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Heat Assisted Magnetic Recording (HAMR) is a candidate for use in magnetic recording systems operating
at densities above 2 Tbits/in2. Today’s hard disk drives (HDD’s) operate at around 1 Tbits/in2, and are
unlikely to reach 2 Tbits/in2 through extensions of the existing technology. The barrier is rather
fundamental and is called the superparamagnetic limit. This limit arises with increasing storage density
because shrinking the bit to raise the density also makes the bit more vulnerable to being disturbed by
ambient thermal fluctuations. Thermal disturbance means that the recorded data will spontaneously
disappear as bits flip randomly under thermal agitation. Making the bits out of magnetically “stiffer”
material will suppress this thermally induced flipping. However, it will also make the medium too “stiff”
to be able to be switched with the recording head. Thus the medium becomes unwritable, despite the
fact that anything successfully written would be stable.
HAMR remedies the writability problem by delivering highly
localized thermal doses to the medium to “assist” in the
writing process. In this way, the very magnetically “stiff”
medium is temporally “softened” during writing. One very
important challenge in this approach is to get the heat
sufficiently localized. A focused laser beam can make a hot
spot of around 500 nm in diameter on the surface of a disk,
and, indeed, is the technology used in BlueRay optical disks.
However, at 2 Tbits/in2, the bit size is about 35 nm x 8 nm,
far below what could be heated with a focused optical laser.
Rather the hot spot created on the disk needs to be around
25 nm in diameter, a factor of 20 smaller than focused
optics will permit.
The work on near field transducers for HAMR seeks to
develop nanoscale dielectric and metallic structures that
can guide light to the medium and maintain a small optical
profile. Highly integrated devices are desired that can
deliver stable optical output, dissipate power efficiently and
withstand parasitic heating of the NFT occurs during writing.
An example of recent work in this area (unpublished) is
shown at right with a concept for the entire light delivery
system in a), fabrication results for standard semiconductor
lasers in b) and an innovative approach to stabilizing the
laser modes in c). Work to develop the resonator driven NFT
is ongoing, following a CMU patent listed on the following
page.
As noted on the following page, other areas of significant activity include understanding and engineering
of nanoscale heat conduction, designs and demonstrations of different NFT’s and assessment of the issues
around coupling light across the air bearing surface to the medium efficiently.
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Heat Assisted
Magnetic Recording
This technology uses temporary laser heating to increase hard drive storage
density; modeling indicates the potential to exceed the capability of
perpendicular recording by an order of magnitude.
By Mark H. Kryder, Edward C. Gage, Terry W. McDaniel, William A. Challener,
Robert E. Rottmayer, Ganping Ju, Yiao-Tee Hsia, and M. Fatih Erden

ABSTRACT

| Heat-assisted magnetic recording is a promising

approach for enabling large increases in the storage density of
hard disk drives. A laser is used to momentarily heat the
recording area of the medium to reduce its coercivity below
that of the applied magnetic field from the recording head. In
such a system, the recording materials have a very high
magnetic anisotropy, which is essential for the thermal stability
of the magnetization of the extremely small grains in the
medium. This technology involves new recording physics, new
approaches to near field optics, a recording head that
integrates optics and magnetics, new recording materials,
lubricants that can withstand extremely high temperatures,
and new approaches to the recording channel design. This
paper surveys the challenges for this technology and the
progress that has been made in addressing them.
KEYWORDS | Heat-assisted magnetic recording; hybrid recording; near field; thermal assist

I. INTRODUCTION
The tremendous increase in magnetic areal density and the
associated decrease of cost per gigabyte has been largely
responsible for the proliferation of hard disk drive
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recording into new applications and markets. The superparamagnetic limit imposes a signal-to-noise ratio, thermal
stability, and writability tradeoff that limits the ability to
continue to scale traditional magnetic recording technology to higher storage densities. Heat-assisted magnetic
recording (HAMR) offers a new degree of freedom: write
temperature that holds the promise of extending the areal
density of magnetic data storage. By temporarily heating
the media during the recording process, the media
coercivity can be lowered below the available applied
magnetic write field, allowing higher media anisotropy and
therefore smaller thermally stable grains. The heated
region is then rapidly cooled in the presence of the applied
head field whose orientation encodes the recorded data. A
sketch illustrating the HAMR writing process is shown in
Fig. 1. With a tightly focused laser beam heating the media,
the write process is similar to magnetooptical recording,
but in a HAMR system the readout is performed with a
magnetoresistive element.
HAMR requires the development of a number of novel
components. These include the light delivery system, the
thermomagnetic writer, a robust head disk interface, and
rapid cooling media. Designing these components into a
high-performance data storage system requires systemlevel optimization. An example of an HAMR system is
shown in Fig. 2. A free-space laser beam is coupled into a
waveguide on the trailing edge of the slider with a grating
coupler. The slider’s fabrication, the air bearing, and the
magnetoresistive reader are borrowed from today’s hard
disk drives. The waveguide is shaped to form a planar solid
immersion mirror (PSIM), which focuses the light onto
the recording medium [1]. A near field transducerVfor
example, a beaked metallic plate antenna, would further
concentrate the focused optical spot [2], [3]. The optical
spot locally heats the media before it passes under the
writing magnetic pole. The media should be designed such
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Fig. 1. A schematic diagram of the HAMR write process is shown.

that its large room-temperature anisotropy is sufficiently
reduced at temperatures that are obtainable with a robust
head disk interface. FeNiPt is an example of a candidate
material system for the recording layer [4]. A heat sink is
used to control the medium cooling rate.
The ability to record on very high-anisotropy materials
holds the promise of allowing an order of magnitude
increase in areal density over perpendicular recording, but

a number of technical challenges must first be addressed.
The unique physics of recording by rapidly freezing the
magnetic state in a modulated head field will be discussed in
Section II. It is shown that optimizing thermal gradients and
applied field are important to recording quality transitions.
The optical design must produce spot sizes that are far
below the conventional diffraction limit to confine the
thermal heating. As discussed in Section III, efficient light
delivery systems from a laser diode to a near field optical
transducer are needed. If possible, HAMR should leverage
the extremely successful hard disk drive (HDD) thin-film
head experience to produce the optical and magnetic
fields. A fully integrated head design will be reviewed in
Section IV. All of this development assumes we can create
smooth, high-anisotropy materials with the appropriate
microstructure for low noise at high densities. The media
challenges are discussed in Section V. The repeated thermal
cycling brings new challenges to the head–disk interface and
mechanical requirements of the drive. The results of
extending recording temperatures will be presented in
Section VI. The impact of HAMR on the state-of-the-art
perpendicular recording readback channels will be covered
in Section VII. The state of the technology and future
improvements will be addressed in Section VIII.
We will consider conventional, nonthermally assisted
magnetic recording to be the reference case for discussion

Fig. 2. A schematic diagram of an HAMR recording system is shown.
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of HAMR. A vast bibliography treating all aspects of
conventional recording exists, and familiarity with that
literature is assumed here [5], [6]. We focus on the
significant differences from conventional recording physics
in the following sections.

