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System-level requirements for heat-assisted magnetic recording at high areal density are presented in this article. The primary
factors that affect bit error rate (BER) are spatial, or media, signal-to-noise ratio (SNR), reader SNR, and channel bit density
(CBD). Spatial SNR is largely determined by the interaction between the writer properties and the media properties. For example,
how well the thermal gradient matches the grain size. Spatial SNR also depends on how well the reader cross-track resolution
matches the track pitch, and the quality of the written pattern. For any given level of spatial SNR, there exists a combination of
CBD and reader SNR that results in the desired level of performance. This article elucidates some of the tradeoffs that may be
needed to maintain BER as areal density increases, for different bit aspect ratio scenarios. For very high areal density, we show
that the geometrical requirements are extremely aggressive, which will most likely require significant invention in head and drive

architecture design.

Index Terms— Heat-assisted magnetic recording (HAMR), micromagnetic modeling, recording subsystems.

I. INTRODUCTION

HE hard disk drive (HDD) industry is at the cusp of

significant change: the first products based on energy
assist methods [1], [2] have been announced and planned for
release in the near future. Energy assist methods aim to address
the so-called magnetic recording trilemma, which states that
in order to maintain the signal-to-noise ratio (SNR) of HDD
systems as bit sizes decrease, the media grain diameter must
also decrease. If that is the case, materials with high mag-
netocrystalline anisotropy must be used in order to maintain
thermal stability. Heat-assisted magnetic recording (HAMR)
[3] employs a heat source during the write process to quickly
and efficiently reduce the energy barrier of the recording
medium. This technology has enabled the development and use
of FePt-based media materials. In addition to high anisotropy,
very small grain sizes have been demonstrated in this type of
magnetic recording media [4].

Recent HAMR spin-stand demonstrations stand at around
2.45 Tb/in? [5]. These feature state-of-the-art heads and media,
aggressive head-disk clearance, and advanced drive archi-
tectures such as interlaced magnetic recording (IMR). An
ongoing research effort [6], [7] exists to elucidate the ulti-
mate areal density capability (ADC) of HAMR systems. The
Advanced Storage Technology Consortium HDD Roadmap
includes HAMR as the main successor to perpendicular mag-
netic recording with an ADC limit of around 4-5 Tb/in?
according to estimates obtained from academic and industrial
research [7]-[9].

Previously published efforts to quantify HAMR system
requirements as a function of ADC [9] have focused on
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quantifying the media properties required in order to maintain
an assumed level of spatial SNR. In this article, we highlight
the contribution of the readback process: the reader SNR and
resolution required depend strongly on the media SNR the
write process is able to deliver. To do so, a micromagnetic
system model is employed. Bit error rate (BER) is the primary
metric used to evaluate the performance of the different system
scenarios. The primary factors that influence BER are the
system SNR, and the channel bit density (CBD). Total system
SNR may be decomposed into spatial, or written-in, SNR,
and reader SNR. Spatial noise is what is commonly referred
to as media noise. Nonetheless, it is not only determined
by the media properties, but also by their interaction with
the recording head properties. Spatial SNR may be further
partitioned into transition SNR and remanence SNR [10].
Transition noise, or jitter, is a dominant noise source in
HAMR, and much research has been performed in recent
years to understand and mitigate it [11]-[13]. Reader SNR
is associated with the signal produced, and the noise sources
present, during the readback process. The signal produced
by the reader is determined by the average response of
the reader’s active element to the media pattern. Reader
noise is primarily composed of thermal magnetics noise,
but also includes electronics noise such as shot noise and
Johnson noise [14], [15]. As ADC increases, the necessary
reduction in bit size, reader geometry, and writer geometry
will unavoidably lead to an exacerbation of all of these
noise sources. Non-linear distortions, which are shifts in the
transition locations in the time domain, may also contribute
to BER. However, through an analysis similar to the one
described in [16], we find that distortions represent a small
portion of the errors observed in the simulations performed
in this analysis. A deeper analysis of non-linear transition
shift at high linear density is beyond the scope of this work,
but it nevertheless warrants further discussion in a future
publication.
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Fig. 1. Spatial SNR versus CBD for model and experiment.

