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Heat-assisted magnetic recording (HAMR) allows for data writing in hard disks beyond 1 Tb/in2 areal density, by temporarily
heating the area of a single bit to its Curie temperature. The metallic optical antenna or near-field transducer (NFT), used to
apply the nanoscale heating to the media, may self-heat by several hundreds of degrees. With the NFT reaching such extreme
temperatures, demonstrations of HAMR technology experience write-head lifetimes that are orders of magnitude less than that
required for a commercial product. Hence, heating of the NFT is of upmost importance. In this paper, we first derive fundamental
limits on the temperature ratio NFT/Media to drive NFT design choices for low-temperature operation. Next, we employ inverse
electromagnetic design software, which solves for unexpected geometries of the NFT and waveguide. We present computationally
generated designs for the waveguide feeding the NFT that offer a 50% reduction in NFT self-heating (∼220 °C) compared with
typical industry designs.

Index Terms— Adjoint method, computational electromagnetics, gradient methods, hard disks, heat-assisted magnetic recording
(HAMR), inverse problem, nanophotonics, near-field transducer (NFT), optical antenna, optimization, plasmonics, thermal
management.

I. INTRODUCTION

TO ENSURE thermal stability of data over a 10-year
lifetime in hard disks of beyond 1 Tb/in2 areal density,

the magnetocrystalline anisotropy of the magnetic granular
media must be increased, while scaling the magnetic grains
to smaller dimensions [1]. Recording information to such a
medium is a monumental challenge. The current state-of-the-
art employs writing electromagnets that are already limited
by magnetic field saturation of permeable metals, placing an
upper bound on the strength of magnetic field that can be
applied during the recording process. Heat-assisted magnetic
recording (HAMR) promises writing to highly anisotropic
media, by temporarily heating the area of a single datum to its
Curie temperature, while simultaneously applying a magnetic
field from a conventional electromagnet [2], [3]. In practice,
a metallic optical antenna or near-field transducer (NFT)
focuses light onto the highly absorbing magnetic recording
layer in the media and locally heats a 30 nm × 30 nm
spot on the medium to near 700 K [4], [5]. Since the metal
comprising the NFT, typically gold, is itself absorbing at
optical frequencies, the NFT also heats by several hundreds
of degrees [6]. This NFT self-heating is a significant cause of
failure in HAMR systems and limits the lifetime of today’s
prototype HAMR write heads to be orders of magnitude less
than the desired 10-year lifespan [6]. Hence, an important
figure of merit (FOM) for reliability in an HAMR write
head is the temperature ratio between the media hotspot
and NFT.

The difficulty in designing a low-temperature HAMR write
head is twofold: 1) the fundamental limits on the NFT
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temperature are not well-known and 2) designing the light
delivery system that produces nanoscale heating requires
understanding the complex electromagnetic interactions of the
illuminating waveguide, metallic NFT, magnetic write pole,
and multi-layered hard disk medium. On the first note, we
derive in this paper, a simple analytic model for the ratio of
temperature rise in the NFT to the temperature rise in the
media hotspot. This provides important limits and constraints
on the structural design of the NFT that must be satisfied for
low-temperature operation. On the second note, because of
the wave nature of light, the optimal shapes of electromag-
netic structures are often unexpected [7]. Traditional design
approaches, based on intuition or highly constrained optimiza-
tion, such as parameter sweeps, are inadequate. In this paper,
we propose inverse electromagnetic design software, which
provides fast optimization of 3-D electromagnetic structures
with thousands of degrees of freedom. With such a large
parameter space, an optimization can search for unexpected
shapes of the NFT, or the feeding waveguide that offers
superior performance for HAMR. The drawback of such an
optimization is computational expense. For applications like
HAMR, a single 3-D Maxwell simulation of nanoscale metal-
lic structures and a multi-layered medium is computationally
demanding even on modern high-performance computing clus-
ters. Since heuristic algorithms like particle swarm and genetic
algorithms rely on random trials, they are too computationally
burdensome for practical engineering design for optics in the
nanoscale. In contrast, the inverse electromagnetic design soft-
ware performs gradient-based optimization using the adjoint
method, which results in fast deterministic optimization that
is computationally inexpensive [8]–[10].

In this paper, our strategy toward achieving a low-
temperature HAMR write head is to make major NFT
design choices based on a simple analytic expression for
the NFT/media temperature ratio. Then, we use our inverse
electromagnetic design software to find unexpected shapes of

0018-9464 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Meta Platforms, Inc. and Samsung Electronics Co. Ltd. - Ex. 1021 
Page 1



Meta Platforms, Inc. and Samsung Electronics Co. Ltd. - Ex. 1021 
Page 2



Meta Platforms, Inc. and Samsung Electronics Co. Ltd. - Ex. 1021 
Page 3



Meta Platforms, Inc. and Samsung Electronics Co. Ltd. - Ex. 1021 
Page 4



Meta Platforms, Inc. and Samsung Electronics Co. Ltd. - Ex. 1021 
Page 5



Meta Platforms, Inc. and Samsung Electronics Co. Ltd. - Ex. 1021 
Page 6



Meta Platforms, Inc. and Samsung Electronics Co. Ltd. - Ex. 1021 
Page 7