II. RECORDING PHYSICS
A. The HAMR Process
In heat-assisted recording, the temperature of a highanisotropy (usually perpendicular) magnetic recording
medium is locally elevated to facilitate the writing process
by significantly reducing the magnetization switching field
and then dropped abruptly to Bfreeze in[ stable recorded
information. The medium is understood to be a granular
ensemble in which the grains are more or less magnetically
isolated, closely packed particles of average volume V, each
of which has a sufficiently high uniaxial magnetocrystalline anisotropy Ku so that the ambient temperature
stability factor Ku V=kB T  70. (The value on the righthand side of the inequality is not definite, but this value
allows the smallest grains in a typical size distribution to
remain stable for 10 y.) The heating and cooling process
is executed rapidly on the same time scale as used in
conventional magnetic recording (1 ns). A principal
attraction of heat-assisted recording (along with high Ku )
is that a very high effective writing field gradient can be
achieved with no required contribution from the magnetic
character of the recording head. This is understood in
terms of the simple relation
dHwrite dHk dT


dx
dT dx

(1)

where the first factor on the right side is the slope of the
medium’s temperature dependent anisotropy field Hk ðTÞ
just below the Curie temperature TC (the critical
temperature at which the medium magnetism and Hk
vanish) and the second factor is the gradient of the thermal
profile in the medium at the freezing temperature (downtrack or cross-track). Using expected values on the right
side yields an effective writing gradient 3–20 larger
than direct field gradients from inductive head designs.
Such large writing field gradients can more easily carry one
toward the grain size limit for recorded magnetization
transition length, a key for attaining maximum down-track
recording density in a given medium design. Additionally,
a high cross-track gradient can help minimize adjacent
track erasure effects, a prime ingredient for high track
density recording.
The discussion above implies that the temperature
dependence of the medium magnetic properties, particularly around TC , will be critical for HAMR performance.
Along with the slope of Ms ðTÞ and Hk ðTÞ just below TC , it
1812

is the deeper details of the disappearance and reformation
of the memory layer magnetization as T passes through TC
(increasing and decreasing) that are crucial for recording
rate limitations and recording quality in HAMR. That is,
we need to understand what factors limit the rate of
magnetization collapse and reformation, and also the
quality of the magnetization formation during freezing (for
example, is saturated remanence achieved?). A failure to
achieve saturated remanent magnetization during rapid
medium cooling is a superparamagnetic (SP) effect. In this
situation, the population of grains that freeze into the
desired magnetic polarity (that is, align with the head
field) can be below 100%, and the theory of superparamagnetism describes this alignment probability distribution in terms of the system temperature and applied
magnetic field.
The questions raised in the previous paragraph are
nontrivial when T passes through TC , and involve physical
understanding at the level of condensed matter physics at
the frontiers of research. Consequently, present day
recording simulations usually do not rigorously incorporate the underlying physics at the necessary level of detail.
Perhaps the best reported simulation that attempts to
capture the relevant physics is a somewhat ad hoc
treatment of atomic-level magnetism without rigorous
employment of quantum mechanics, so-called atomistic
applications of the Landau–Lifshitz–Gilbert (LLG) equation to an ensemble of interacting magnetic atoms [8]. In
this situation, one moves forward with empiricism
augmented by intuitive computations and engineering
judgment, coupled with a push on the fundamental
materials and theoretical research that one hopes will
yield eventual understanding.
Some analysis of the SP phenomena in HAMR within
the constraint of reasonably well-established physics below
TC has been carried out [7] and is helpful in pointing to
factors that may mitigate the susceptibility of HAMR to
practical degradation. Additionally, there have been recent
efforts to replace solution of the LLG equation (which
strictly conserves the magnitude of the precessing magnetic
moment) with a more general approach (Landau–Lifshitz–
Bloch), which allows the moment’s magnitude to vary and
also introduces longitudinal and transverse susceptibility [8].
This is a promising development for improvement of
micromagnetics simulations of the HAMR system.
In HAMR, it is particularly useful to apply the
Arrhenius–Neél–Brown (ANB) theory of thermally induced magnetization decay in an ensemble of uniaxial
anisotropy magnetic particles to any situation in which an
elevated temperature has been applied to previously
recorded information in granular media [9]. An important
example would be the analysis of thermal erasure by
multiple HAMR writing passes on an adjacent track. With
ANB theory, one could assess the cumulative degradation
of recorded information after tens of millions of recording
passes on the next track.
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B. Tailoring and Controlling the
Medium Thermal Profile
The optimum mode for HAMR is to assure that the
medium thermal profile Tðx; y; z; tÞ has such a high spatial
gradient that it creates a dominant recording field
gradient, thus determining the recording process. In
conventional recording, the spatial and temporal variation
of the recording head magnetic field Hðx; y; z; tÞ is the
driving factor, but in HAMR the H-field simply provides
the bias for the final magnetization polarization. The
principal requirement for the H-field is that its strength
throughout the heated zone during the medium cooling
phase be sufficient to insure well-saturated recording in
the face of highly variable demagnetization and exchange
fields, as well as thermal fluctuations. In HAMR, the
spatial variation of Hðx; y; z; tÞ is of limited importance
when the thermal profile is adequate (large gradient at the
medium’s freezing temperature), as indicated by (1).
To say that Tðx; y; z; tÞ determines the HAMR process
means several things. First, its cross-track width determines the recorded track profile and does not perturb
adjacent track recorded information. Further, the downtrack profile should establish as high a value of dT=dx as
possible to assure that a minimally narrow magnetization
transition is written. Lastly, one does not want the medium
temperature to wastefully exceed the necessary thermal
demagnetization temperature T  TC in order to avoid
depositing unneeded energy, which can damage medium
materials (degrade magnetics, damage overcoat materials,
and deplete lubricants). Two factors govern efficient
heating and cooling of the medium: a) the mode of
thermal energy deposition and b) the thermal design of the
recording medium. A suitable average temperature elevation for good quality HAMR writing is most efficiently
achieved by pulsing the heating source with a duty cycle
commensurate with the recording rate, rather than heating
continuously. The time-average energy deposition can be
several times less when the heating is modulated in time.
Additionally, careful tailoring of the medium thermal
diffusion performance is necessary. Achieving these dual
objectives involves a design process combining thermal
modeling analysis and proper material selection.
Temporal modulation of the thermal excitation of the
magnetic medium plays an important role in determining
the cooling rate of the information storage material. This is
readily understood in terms of the relation
dTðx; tÞ @Tðx; tÞ @Tðx; tÞ dx
¼
þ
:
dt
@t
@x dt