CBD is a measure of the down-track resolution of the
system, which is defined as

CBD = PW50/BL (1)

where PW50 is the full width half maximum (FWHM) of
dSians/dx (the derivative in the down-track direction x of the
signal in the vicinity of a transition Sy,ns), and BL is the bit
length in the down-track direction. Simplistically, CBD is a
measure of how many bits the reader can resolve in the down-
track direction. A system with higher CBD should require a
higher SNR to achieve the same BER: the channel requires
more signal to deconstruct the greater intersymbol interference
present in the system. Fig. 1 illustrates this concept. It shows
spin-stand measurements and micromagnetic modeling where
the laser power has been optimized to achieve a BER of
—2.0 dec at a track density of 650 kTPI. CBD was varied
by varying the linear density within the values noted in the
figure. Spatial SNR in both the measurement and the model
is obtained as described in [10]. The modeling methodology
will be explained in Section II; however, the modeled heads
and media are similar to those used in the measurement. The
figure shows that for a roughly 650 kFCI increase in linear
density, a 2.5 dB improvement in spatial SNR is required to
maintain the same level of performance.

This article aims to shed light on the tradeoffs required
to maintain a reasonable level of performance as both linear
density and track density increase. The BER of a system is
mostly determined by its spatial SNR, reader SNR, and CBD.
With that in mind, we will demonstrate that there should
be two main aspects to HAMR system design. First, spatial
SNR should be maximized via intelligent design of heads and
media, and their interaction. And second, at a given spatial
SNR, the reader SNR and down-track resolution (i.e., CBD)
required for BER maintenance may be determined. In other
words, if spatial SNR cannot be improved or maintained, the
reader SNR and CBD need to make up for this. Conversely, if
reader SNR decreases and CBD increases, spatial SNR must
be improved.

II. MODELING METHODOLOGY

The HAMR recording process is modeled using the renor-
malized Landau-Lifshitz—Gilbert (LLG) method [17], which
is often used to simulate high-temperature magnetization
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dynamics. This method allows the usage of cell sizes larger
than atomic length scales by estimating the change in
magnetic properties as a function of temperature. The cell
size used in the simulations presented in this article is
1.5 x 1.5 x 1.5 nm®. A Voronoi grain structure is overlaid
on the medium grid in the in-plane direction to simulate the
irregular grain structure of real HAMR media. The average
grain diameter is varied in the modeling performed for this
study, while the standard deviation in grain size is set at around
15%. The model assumes media magnetic properties typical
to those of FePt, and similar to those of [10].

A typical HAMR head features a near field transducer
(NFT) that serves as the heat source and provides a very
concentrated thermal spot within the media. This thermal spot
has a size, shape, and temperature gradient that are determined
by the properties of the NFT and its interaction with the
media optical and thermal properties. In other work [10], [18],
[19], and for the modeling shown in Fig. 1, the thermal spots
utilized are based on real NFT designs. However, for most
of the modeling presented in this article, thermal profiles are
artificially engineered to have the properties necessary for a
reasonable level of performance in conjunction with the other
conditions considered. Magnetic fields are assumed uniform
in both magnitude and angle, and both values may also be
optimized at the different ADC conditions.

Pseudorandom bit sequences (PRBS) are written on 50
unique media sections, with a length of 31 bits. The generator
polynomial is x> + x3 + 1, which produces the following
PRBS: 1111100011011101010000100101100. In some of the
cases presented in the Sections III and IV, one isolated
track is studied. In others, two tracks are written on either
side of the track of interest with patterns that are random
and uncorrelated relative to the PRBS and each other. The
micromagnetic readback process consists of quasi-static LLG
simulations of a reader flying over media maps containing
the patterns produced during the write process. The reader
is divided into a grid of 2 x 2 x 2 nm?® cells, thereby
capturing any non-uniformities that may be present in the
reader response to the media fields. Reader properties, such as
reader width, shield-to-shield spacing, and clearance are varied
and optimized to achieve the desired level of performance.
Subsequently, an ensemble waveform analysis, as described
in [10], is employed to extract the spatial SNR and CBD
values quoted in the following sections. The channel model
described in [20] is used to calculate BER from the PRBS
waveforms. The micromagnetically modeled patterns contain
only spatial noise. White noise, representing the time-based
random fluctuations present in the readback signal, must be
added to the modeled waveforms. The level of white noise is
estimated from the average signal of the modeled readback
waveforms and the required level of reader SNR to achieve a
given BER threshold. Given this assumed level of reader SNR,
the magnitude of the additive noise (N) is expressed as

N = S\/OSR/BW x 1QReaderSNR/20 2)

where S is the rms signal calculated from the simulated
waveforms, OSR is the oversampling ratio, and BW is the
bandwidth. OSR represents the number of samples per bit and
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Fig. 2. Media SNR as a function of thermal gradient expressed as change
in temperature across the width of a grain for two different grain sizes (5 and
7.5 nm). The arrows represent the actual thermal gradient values in K/nm for
the points highlighted.

is equal to 7 in this study. A low-pass filter is applied to remove
unnecessary high-frequency content with a cutoff frequency
equal to BW multiplied by frequency of the shortest mark in
the PRBS. In this work, BW = 1.0. The reader SNR values
quoted depend strongly on BW; however, the offset in SNR
should be consistent between different values, and simple to
convert if required.

