle in the gap by changing

the wire placement vis-�a-vis the write pole, but it might be

complicated to generate the fields with frequencies higher

than 20 GHz. To solve this issue, one needs to again address

FIG. 8. Maximum reversible anisotropy underneath the pole’s center, as a

function of coordinate y in the gap, where y¼ 0 nm is underneath the write

pole edge, for two MAMR frequencies f ¼ x=c¼ 1.3 and 1.5 T.

FIG. 9. Writeability gradients on the leading edge (LE), i.e., on the left side of the writer gap, and on the trailing edge (TE), i.e., on the right side of the gap.

FIG. 10. Track width (TW) in nm as a function of RF field angles, for

f¼ 1.88 T.
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the Eq. (8), designing the writer which operates at relatively

low angles of DC field, decreasing RF field amplitude and

adjusting the RF field angle, allowing one to move the

MAMR frequencies into 15–20 GHz range, however at

expense of performance.

Let us now consider the case when the RF field is gener-

ated by means of spin-torque oscillator (STO, Fig. 11),

inserted in the writer gap—a proposal which has been a sub-

ject of multiple publications.16 Such device operates by

means of resonant precession of a magnetic layer under the

influence of spin torque. In the first order approximation, one

can imagine a uniformly magnetized rectangular box (i.e.,

field generating layer of STO) placed in the gap. For a con-

ventional design, in the absence of current through STO, its

magnetization would align roughly parallel to the external

field, i.e., along the y axis. Under the influence of spin tor-

que, it rotates (as shown in Fig. 11) around the equilibrium

direction. If the external field and equilibrium configuration

are parallel to the y axis, rotation occurs clockwise around y

axis, if anti-parallel—counter-clockwise, as determined by

the precession term in Landau-Lifshitz equation. Rotation

occurs in xz plane (Fig. 11), and at each quarter of its oscilla-

tions’ period consequently the surfaces parallel or perpendic-

ular to the recording media (i.e., along xy or yz planes)

acquire a significant magnetic charge (proportional to the

component of magnetization along z and x axis respec-

tively), creating fields in the media. These fields also rotate

clockwise or counter-clockwise depending on orientation of

STO equilibrium magnetization and on their location with

respect to the STO (to the left or to the right).

The RF field generated in the gap is very non-uniform,

both in terms of its amplitude and its angle with respect to

media’s anisotropy axis. Let us take a rather typical setup, in

which the field generating layer is 13 nm thick, 30 nm wide,

and 35 nm tall (we also modeled other dimensions and the

conclusions obtained remain unaffected by any reasonable

particular choice), 4pMs ¼ 1T. Increasing saturation mag-

netization linearly increases the amplitude of the RF field,

and therefore—the magnitude of MAMR effect. However,

the choice of STO materials is limited by other considera-

tions, among them is that we need to have effectively around

10 KOe anisotropy in the field generating layer to enable

25–35 GHz operating STO frequency; this can be achieved

by either exchange coupling the STO with a high anisotropy

material, resulting in a precessing magnetization which is

non-uniform along STO thickness (y axis), or by choosing a

material with intrinsically high anisotropy; in both cases the

saturation magnetization will decrease.

As we mentioned before, the RF field in the media can

assume a rather complicated form, but along the center line

of the STO (which in most designs corresponds to the center

of the recording track), it can be greatly simplified. When

magnetic charge along xy planes of STO reaches maximum,

the x component of the RF field directly below the center of

STO is zero, while the amplitude in yz plane—significant.

When yz planes are “charged,” the field at the same point is

aligned purely along x axis. It means that the RF field can be

described with just three numbers—either the amplitude of

RF field along y, z and x axis (noting the phase shift between

them), or with the amplitude in yz plane Hyz, angle it forms

with respect to z axis a and the amplitude along x axis Hx,

HRFðtÞ ¼ Re e�ixt � ŷHyz sin a� ẑHyz cos a 6 ix̂Hxð Þ
� �

: (9)

If the amplitudes of these fields—in yz plane and along

x axis are equal, the RF field is circularly polarized. While

this can occur at a certain point, almost everywhere in the

media it is elliptically polarized; direction of rotation (clock-

wise or counterclockwise) determines whether the positive

or negative sign is used.

We choose to assume that the entire media stack (15 nm,

with further 5 nm separation from STO surface) precesses in

phase along its thickness, in which case we can use the value

of DC and RF fields averaged along its thickness. If we were

to operate with very thin media, a considerably higher values

of the RF field would be at our disposal, since the field am-

plitude decays quickly as we move away from the STO (Fig.

12); to a limited extent this can be harnessed by using media

layers with varying anisotropy and possibly placing the hard-

est layer on top,11,17 but we reserve the discussion of this for

a separate paper since the benefits obtained will be in addi-

tion to those outlined below.

As one can see from Fig. 12 in general case, the ampli-

tude of the RF field in yz plane is substantially larger than

the one along x axis. It is due to the STO surface in xy plane

being the only one in the direct proximity towards the media.