(2)

When the medium heating is performed with a continuous
source, the cooling of magnetic grains as the imposed
thermal profile passes by is determined entirely by the
second term on the right in (2). That is, the cooling rate is
the product of the down-track thermal gradient at the

magnetic Bfreezing temperature[ and the speed of the
thermal profile along the track. On the other hand, if
the heating source is pulsed on and off, there is the
possibility that a significant fraction of the magnetic
particles within the area of thermal profile warm enough
to enable the HAMR process to experience a cooling rate
determined entirely by the first term on the right in (2).
Let us compare the magnitude of the two terms. Experiment and modeling give us the usable ranges for the
important variables @T=@t and @T=@x for our estimation.
While the linear speed in hard drives would be expected to
lie in the range 10–50 m/s, @T=@t for thermal profile
widths in the 40–200 nm range might be 400–2000 K/ns,
and @T=@x is estimated to be 3–10 K/nm. Consequently,
the second term on the right could range over 30–500 K/ns.
We thus see that the explicit cooling rate of grains @T=@t
due to the thermal response time of a well-engineered
medium following sudden removal of the heat source
can be dominant, particularly for the large majority of
grains that would cool due to source modulation rather
than translation through the trailing edge of the profile
(comparing the relative areas of the those thermal
zones).
The major issues in the film stack design for good
thermal confinement involve providing for rapid heat
diffusion out of the memory layer in the axial direction
while greatly restricting lateral heat spreading. One is
trying to achieve a) rapid thermal response time, commensurate with the recording rate, and b) good lateral
heat confinement to the recording zone without interference with the adjacent tracks. Numerical simulation of
heat flow under different scenarios of disk film stack
geometry and material selection, combined with a
description of the thermal excitation (whether optical or
otherwise), has proven invaluable in understanding proper
thermal design of media, as it did previously in optical data
storage [10].

C. Future Prospects
HAMR is expected to have a role in extending the areal
density (AD) potential of magnetic recording after
conventional perpendicular recording reaches expected
performance limits. HAMR, with its ability to record onto
extremely stable media, has considerable promise when
employed alone [11], and even more if used in conjunction
with other approaches such as bit patterned media (BPM)
[12], [138]. Extendibility of HAMR is based on two facts:
1) there is potential to elevate the magnetocrystalline
anisotropy of magnetic storage materials [10], [12], [138]
well beyond that in use at present, and that is expected to
deliver a factor of ten in AD based on maintenance of
thermal stability Ku V of granular magnetic media as grain
volume is reduced, and 2) it appears that local heating of
the magnetic medium (optically or otherwise) can be
extended well below that afforded by the diffraction limit
of conventional optics.
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III . OPTICAL DESIGNS AND
LIGHT DELIVERY
A. Introduction
As previously discussed, the driving force behind heatassisted magnetic recording technology is the superparamagnetic limit. It is therefore somewhat ironic that in
HAMR, it is the diffraction limit that is the major obstacle.
At Tb/in2 storage densities, the recording area per bit is
(25 nm)2 . However, with conventional far field optics,
light waves can only be focused to spot sizes that are about
half a wavelength in diameter. To be more precise, the
diffraction limit for the full width at half-maximum
(FWHM) optical spot size d as estimated from scalar diffraction theory is

d¼

0:51
NA

(3)

where  is the wavelength and NA is the numerical
aperture of the focusing lens. The numerical aperture is
the product of the sine of the half-angle of the focused cone
of light and the refractive index of the medium in which
the light is focused.
Diode lasers have been the enabling technology for
optical data storage. They are an inexpensive source of
high-power coherent light. The original optical data
storage systems used diode lasers operating at a wavelength of 830 nm. According to (3), it is advantageous to
reduce the wavelength in order to obtain smaller focused
spots. The laser wavelength for CD players is 780 nm, and
for DVD players is 635 or 650 nm. In DVD Blu-Ray
recorders, the wavelength is 405 nm and the NA of the
focusing objective is 0.85. This corresponds to a focused
spot size of 240 nm, which is in fact about the smallest
focused spot size allowed by the diffraction limit for visible
light when focusing in air. Laser diodes are currently
available at wavelengths as short as 375 nm.

