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Abstract

A Particle-Level Study of Smear Buildup in Heat-Assisted Magnetic Recording Disk Drives

by

Roshan Mathew Tom

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor David B. Bogy, Chair

Ever since the first hard disk drive (HDD) was invented in 1956, it has played a dominant
role in global data storage needs. Conventional HDDs, however, have reached the theoretical
density limit, called the superparamagnetic limit. Heat-assisted magnetic recording (HAMR)
is a novel HDD variant that has been proven to break this theoretical limit. In this technology,
a tiny laser is embedded in the read-write head that heats a nanoscale spot in the disk to
several hundred Kelvin. The elevated temperature enables writing on highly coercive disks
that resist the superparamagnetic effect. The physics underlying HAMR has proven to work;
however, a commercial implementation has been met with numerous engineering challenges.
Due to its complex nature, the head-disk interface (HDI) remains susceptible to premature
failure. One key challenge is called smear, which is a contamination buildup on the head.
This smear ultimately causes the head to crash on the disk, severely limiting the lifetime of
HAMR drives. Therefore, mitigating smear is indispensable in the quest for reliable hard
drives. This dissertation uses a range of numerical techniques to study the transport of smear
nanoparticles in the head-disk interface.

We begin with a study of the HDI using classical continuum analysis. The temperature
field and thermal protrusion on the head and disk surfaces are calculated by employing
the transient heat conduction equation and a thermo-mechanical model of a slider. These
calculations revealed the presence of a thermal spot in both the head and the disk surface,
with the disk exhibiting significantly higher temperatures. We then explored the effect of the
thermal fly-height control (TFC) power and the disk rotation speed on the head temperature.
Additionally, a laser-induced protrusion was observed and studied on the head surface.

Next, we introduced the concept of smear as nanoparticles by calculating the optical and
air-bearing related force. Using the Rayleigh approximation, the optical force was calculated
on a spherical and ellipsoidal nanoparticle. The resulting force field revealed the presence of
an optical trap just under the near-field transducer (NFT). A comparison with appropriate
drag and thermophoresis force showed that optical forces could be significant for nanoparticles



2

with large volumes, such as flat ellipsoids. Further, metals of all sizes are sensitive to this
force due to their permittivity satisfying the Frohlich condition. Also, dielectric particles are
found to congregate near large metallic contaminants due to the formation of a secondary
surface plasmon on its surface. We then quantified the air-bearing related forces considering
the Chapman-Enskog velocity distribution of the air-bearing. The resulting equation revealed
three forces: drag, thermophoresis, and lift. Of these, lift forces were found to be negligible.
Then, a sensitivity analysis over different parameters revealed the conditions where each
force dominates. We found that smaller nanoparticles in light gases experience higher
thermophoresis force, whereas heavier nanoparticles in heavy gases experience higher drag.
These results can help control the growth of smear in the head-disk interface.

We also devised a novel hybrid simulation strategy to model the head surface smear growth.
The technique accelerates a molecular dynamics simulation by calculating the force field
derived from prior calculations. This simulation strategy successfully replicated the streak-like
features on the head found in experiments. Two types of streaks were observed: a thick streak
that occurred due to direct disk-to-head transport and a thin streak due to the oscillating
motion of the nanoparticles in the air-bearing. The hybrid simulation was demonstrated to
be an effective tool for simulating smear over long timescales.

Further, we used the direct simulation Monte Carlo (DSMC) method to study the air
bearing under nanoscale spacings. The DSMC method incorporated the consistent Boltzmann
algorithm (CBA) to account for dense gas behavior. It revealed the presence of a vertical
drift in the air bearing due to the temperature difference between the head and the disk. We
observed significant water vapor levels due to the high saturation pressure of the head disk
interface. We also observed the particles’ near ballistic trajectory under ultra-low spacing.
This prompted the examination of material transport in ultra-low flying conditions where the
air-bearing molecules are sparse. The imbalance in the head and disk temperatures resulted
in an imbalance in the van der Waals forces, which transported smear nanoparticles to the
head. This effect was found to be significant for clearance less than 2 nm.

Finally, we conclude by summarizing this dissertation’s novel results, commenting on the
nature of the smear formation, and proposing mechanisms that may help mitigate it.
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Chapter 1

Introduction

In this age, data is ubiquitous. The ability to send, store, retrieve, and transmit data forms
the cornerstone of the digital revolution [1]. In 2023 alone, 120 zettabytes (1 trillion gigabytes)
of data are estimated to have been created, captured, copied, and consumed in the world [2].
If each bit, represented by a penny, were stacked on each other, the combined height would
stretch over 1200 light-years! Data is the driving force behind innovation and decision-making
processes, from the latest scienti�c advancements to breakthroughs in healthcare. One
example of the power of data is the development of arti�cial intelligence (AI). AI algorithms
depend on vast datasets to train themselves. The resulting AI systems have become integral
to various aspects of our lives - from mundane customer service to expressive art.