The metrics of interest in this study are the following:
thermal gradient (7), thermal width (7y), grain size, reader
down-track resolution (PW50), CBD, reader cross-track reso-
Iution (CT10), reader SNR, spatial SNR, and BER. T is the
temperature gradient as measured at the transition position,
which is assumed identical in both the down-track and the
cross-track directions. Ty is the width of the thermal profile
at 50% of the maximum temperature. The magnetic field is
assumed to be in the range of 0.8—-1.0 T with a 45° angle
relative to the media plane. CT10 is the width of the reader
response to a point charge in the cross-track direction at 10%
of the maximum signal. PW50 and CBD were defined in
Section I. Unless otherwise stated, the results presented in
the following sections employ the procedure outlined above
to extract spatial SNR and BER.

III. HEAD AND MEDIA CONTRIBUTIONS TO SPATIAL
SNR AND BER

The interaction between the media and the writer is what
predominately determines the spatial SNR of the system.
Much research has gone into the development of future
recording head designs, in addition to media design. The
goal in head design development is to continually improve
performance, while at the same time maintaining reliability
[21]. The thermal gradient (7g) in the down-track direction
is one of the most important metrics that define how well bit
transitions are written. Fig. 2 shows media SNR as a function
of the down-track thermal gradient over the grain diameter,
for two chosen grain diameters, obtained from micromagnetic
modeling. Single-tone patterns are recorded on 50 unique
randomly generated media instances at a track width large
enough not to result in an SNR degradation when larger grains
are used. Media SNR is calculated directly from the resulting
magnetization patterns as described in [12]. By scaling the
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Fig. 3. Spatial SNR as a function of linear density for different thermal

gradient scenarios.

shape and width of the thermal profile, the thermal gradients
shown in the figure are obtained, at a similar track width for
all of the data points. Fig. 2 illustrates the importance of the
thermal gradient on media SNR, and suggests that, all other
factors being equal, bit quality may be entirely dependent on
what the thermal gradient is relative to the grain size. Roughly
the same SNR 1is obtained for two different grain sizes at the
same rate of temperature change across the length of a grain.
The arrows illustrate that, even though the rate of temperature
change across a grain is the same for the two cases, the actual
thermal gradient values in K/nm are quite different. Also, for
large grains, a plateau in SNR, and a subsequent decrease,
are observed as the thermal gradient increases. In this case, it
might be possible that grains are not spending enough time at
temperatures that allow sufficient spontaneous magnetization
to be susceptible to the applied magnetic fields.

Single-track spatial SNR extracted from an ensemble wave-
form analysis as described in Section II as a function of linear
density for different thermal gradient scenarios is shown in
Fig. 3. The average grain size is 5 nm, and the written track
width is close to 20 nm for all cases presented. As linear
density increases, there is an expected decrease in SNR from
the reduction in bit size and, consequently, number of grains
per bit. As linear density increases, the gain from increas-
ing thermal gradient increases, and the larger the thermal
gradient required to see any improvement in performance.
Figs. 2 and 3 demonstrate that while thermal gradient is a key
parameter in determining spatial SNR, improving it will not
result in a performance gain if the media and the recording
conditions are not optimized along with it.