B. Light Condensers
According to (3), when trying to obtain the smallest
focused spot, it is advantageous to focus the light through a
medium with the highest possible index. Liquid immersion
oil is often used between the objective lens and the sample
for high-resolution optical microscopy. Mansfield and
Kino [13] proposed a solid immersion lens (SIL) in which
the light is brought to a focus at the bottom surface of a
hemispherical lens. The diffraction limit for the optical
spot size is determined by the refractive index of the solid
lens, which can be as large as four for germanium in the
infrared or 2.3 to 2.5 for GaN in the visible. Although the
light is brought to a focus within the high index medium of
the SIL, the optical energy in the focused spot can be
coupled evanescently into a recording medium that is
situated within the near field of the optical spot. For
1814

efficient evanescent coupling without too much spreading
of the optical spot size, the distance between the medium
and the SIL must be less than about half the diameter of
the spot. A FWHM spot size of 139 nm was demonstrated
for a GaP SIL at a wavelength of 560 nm [14]. An SIL with
a numerical aperture of 1.8 was fabricated from Ohara
S-LAH79 glass with an index of 2.08 at a wavelength of
405 nm [15]. This NA and wavelength correspond to a
focused spot size of 115 nm. A readback system using
this SIL demonstrated a storage capacity of 36 Gb/in2 for
an optical ROM disc [15]–[17].
A variation on the SIL is the solid immersion mirror
(SIM) [18]. Both the SIL and SIM can be designed for a
planar waveguide geometry [19]–[21] to be more easily
integrated into the manufacturing processes of hard disk
drive recording heads. Although the angular distribution
of the light within an SIM is somewhat different than that
of an SIL, an SIM also provides a high index solid medium
in which to bring the light to a focus. At a wavelength of
405 nm, the planar SIM has demonstrated an FWHM spot
size of 90 nm [21].
Unfortunately, the optical spot sizes that are obtainable
by focusing light from the currently available diode lasers
through SILs or SIMs are much larger than the 25 nm spot
size necessary for > Tb/in2 storage densities in HAMR.
Even if shorter wavelength lasers were to become available, it is unlikely that materials with sufficiently large
refractive indexes that are transparent at those wavelengths could be found for a solid immersion-based optical
system for HAMR.

C. Near Field Transducers
The HAMR recording medium must be located within a
few nanometers of the recording head for the magnetic
reader to have sufficient resolution at Tb/in2 storage
densities. As a result, it is both natural and necessary to
employ near field optics in a HAMR storage system to
achieve optical spot sizes much smaller than the diffraction
limit. Near field optics make use of apertures or antennas, or
some combination thereof, to overcome the diffraction limit.
Although it is relatively simple to confine light to spots much
smaller than the diffraction limit, the primary difficulty in
HAMR is to deliver a significant fraction of the incident light
power within this small spot to the sample. The simplest near
field transducer is a circular aperture in an opaque metallic
film. Such apertures have an extremely low transmission in
the far field [22]. A 50 nm aperture has a transmission
efficiency for visible light less than 105 [23]. Nevertheless,
the far field efficiency is not the appropriate measure of
merit for a near field transducer (NFT), but rather the
efficiency and distribution of energy transfer into a recording
medium placed within the near field of the transducer.
Because the HAMR medium is a metallic medium, it will
strongly influence the interaction of the NFT with the
incident optical field. It is therefore generally not useful to
consider the optical characteristics of a NFT in isolation.
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A circular aperture was first demonstrated in a recording
experiment by Betzig et al. [24], [25]. They used an optical
fiber tapered to a 100 nm tip and coated with an aluminum
film to deliver light to a recording medium in the presence
of an external magnetic field. Very small aperture lasers
have also been proposed for HAMR [26], [27]. Magnetic
marks with sizes as small as 60 nm were recorded using
laser light at a wavelength of 515 nm and a power of 6 mW.
However, the data rate in this experiment was only 10 kHz,
a consequence of the low transducer efficiency, and the
storage density was 45 Gb/in2 . The power actually transmitted through the end of the fiber was G 50 nW [26].
Simulations of circular apertures have also been
published [28]–[30], demonstrating that surface plasmon
effects are particularly important in transporting optical
energy through the aperture. This effect gives a strong
wavelength dependence to the transmission. BGiant[ far
field transmittance has been observed [31]–[35] and
simulated [36], [37] through nanoapertures surrounded
by a periodic grating structure. It remains to be demonstrated, however, that the large far field transmittance
observed in the absence of a recording medium corresponds to a large near field coupling efficiency into a
confined optical spot inside the recording medium.
In order to enhance the coupling efficiency of the NFT
to the recording medium, a variety of other aperture shapes
have been proposed. Some of these are shown in Fig. 3.
The C aperture design has been extensively studied as an

Fig. 3. NFT apertures: (a) circular hole surrounding by concentric
grooves, (b) C aperture, (c) triangle aperture, (d) L aperture,
and (e) bowtie aperture.

Fig. 4. Several antenna designs proposed for NFTs, including
(a) the bowtie, (b) dual nanowires, (c) the beaked triangle,
and (d) dual ellipses.

NFT and been shown to demonstrate theoretically some of
the highest NFT coupling efficiencies [38]–[40]. The long
dimension of the rectangular aperture is on the order of a
wavelength to allow light that is polarized perpendicular to
this dimension to propagate through the aperture. The
ridge in the center of the aperture concentrates the electric
field intensity by both the lightning rod effect and a
localized surface plasmon resonance (SPR). The SPR effect
also leads to a strong wavelength dependence for this
transducer [41]. Other aperture designs include the bowtie
slot antenna [42], the triangle aperture [43], [44], and the
L aperture [45].
NFTs based upon nanoantennas have received as much
attention as the apertures. A variety of antenna shapes are
shown in Fig. 4. The earliest near field antenna proposal
was for that of a bowtie antenna [46]. This device was
initially demonstrated at microwave frequencies, but more
recent work has shown the antenna can also operate at
near infrared and visible wavelengths [47]–[50]. The
incident light is focused onto the antenna with the electric
field polarized along the long axis of the antenna. The field
then causes the surface charge to oscillate at the SP
resonant frequency when the dimensions of the antenna
are chosen appropriately. Surface charge at the points of
the triangles at the gap can generate enormous field
intensities. Unfortunately, when the bowtie antenna is
placed in proximity to a metallic recording medium, the
characteristics of the resonance change dramatically [51].
A flat bowtie antenna tends to resonate with the medium
across its entire surface, and the optical power coupled
into the medium is not confined to the gap region. The
optical confinement can be restored by canting the blades
of the antenna. While canted bowtie antennas have been
fabricated on pyramidal cantilevers used in scanning probe
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microscopy [52], it may be substantially more difficult to
develop a commercially feasible approach for fabricating
these antennas on a recording head in a HAMR disk drive.
Other antenna designs include pairs of elliptical
particles [53] or nanowires [54], [55] and the beaked
triangle antenna [56]–[59]. The latter antenna is one-half
of a bowtie antenna. Instead of canting the triangle blade
to eliminate the coupling across the surface of the antenna
to the medium, the tip of the triangle is extended towards
the medium by about 10 nm to ensure that the optical
energy is concentrated in the medium at this point only.
Forty nm marks have been successfully recorded in phase
change media with this antenna using a laser wavelength
of 785 nm focused onto the antenna with an objective
having a numerical aperture of 0.8. If the Bbeak[ at the tip
is extended too far, then the coupling efficiency decreases.
An NFT that does not conveniently fall into either the
category of aperture or antenna is the Bbutted grating
structure[ [60], [61]. In this NFT design, a planar waveguide is butt-coupled into a multilayer thin film stack
whose sides are tapered to a point. The multilayer film
stack is composed of several layers of dielectrics like Ta2 O5
and SiO2 as well as Si or Al. The multilayer film stack is
designed to funnel light from the outer layers towards the
low index SiO2 core, which acts to confine the light in one
direction, while the taper confines the light in the other
direction. Unlike the previous apertures and antennas, this
NFT design does not make use of surface plasmon resonance effects. An optical spot size measured by a scanning near field optical microscope was found to be 60 by
88 nm [62], although the effect of the recording medium
on the spot size has not yet been reported.