The explosion of data has led to a rise in demand for fast, cheap, and convenient ways to
store data. Massive data storage services such as Google Drive, iCloud, Box, and Amazon
AWS are gaining popularity. These businesses can utilize various methods of storing data.
Solid state drives (SSD), hard disk drives (HDD), tape storage, and optical storage are
some of the methods. However, due to the scalability and price, HDD stands out among
all other forms of enterprise data storage. As a result, cloud data centers choose HDDs to
store up to 90% of the data [3]. Even on the consumer end, there has been a trend to use
network-attached storage (NAS) systems for daily use due to the availability of fast and
reliable internet. Many NAS manufacturers, such as Synology NAS, are built around hard
drives. Therefore, even though most consumers only see SSD storage devices, most of their
data is stored on HDDs.

The demand for data will only continue to rise. Using existing HDD technology for the
data storage needs of the future is unfeasible. The availability of raw materials, manufacturing
limitations, power requirements, and environmental concerns would signi�cantly limit future
expansion. Therefore, there is a vital need to design new HDDs that are faster and cheaper and
store more data than ever. Heat-assisted magnetic recording (HAMR) is widely considered
to be the way forward. This dissertation investigates some speci�c challenges toward the
commercial success of HAMR. This chapter serves as an introduction. Sec. 1.1 brie
y explains
the relevant technology behind HDDs, and Sec. 1.2 presents the additional innovations in
HAMR. Then, Sec. 1.3 introduces the HDI challenges in HAMR, focusing on the issue
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of smear. Sec. 1.4 details the objective of this dissertation, and Sec. 1.5 contains the
organization and the novel contributions of this dissertation.

1.1 The Hard Disk Drive

The history of HDDs dates back to 1956 when IBM �rst rolled out the �rst HDD for its
RAMAC 305 computer [4]. It was bigger than a refrigerator, weighed more than a ton,
and could hold less than 4 megabytes (MB) of data. Since then, this technology has seen
incredible innovations. In 2023, Western Digital released 28 terabytes (TB) HDD ( 1 TB
= 106 MB) in a 3.5-inch form factor, weighing only 670 grams [5]. This translates to an
improvement of over 10 billion. Such progress is only rivaled by the semiconductor industry.

The internal view of the HDD is shown in Fig. 1.1. The main components are the spindle
that rotates the disk at several thousand rotations per minute (RPM), a magnetic disk where
the data is stored, a slider containing read/write transducers to store and retrieve data, a
suspension system to maintain a constant spacing between the slider and the disk, an actuator
arm, and a voice coil motor (VCM) that controls the radial movement of the slider [6].

Several disks are clamped on the motor-driven spindle that spins at 5000-10000 RPM.
Each disk has several layers, as shown in Fig. 1.2. The base is a substrate made of either
glass or aluminum-magnesium alloy. This layer is generally a few millimeters thick, giving
the disk its structural strength. On top of the substrate, several metallic layers that are a few
nanometers thick are deposited. One of these layers is made of a chromium-cobalt-platinum
alloy, where the data is stored. The circular layer is divided into concentric radial segments,
which are then divided into several sectors. A sector is the smallest storage unit of the disk,
typically 512 bytes in length. Within a sector, each magnetic grain is magnetized by the write
head. The orientation of these grains denotes 1s and 0s [7]. To increase the signal-to-noise
ratio (SNR), multiple adjacent grains are magnetized in the same direction to operate as 1 bit.
Above the disk magnetic layer, a 2nm thick diamond-like carbon (DLC) layer is deposited to
protect against impact, wear, and corrosion. Finally, a 1 nm thick per
uoropolyether (PFPE)
lubricant layer is deposited above the DLC to reduce wear and friction between the read/write
head and the disk. PFPE lubricants are used because of their bene�cial properties, such as
low surface energy, viscosity, and vapor pressure. They are also chemically and thermally
stable [6].

The read and write operations are done through a slider, as shown in Fig 1.3a. The
trailing edge portion of the slider forms the head. It contains two sensors (Fig 1.4b), one
for writing and the other for reading. The read sensor utilizes the giant magnetoresistance
(GMR) e�ect or the tunneling magnetoresistance (TMR) e�ect to detect the direction of
the magnetization [8, 9]. The write element is a thin coil of wire that generates a magnetic
�eld to 
ip the direction of the bits to the desired direction. Given that the size of each
bit is only several nanometers, it is critical that the read/write elements be less than 5 nm
from the magnetic layer to ensure accuracy. Several clever techniques are used to achieve the
required spacing. The primary mechanism is the air-bearing. Although recent hard drives
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Figure 1.1: Internal view of an HDD

operate entirely in helium, we still use the term air bearings to maintain convention with
literature [10]. When the disk rotates at a very high RPM (5000-10000 RPM), the boundary
layer above the disk also starts moving. As the air moves under the slider, it compresses
and generates lift due to a unique etching pattern on the air-bearing surface (ABS). This lift
opposes the suspension load. At equilibrium, consistent spacing of several tens of nanometers
is maintained between the slider and the disk. This spacing is also known as the 
y height
(FH) [11].

The air-bearing itself cannot reliably get the read/write elements closer than about 5
nm. Therefore, a thermal height control (TFC) is utilized to achieve the desired spacing [12].
Here, a tiny resistive heater (Joule heater) is embedded near the trailing edge of the slider
(see Fig. 1.4b). The local temperature rises when a small current is applied to this heater.
Due to thermal expansion, a small protrusion develops, reducing the local clearance to a few
nanometers. The TFC has the added bene�t that sub-5 nm spacing is achieved only near
the read/write element, and the rest of the slider is further away, reducing the chances of
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