While circular polarization (i.e., Hyz ¼ Hx) might be

observed at a single point in the media for a specific distance

from the STO surface, the MAMR recording occurs also

everywhere else; so, we need to extend the Eq. (7) to the

case of elliptically polarized field. To do so, we need to

return to the step in which we previously replaced the circu-

larly polarized field with two linearly polarized components.

Now the amplitudes of these components (in yz plane and x

axis) are unequal—if the RF field is circularly polarized one

of them is zero, if linearly—both are of equal amplitude

Hk � HSW þ j5:8ðHyzj cos Daj60:8HxÞj; (10)

x
c
� �1:63HRF þ 0:72 HSW � H0 cos /ð Þ þ Heff : (11)

This formulation is intuitive, as it is essentially a sum-

mation of Eq. (8) for various components. If the rotation

direction of the RF field is clockwise in the frame of
FIG. 11. A typical design with STO in the gap between the write pole and

the shield. Only the field generating layer is shown.

214312-9 Rivkin et al. J. Appl. Phys. 115, 214312 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.70.241.163 On: Sat, 20 Dec 2014 10:09:50



reference associated with the media’s initial direction of the

magnetization (such as to the left from the STO in Fig. 11)—

the interference between the x and yz components is con-

structive and the plus sign in Eq. (10) should be used, other-

wise their interference is destructive (on the right side from

the STO in Fig. 11) and Hx should be subtracted, reducing

the effective MAMR field. The coefficient of 0.8 in front of

Hx alludes to the fact that for the DC field applied at a sub-

stantial angle (from 30� to 80�), the RF field along x axis,

i.e., with the angles a¼ 0�, b¼ 90�, does not act as well as

the one applied at the optimal angle (Fig. 7). The correction

has a weak dependence on the DC field angle, becoming 1

when it approaches 0; overall its impact is small and can be

in most cases omitted. For a specific case when the optimal

angle a is around 57� (i.e., the DC field is between 40� and

80�), by calculating the numerical values of cos a and sin a
and taking care of the polarization and the consequent choice

of sign before the x-component, Eq. (10) simplifies to

Hk � HSW þ j5:8 �0:83Hy þ 0:54Hz þ 0:8Hxð Þj: (12)

Let us check these equations by observing the effect the

STO fields have when the writer field is uniform with ampli-

tude 1 T, applied at 45� angle with z axis in the direction op-

posite to that of initial magnetization state, which is aligned

with positive z axis. We study two cases—in the first the

STO equilibrium magnetization is parallel to y axis (along

the DC field) and its magnetization precesses clockwise

around it; in the second it precesses in the counter-clockwise

direction (i.e., the equilibrium magnetization is anti-parallel

to the DC field). As we did before for linearly polarized

uniform RF field, we calculate the best achievable Heff ¼
Hk � HSW and corresponding operating STO frequency,

comparing the results with those calculated from the RF field

components directly using Eqs. (10) and (11).

The results are provided in Fig. 13. As we can see, the

analytics is rather sufficient; in the first case (clockwise rota-

tion of STO magnetization) the polarization enhances the

writing before the STO, but the angle between RF and DC

fields there is disadvantageous; while on the right, even

though the polarization is disadvantageous, we have an

enhancement as the RF angle is optimal (i.e., almost parallel

to the DC field). In the second case (counter-clockwise rota-

tion) both effects occur on the right side of the STO, result-

ing in a very strong writing. Directly underneath the STO in

either case the MAMR effect is negligible since the RF field

angle is highly suboptimal; in either case the most potent

writing occurs almost exactly at the right edge of the STO

(þ6 nm), where even though the total RF field amplitude is

less than in its center (y¼ 0 nm), the RF field angle is close

to the optimal 60� (Fig. 12). For clockwise rotation of STO

magnetization, the peak writeability on the left side is shifted

away from the STO (�12 nm)—it can be easily deduced

from Eq. (10) that the z component of the RF field in this

case greatly hampers the recording, and therefore one needs

larger RF field angles (Fig. 12).

If the writer DC field is to reverse its direction, so will

the equilibrium magnetization of the STO, the direction of

magnetization rotation and the initial orientation of media

magnetization that we attempt to switch. In the new configu-

ration, the results will be identical to (Fig. 13), as

FIG. 12. Characteristics of RF field

produced by STO: its angle with

respect to anisotropy axis (positive–

parallel to the direction of DC field)

and the amplitudes of its components

along x axis and in yz plane—averaged

along the media thickness (thick line)

and at 5 nm from the STO surface (dot-

ted thin line).

FIG. 13. STO MAMR effective field

(thin lines) and optimal frequencies

(thick lines): numerical modeling

(solid) and analytics (dashed); clock-

wise (left) and counterclockwise

(right) polarities of STO are being

considered.
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Landau-Lifshitz equation is symmetric with respect to such

transformation and as before (Fig. 13, left graph) the fields to

the left of STO will have the “beneficial” direction of rotation,

but not the angle of the RF field—and on the right the MAMR

effect will rely on a more linearly polarized component of the

RF field, albeit applied at almost the optimal angle.