D. Light Delivery to the Recording Head
Up to this point, we have considered the diode laser
light source, the condenser optics (SIMs, SILs, or their
planar counterparts), and the NFT. These parts must be
efficiently coupled for a complete optical system. Again,
there are a variety of methods for doing this. Perhaps the
simplest approach is to place the laser directly on the
recording head and the NFT directly on the output facet of
the laser, as shown in Fig. 5(a). Such devices have been
termed very small aperture lasers (VSALs) [63], [64].
Square apertures of 50 nm2 on a diode laser operating at a
wavelength of 980 nm were found to emit 10 W into the
far field. Recording onto phase change media was achieved
with a larger square aperture of (250 nm)2 corresponding
to a storage density of 7.5 Gb/in2 [63]. The emission
pattern for a variety of apertures including rectangles and
C apertures was investigated by scanning near field optical
microscopy [64], [65]. One advantage of VSALs is that the
light that does not get emitted through the aperture is
generally reflected back into the laser cavity and thereby
contributes to additional stimulated emission. Nanoantennas have also been recently integrated onto the output
facet of diode lasers [66].
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Fig. 5. Techniques by which the laser light can be coupled into the
HAMR slider. (a) The laser is mounted directly on slider. (b) The light is
focused directly on the lens and SIL in the slider. (c) A transparent
slider incorporates a SIM. (d) A grating, prism, or other device couples
light into a planar waveguide. In all four cases, the NFT is located at the
air bearing surface.

A diode laser on a recording head can also be coupled to
the NFT by means of a planar SIL or SIM. In this configuration, the end facet of the laser is also the reflective
surface of the laser cavity, so there is not a substantial
amount of light energy returning to the laser cavity after
reflection from the NFT at the focus of the SIL/SIM.
Although this is a disadvantage of this design relative to that
of the VSAL, the great advantage of this approach is that the
output from the laser can be focused onto the aperture
thereby generating orders of magnitude larger fields at the
NFT than is possible with a VSAL. However, there have
been no reported demonstrations of this technique to date.
Alternatively, the laser light may be coupled to the
recording head via an optical fiber or free space. If the
recording head incorporates an objective lens and a SIL,
then a small mirror may be located above the objective to
reflect laser light propagating down the suspension directly
onto the lens, as shown in Fig. 5(b). Although the standard
recording head for a hard disc drive is built upon a slider
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with an air bearing surface so that the head Bflies[ across
the surface of the disk at a nearly constant altitude, all
optical disk drives use lenses mounted to actuators to
maintain a constant altitude and to servo on the data tracks.
Such an actuated recording head may be possible for
HAMR as well. In fact, recording using actuated SILs with
head-to-media spacings as small as 10 nm has been reported
[67]. A three-dimensional SIM as shown in Fig. 5(c) has
also been suggested as the basis for a slider in a near field
recording system [68], although the high curvature of the
SIM makes it extremely difficult to polish to the necessary
level of accuracy to obtain a diffraction limited spot.
Finally, the laser light may be coupled into a planar
waveguide by means of a diffraction grating [69], as shown
in Fig. 5(d). Grating coupling efficiencies as large as 55%
are theoretically possible [70] for relatively small gratings
that can fit easily on the end face of a slider. Other options
for inserting light into a planar waveguide on the recording
head are also possible.
Although free-space coupling is shown for options
(b)–(d) in Fig. 5, all of these approaches can be designed to
use an optical fiber to carry the light from the laser to the
recording head. Attaching the fiber directly to the slider
without interfering with the ability of the slider to fly over
the disk surface is a big challenge, and there are currently
no reports of this having been accomplished successfully
except for actuated recording heads.

E. Conclusions
To summarize, the development of near field optics
that can efficiently deliver light into a recording medium in
a region that is much smaller than the diffraction limit is
one of the most difficult if not the most difficult challenges
in HAMR. A variety of approaches are currently under
development that frequently make use of solid immersion
optics as condensers and antennas or apertures as near
field transducers operating at a surface plasmon resonance. Although there is no consistent approach in the
literature for defining the efficiency of such an optical
system, and therefore it is very difficult if not misleading to
compare results of different NFTs described in the
literature, it is likely that a fully optimized near field
optical system will convey 1 to 2% of the light emitted by
the laser into the (25 nm)2 recording spot in the
medium. This is still orders of magnitude greater than the
far field efficiency of simple circular apertures and will be
an astounding achievement and should be sufficient for
HAMR recording with low-cost laser diodes.

IV. RE CORDI NG HEADS
A. Introduction
The primary challenge of building an integrated HAMR
head is the integration of the light delivery and focusing
optics described in the preceding section with a magnetic

field delivery system. The integrated head must be able to fly
at low head-to-media spacing (HMS) (G 10 nm), deliver a
high field (5–10 koe) at the position of the heat spot, be
small and reliable, read back the written signal, and be mass
producible at low cost. There are three possible configurations for HAMR recording: 1) field defines the track, i.e.,
narrow pole and broad optical spot, 2) optics and magnetics
define the track, i.e., narrow pole and narrow spot, and
3) optical spot defines the track, i.e., narrow spot and broad
field. It is assumed in this section that the magnetic field will
extend beyond the area of thermal confinement for highdensity HAMR recording. This makes HAMR practical by
allowing fabrication of poles wide enough to have sufficient
field for rapid switching of the media. It is assumed that a
medium with high coercivity at ambient temperature is used
so that adjacent track erasure is not a problem.