Triple track spatial SNR as a function of CT10 (as defined in
Section II), normalized to the track pitch (TP), for two differ-
ent track density scenarios is shown in Fig. 4. The areal density
is 4.1 Tb/in?, and while the width of the thermal profiles is
different to match each track density, 7 is constant for both
cases. Actual CT10 values range from 17.4 to 25.2 nm. The
optimal CT10/TP seems to shift toward CT10/TP = 1 with
increasing track density. As CT10 increases beyond TP, more
of the adjacent tracks are sensed by the reader, resulting in
an SNR degradation. This demonstrates that the CT10 can be
carefully chosen to optimize the spatial SNR, keeping in mind
that narrower CT10 can only be achieved by decreasing the
physical cross-track dimension of the reader element. This will
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TABLE I
SYSTEM SCENARIOS FOR 2.4, 4.1, AND 6.0 TBPST ADC TARGETS

ADC (Tbpsi) 2.4 4.1 6

Bit Aspect Ratio 2.8 3.1 2.8 32 3
Linear Density (kFCI) 2619 2764 3175 3625 4233
Track Density (kTPI) 935 887 1303 1129 1417
Bit length (nm) 9.7 9.25 8.0 7.0 6.0
Track pitch (nm) 27 28.6 19.5 225 17.9
grain size (nm) 6.5 6.5 5.1 5.1 5.1
Thermal Width (nm) 35.0 35.0 25.0 25.0 20.0

Thermal gradient

(K/nm) 17.0 20.2 30.0 32.0 50.0
CT10/TP 1.11 1.05 1.02 0.97 0.97
CBD 225 253 239 259 194 229 195 23 208
PW50 (nm) 218 245 221 240 155 183 13.7 161 125
Reader SNR (dB) 160 18.0 190 23.0 220 240 190 220 240
Spatial SNR (dB) 12.71 12.2 11.81 11.58 9.32

undoubtedly lead to increased reader noise and consequently
reduced system performance.

Fig. 5 shows the CBD required to maintain a BER of
—1.8, for single isolated tracks written at different linear
densities with the same writer and media combination. The
CBD requirements increase significantly as a function of linear
density, due to both the increase in linear density and the
reduction in spatial SNR that occur as BLs decrease. This
demonstrates that it is crucial to examine different ways to
improve the spatial SNR as ADC increases.

IV. HAMR SYSTEM REQUIREMENTS AT HIGH ADC

The different system scenarios shown in Table I are obtained
by optimizing the thermal profile properties (7w, T¢), media
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properties (grain size), and reader properties (CT10, P50,
and reader SNR) in order to maintain a BER of -2.0 dec.
Triple track recording is performed by optimizing the peak
temperature of the thermal profile in order to maximize pattern
quality, while at the same time minimizing adjacent track
interference effects. Spatial SNR from ensemble waveform
analysis is shown at the bottom of the table. Two bit aspect
ratio (BAR) scenarios are included for 2.4 and 4.0 Tb/in’.
In general, higher BAR results in increased thermal gradient
requirements as BLs decrease and transition quality becomes
more important. CT10 values close to the TP are, in general,
best for optimization of spatial SNR. CBD and reader SNR
are varied to elucidate the tradeoffs required to maintain a
similar level of performance. As stated previously, when CBD
increases, due to either increasing linear density or increasing
PWS50, higher SNR is required to maintain BER. Roughly
0.05-0.15 CBD inflation results in a 1-dB reader SNR require-
ment increase. At higher BAR, it is more difficult to maintain
spatial SNR, even when 7 is high. That fact, coupled with
the higher linear density, results in more stringent P50 and
reader SNR requirements. A 6 Tb/in? scenario is also included
to convey the dramatic increase in system requirements at
such high ADC. We have, however, employed conventional
magnetic recording (CMR) in all of the scenarios considered
in Table I. It may be possible that more advanced recording
schemes such as shingled magnetic recording (SMR) and IMR
[5], or improved channel architectures [22] would lead to a
relaxation of some of these requirements at high ADC.

V. CONCLUSION

This work presents the system-level requirements for high
ADC HAMR systems, and some of the potential tradeoffs that
may be made to maintain performance with increasing areal
density. BER strongly depends on the level of spatial SNR
the system is able to achieve. This suggests that head and
media design must prioritize optimization of spatial SNR, and
the modeling presented in this article demonstrates that this
is only achieved if the head and media properties are well
matched. For a given level of spatial SNR, the down-track
reader resolution (CBD) and SNR may be optimized to achieve
the desired level of performance. In other words, if the spatial
SNR level is low, CBD and reader SNR must be improved,
and vice versa. Also, if CBD increases with ADC, the reader
SNR may be improved for BER maintenance, and vice versa.
As ADC increases, the requirements become much more
stringent. This will necessitate either a significant reduction
in head geometries or invention in design or materials that
achieve the resolution requirements outlined here. Also, if the
requirements outlined in this article cannot be achieved, drive
and channel architecture advances may lead to a relaxation of
these requirements.
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