The results shown in Fig. 13 define how the STO record-

ing system should be designed. If one manages to produce

the STO which aligns itself against the external field of the

writer, an extremely potent recording occurs on its rights

side, with the effective field more than 10 times the ampli-

tude of RF field generated by the STO. One then needs to op-

erate at proportionally high frequency (Eq. (11)) gives an

order of 40 GHz, depending on the amplitude of the DC

field) and make the gap at least as wide as almost twice the

STO thickness, so that the DC field angle at its right edge is

close to the optimal. For the gradients, there would be a very

large one right at the edge of the STO, due to the rapidly

varying RF field angle there and resulting variation in

MAMR effect (Fig. 13), reaching 0.4 T/nm for the given

configuration.

However, the case when STO magnetization is aligned

along the writer field is more practical, even though the re-

cording process associated with it—is more complex and

less advantageous. From Eq. (10), it follows that the ideal

STO design is then either the one that writes only on its right

side with a linearly polarized field, or the one which writes

only on its left side with circularly polarized field.

Unfortunately, it can be easily shown that in either it is hard

to substantially enhance a basic design, the one considered in

this work, by simply adjusting the STO dimensions. The

only outcome of such optimization is that the best perform-

ing STO is the one with thicker field generating layer, i.e.,

stronger RF field.

If we now consider a micromagnetic model of both

writer and STO, the results will be again consistent with

those in Fig. 13: now we have to deal with two separate areas

with large MAMR effect, on the left and on the right of the

STO (Figures 14 and 15).

By adjusting the gap size, operating frequencies (Fig.

14) and location of STO (Fig. 16), one can boost the write-

ability in either of these areas, but still the other one will

remain to a potential erasure source. One can also move a

point at which the peak writing occurs by selecting the corre-

sponding value of operating frequency (Fig. 13), for

example—to match the peak MAMR gradient with the value

at which the transition is written in the media.

There are also two design solutions—the one with writ-

ing on the left, between the STO and the write pole, and writ-

ing on the right—at the edge of the STO. Both have their

advantages. The second design has a somewhat stronger and

more localized effective field, but its best gradient is formed

on the leading edge—between the center of the STO and its

right edge, and it might be difficult to align peak DC writer

field with the right edge of STO.

The first design has comparable leading and trailing

edge gradients, first formed by both changes in the DC field

angle and decay of the RF field, and second formed mostly

by the changes in the RF field angle. The writing occurs

away from the STO, so this limits the values of the write gap

that can be used.

For the second design, regarding the optimal STO width,

as one can see in (Fig. 16) for the narrow write pole we use

in the modeling (20 nm), wider STO produce larger RF field

and therefore larger gradient along the y axis, but it also

increases the track width, leaving the optimal STO width to

be in 30–40 nm range. The best STO to the write pole dis-

tance is rather small. Similar results can be obtained for the

first design—and it appears that in some cases one will end

up with two (Fig. 15) written areas, both with relatively high

gradient.

And, as expected, when MAMR effect is activated (Fig.

15, middle) by choosing the appropriate frequency, the track

FIG. 14. Writable anisotropy along the

STO center with varied placement of

STO field generating layer (left—at

y¼ 7 nm distance from the writer

edge, right—directly in the contact

with the writer edge) and varied fre-

quencies f.

FIG. 15. Typical picture of writable anisotropy in xy plane underneath the

write pole at a fixed frequency (f¼ 0.88 or approximately 25.5 GHz). Two

dark areas are separate by the STO.
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width rapidly decreases as one utilizes the same effect that

we observed before for the uniform RF field—at the optimal

MAMR conditions the track collapses to either the pole

width, or that of the STO, whichever is smaller, though prac-

tical implementation of the system with the combination of

wide writer pole and narrow STO requires extraordinary

potent MAMR effect.

To conclude this article, we should mention the limita-

tions of this work. While the analytics appears to be on a

rather solid ground and compares well both with much more

complete numerical models and simple experiments, the re-

cording performance still strongly relies on whether the

MAMR gradient can be reliably converted into improved

transition quality. While it is possible to achieve this in vari-

ous recording models, in practice the outcome will be

affected by a multitude of phenomena which are hard to sim-

ulate with sufficient precision. For example, the stable oscil-

lation of the STO can be established only after both the write

pole and the shield are fully reversed and produce fields with

amplitudes similar to the steady state solution. This means

that RF field is generated after the static field already reached

its maximum, and unless the STO field is very strong and

media anisotropy is considerably high, it is possible that

because of the distributions in the media, some of the grains

are already switched or about to do so—and the MAMR gra-

dient has therefore limited impact on the written transition.

Whether it happens or not depends on nuances of media dy-

namics, which today cannot be directly measured in

experiment. A wire generated RF field would not have this

issue. Optimizing the STO design by maximizing the gra-

dients and effective field given by Eqs. (10) and (11) yields a

more potent system than the simple ones considered in this

work.
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