B. Design Considerations
Materials for HAMR media are chosen (or designed) to
have the highest possible magnetic anisotropy Ku and
largest temperature dependence of switching field.
SmCo5 [71], FePt [72], and Nd2 Fe14 B [73] are potential
candidates, which have bulk Ku values reported to be 200,
70, and 46 Merg/cm3 respectively. Although the areal density is dependent on multiple factors such as grain density,
exchange, etc., the maximum areal density achievable is
proportional to the value of Ku at the operating
temperature [74].
Heat-assisted magnetic recording opens the way not
only to write on high Ku media but also to obtain write
field gradients that are much steeper than for conventional
perpendicular recording. A large temperature gradient is
advantageous in both the down- and cross-track directions.
Other design considerations for an effective head are
spot size, reliability, cost, power efficiency, and HMS. Cost
and power considerations suggest that diode lasers of less
than 150 mW be used. In designs of G 500 Gb/in2 , near
field focusing optics can be used without NFTs. The optics
must be short wavelength to approach 500 Gb/in2 , and
473, 445, or 405 nm blue laser are possible options. For
areal densities above 500 Gb/in2 , the diffraction limits of
visible light prevent the achievement of the small spot
sizes required. In order to achieve densities approaching
1 Tb/in2 , spot sizes of G 50 nm are needed. Efficient coupling to lossy metallic media is also needed. As described
in the previous section, the small spots required can be
generated by NFTs using surface plasmon resonance.
Lasers from the near infrared through the visible spectrum
are reasonable choices for these NFTs.
Since much of the energy used to generate the light
spot will be converted to heat in the head, the effect of this
heat on the head must also be considered. The first
concern is protrusion of the head around the area of the
pole and optical spot due to heat from the field and optical
delivery. A typical heater as implemented in a state-of-theart drive will cause a protrusion of 1 nm per 5 to 20 mW of
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Fig. 6. Diagram of TeraStor near field recording head.

heat applied [75]. This suggests that several nanometers of
protrusion may be possible during HAMR writing. Care
must be taken so that the head does not contact the disk
during writing, thus shortening the life of the drive. The
second concern is damage to the head due to the repeated
thermal cycling of the various materials in the optics,
poles, and surrounding areas.
The cost of an HAMR head should not be significantly
higher than the that of heads used in commercial drives
today. The new HAMR heads should use much of the
investment already in place to make these commercial heads.
They should accommodate much of the existing design and
manufacturing investment in commercial disk drives.

C. A Review of Various HAMR Head
Concepts and Designs
The first head designs with both field delivery and
optics were designed for the use of magnetooptical (MO)
media and included a method of optical reading. In the mid1990s, both Terastor [76] and Quinta [77] attempted to
commercialize MO drives as replacements for HDDs. The
heads for these drives used a micro-coil for field delivery
and a solid immersion lens or a more conventional lens for
concentrating the light. The heads flew over the MO media
in close proximity as they do in HDDs, and as illustrated in
Fig. 6. Miyauchi et al. [78] proposed an MO head with two
waveguides (read and write). The integrated waveguide
optics were built on a wafer using thin-film techniques and
then cut into sliders and mounted on head gimble
1818

assemblies (HGAs). Fedeli et al. [79] proposed a similar
design having the poles recessed from the air bearing
surface (ABS) for a more uniform field. Rottmayer et al.
[80] proposed a fully integrated thin-film read/write head
having two new features: 1) a waveguide for optical delivery
that was placed between the poles of an inductive head thus
permitting a very high field at the optical spot and 2) the
use of a giant magnetoresistive (GMR) reader to improve
SNR as shown in Fig. 7. Challener [81] proposed a head
design having a planar waveguide with grating coupling
adjacent to the write pole of a perpendicular write head with
a soft underlayer (SUL). Gage et al. [82] described a slider
configuration where a laser is placed in close proximity to the
write pole of a writer/reader built on top of the laser.

D. Optical-Only Head Builds
Several optical only heads have been built and used for
recording. The nanobeak mentioned in the Introduction,
in addition to writing small 40 nm dots in phase change
media, also showed HAMR recording by writing 20–30 nm
period nanodots of Co/Pd BPM [83], [84]. Konica Minolta
has developed a thin and high-efficiency SIM as the
focusing optics for an HAMR head. The SIM has a thin
shape because optical rays are folded twice and reflected
from an angle-selective reflective layer applied to the top
surface resulting in high efficiency. The SIM was mounted
on a slider and suspension, and submicrometer sized dots
were written [84]. Seiko Instruments mounted a triangular
aperture and shined polarized light from a fiber reflected
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105 revolutions of the disk with a typical write-level laser
power applied continuously. The disk was inspected before
and after the test with an atomic force microscope (AFM)
and Candela imaging. No head crashes, lubricant desorption, or topology changes were observed. All of these
experiments suggest that PSIM HGAs constitute a robust
HAMR recording system capable of writing 100 nm
tracks with 488 nm illumination.

Fig. 7. Diagram of head from Rottmayer et al.

from a micromirror onto the aperture resulting in a highresolution spot and stable nanofly height [84].
Seagate built a spin stand that can fly and illuminate
planar solid immersion mirror (PSIM) HGAs, provide an
external magnetic field, and read back with a separate read
head. Recording experiments were performed on a Co/Pt
multilayer magnetic disk [85]. The head consisted of a
typical thin-film head slider with a PSIM mounted at the
trailing edge (TE) of the slider with its focal point at the
ABS. The optical source was a 2 W, 488 nm, Ar+ laser
modulated with a Conoptics Model 100 electrooptic
modulator, although the full 2 W was not needed. The
velocity was 14 m/s. The media was heated above its Curie
point of 275  C. HAMR recording with 488 nm light
yielded a narrow cross-track profile of 105 nm, which was
smaller than the 124 nm optical spot size produced by the
PSIM with 488 nm light. This may indicate steep temperature gradients and/or Gaussian tip writing. It was also
observed that the track width and auto correlation signalto-noise (ACSN) increased with both laser power at
constant field and field at constant power. At higher fields,
the ACSN actually decreased due to the ability of the field
to write without heat assist.
HAMR media were overwritten more than 103 times
with no degradation of signal amplitude or SNR [86]. In
another experiment, the head–disk interface was tested for

E. Integrated Heads
Seagate Technology has produced a fully integrated
HAMR head with optical and magnetic field delivery and
an integral reader [87]. This head consisted of a PSIM with
free-space optical coupling onto a grating. The PSIM
focused 488 nm near field light onto the media producing
a 122 nm spot, as explained in the previous section. The
PSIM was surrounded by a magnetic field delivery structure that was similar to that in a conventional longitudinal
magnetic recording head, as shown in Fig. 8. The field
delivery structure has a magnetic core with a coil, where
the write pole is patterned down to a 100–300 nm crosstrack width at the leading edge of the trailing pole. Since
HAMR uses a perpendicular medium, the edge of the
waveguide core needs to be in close proximity to the edge
of the pole (20–50 nm). Since the magnetic material
interferes with propagation in the waveguide, it needs to
be kept as far as possible from the core to prevent unacceptable losses in optical efficiency. Thus the larger parts
of the pole and the yoke are stepped away from the core. A
scanning electron microscope (SEM) ABS view of the head
is shown in Fig. 9. The same view, but taken with an
optical microscope while the PSIM is focusing the light in
the waveguide under the pole, is shown in Fig. 10.
Thousands of these heads have been fabricated in a
research thin-film head fabrication facility that utilizes
production equipment and processes. Waveguide dielectric
processes must be developed for HAMR heads, but the

Fig. 8. (a) Cross-sectional and (b) top-down diagrams of an
HAMR head with PSIM, input coupling grating, and a
magnetic ring head. (c) is a legend for (a) and (b).
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Fig. 11. (a) Magnetic force microscopy image of high coercivity media

Fig. 9. SEM ABS view of an HAMR fully integrated head.

being written without heat assist and with heat assist. (b) MFM images
for HAMR recorded tracks of single frequency tone and pseudorandom
bit sequences on a media with high anisotropy, where it is dominated
by thermally assisted recording.

processing integrates well with that of conventional thinfilm heads. Therefore, most of the existing investment and
skill set can be utilized in manufacturing thin-film heads,
suggesting that such heads can be mass produced at
comparable costs to today’s advanced heads.
The fully integrated HAMR HGAs were then tested
on a specially designed HAMR spin-stand [88] that allows
for full operation of the magnetic read and write head while
the 488 nm laser light is coupled into the waveguide. The
media used was an HAMR unique media with high coercivity and HAMR thermal design. A magnetic force microscopy (MFM) image of the media after both non-HAMR
(no laser power) and HAMR writing is shown in Fig. 11. It
can be seen that with a write current of 70 mA, no
transitions were written using non-HAMR recording in
column 1 of Fig. 11(a). With a write current of 120 mA,

there are still no clear transitions written in column 2. With
the laser turned on for HAMR recording, bits were easily
written with a 70 mA write current, as shown in columns
3–7. Columns 3, 5, and 7 are tones at increasing linear
densities, respectively. Columns 4 and 6 are pseudorandom
bit sequences at increasing frequencies, respectively.
An ACSN cross-track profile that was taken with a fully
integrated HAMR head is shown in Fig. 12. This was
obtained by writing a bit sequence with the fully integrated
HAMR writer and then scanning the reader across the
track; thus the resulting profile is a convolution of the write
and read profiles. The physical width of the magnetic top
pole on this particular head was 350 nm. It can be seen
that the written track width is significantly narrower than
the physical pole width, which is a confirmation of HAMR
writing. The readback signal in the time domain for a fully
integrated HAMR head for a pseudorandom bit sequence is
shown in Fig. 13. The data shown in both Figs. 12 and 13
were written by a fully integrated HAMR head, and the
readback was done with the reader on that same head.

Fig. 10. ABS optical image of HAMR slider with gratings illuminated.
Aperture is blocking side lobes.

Fig. 12. ACSN cross-track profile, written by a fully integrated HAMR
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head and read back with the reader on that same head.

Proceedings of the IEEE | Vol. 96, No. 11, November 2008
Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on July 25, 2009 at 13:09 from IEEE Xplore. Restrictions apply.

Kryder et al.: Heat Assisted Magnetic Recording

Fig. 13. Pseudorandom time-domain waveform from a fully integrated
HAMR head with read back from the same head.

V. HAMR MEDIA
A. Introduction
Because of the utilization of thermal assistance during
the recording process, an integrated HAMR medium
capable of supporting high density requires not only the
fabrication of thermally stable media with high anisotropy
and small grain size but also proper thermal design for heat
confinement and management in the media.
B. HAMR Media Recording Layer
Design Considerations
A schematic of a typical HAMR media structure is
illustrated in Fig. 14. Many of the components are also
commonly used in perpendicular recording media, such as
a lubricant, an overcoat, a recording layer, a properly
designed SUL, and an interlayer for magnetic property and
microstructure control.
However, there are many unique aspects of the HAMR
media structure as well. First, in order to support high
recording densities while also providing thermal stability
[89], the recording layer must have high anisotropy and
sub-5-nm grain sizes. Secondly, the use of heat during the
record process requires that the media overcoat and
lubricant be thermally stable. Moreover, in order to optimize the thermal response of the media, a heat sink must
be provided. This may be incorporated into the interlayer
and/or soft underlayer, or a separate heat sink layer may be
utilized. The design of these layers will be discussed in
Section V-D.
There are several potential magnetic material systems for
HAMR. L10 FePt, FePd, CoPt, and MnAl all offer high
magnetic anisotropy [89]–[91]. However, in order to induce
the ordering required to achieve the high anisotropy, a high
processing temperature is required. This high processing
temperature requirement makes it extremely challenging to
obtain recording media with a suitably small grain size, as
the high processing temperature not only causes the
chemical ordering but may also cause grain growth.

SmCo5 [92]–[94] and Fe14 Nd2 B represent another
class of materials that has been studied for permanent
magnet applications and that also exhibits extremely high
anisotropy. In order to have the desired high anisotropy,
however, the materials must be made in the proper phase,
which is not typically easily achieved via sputtering.
Moreover, these materials have a high potential for
corrosion due to their rare-earth content.
Co/Pt and Co/Pd mutilayers represent yet another
potential class of materials [95], [96]. Here one has to be
rather careful with the very high anisotropy values reported
in the literature because it is usually normalized to the Co
volume instead of the total Co/Pt multilayer volume, while
the latter is critical for thermal stability considerations.
They can be designed with anisotropy (normalized to total
media thickness) around 1  107 erg/cm3 [97], [98] due to
the interfacial anisotropy in the multilayer structure and,
therefore, offer rather limited potential advantage over
conventional perpendicular media based on CoCrPt:oxide.
There have also been several attempts to utilize
perpendicular magnetooptical (MO) media for HAMR
type applications [99]–[101]. Such media can be written at
high temperatures; however, the Breadout[ layers of these
media have been optimized for the magnetooptical Kerreffect readout and do not typically have the large Ms
required for magnetoresistive readout. Nemoto [100], on
the other hand, proposed a double-layer MO-type medium
for heat-assisted writing and readout at room temperature.
It consisted of a low-coercivity high-magnetization TbDyFeCo readout layer exchange coupled to a TbFeCo memory
layer with high coercivity near room temperature. The
magnetization of almost 300 emu/cm3 of the readout layer
at room temperature could be used with magnetoresistive
readout. Katayama et al. [101] of Sharp proposed a singlelayer MO type of medium for heat-assisted writing and
reading. The compensation temperature of the rare-earth
transition-metal (RE-TM) alloy chosen, Tb23 Fe22 Co55 , is
close to room temperature, and thus it is necessary that the
media be heated during both writing and reading.
Corrosion is a serious concern for all these MO media

Fig. 14. Schematic drawing of a typical layered structure for
HAMR media.
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Table 1 List of Properties of High Anisotropy Magnetic Materials. Data Shown in This Table Are Based Upon Data From Klemmer et al. [91]
and Weller et al. [90]

because they contain rare earths and the overcoat must be
very thin for such high-density near-field recording and
readout. Moreover, the relatively large minimum stable
domain size in such media probably limits the potential of
such media to relatively low areal densities.
The basic material properties of the potential candidates for HAMR media, and the calculated thermally stable
grain size, assuming columnar grains with 10 nm thickness, are listed in Table 1. The areal density potential of
these materials, based upon the requirement that the
thermal energy barrier


4MS 2
E B ¼ KU V 1 
HK

(4)

must be at least equal to 60 kB T, is shown in Fig. 15.
The Curie temperature TC is an important parameter
in the design of HAMR media, since it largely determines
the necessary recording temperature and, consequently,
the materials used for overcoats and lubricants. Modeling
has suggested that recording close to or above the Curie
temperature is required to achieve the highest arealdensity advantage for HAMR [102], [103]. The Curie
temperature varies with the material systems. SmCo5 and
CoPt show high TC around 840–1000 K, while L10 FePt
shows a modest TC of 750 K, and Co/Pt and Co/Pd
mutilayer systems offer great flexibility in tuning TC with
the thickness ratio of Co/Pt(Pd).
The Curie temperature of the recording layer can also be
tuned with doping. In one example, Thiele et al. [104] have
shown that the Curie temperature of FePt can be reduced
with Ni doping as shown in Fig. 16. However, at the same
time, the anisotropy also decreases. Thus, at least in this
example, reducing the Curie temperature requires a design
tradeoff between Curie temperature and anisotropy. On
1822

the other hand, L10 FePt has a sufficiently high anisotropy;
there is some operating space for such a tradeoff to be made.

C. Progress Toward High Anisotropy Media
Despite the very large potential of high anisotropy materials such as L10 FePt for high-density magnetic recording
media, there are many challenges to making it practical.
The high process temperature required to induce the L10
chemical ordering makes it difficult to use conventional
substrates and to achieve the grain size, 001 texture, and
grain isolation that are required. Nevertheless, progress
relevant to each of these challenges has been made through
the efforts of several different groups [105], [106].
It has been reported that the ordering temperature
could be reduced by the addition of Ag and Cu [107], [108]
and by ion irradiation [109]. However, the texture was
undesirably random. Low temperature fabrication and
texture control of L10 FePt films were achieved by alternate
monoatomic layer deposition [110] and stress/strain assistance [110]–[112]. In addition, L10 FePt films with small
grain size and (001) texture were obtained by postdeposition annealing of multilayer films at temperatures higher
than 550  C [114], [115] More recently, Chen et al.
recently reported depositing L10 FePt (001) oriented films
with coercivity higher than 14.4 kOe and well-isolated
7.5 nm grains onto glass substrates at 350  C by using an
MgO intermediate layer and doping C into the FePt films
[105], [106]. Well-isolated columnar grains can be seen in
the cross-section transmission electron microscopy (TEM)
for the media sputtered at relatively higher power with
15 vol% of carbon doping, as shown in Fig. 17(a). The plain
view images show that better grain decoupling is achieved
for media made with higher sputtering power, while
further optimization is needed to improve the uniformity
of the grain decoupling. It is also claimed that the lattice
mismatch is optimized for the CrRu seed layer, to lower
the ordering temperature [105], [106]. Although the
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Fig. 15. The areal density potential of various materials, plotted as a function of their magnetic anisotropy.

process involved deposition onto only one side of the substrate while the back side was heated during deposition
and is, therefore, not suitable for manufacturing, these
results appear to represent a significant step toward developing FePt with good magnetic properties and microstructure using modest processing temperatures.

Fig. 16. Temperature dependence of HK for FePt with various amounts
of Ni doping (after Thiele et al. [16]).

Rare earth-Co based materials have also made good
progress recently, with high perpendicular anisotropy
being achieved in thin films of SmCo deposited on Cu/Ti
and Cu/Pt dual underlayers [92]–[94]. Sayama et al. [92]
reported that SmCo5 films on Cu underlayers with a Ti
buffer layer show a coercivity of 12 kOe and an anisotropy
of up to 4  107 erg/cm3 , even though the film morphology
was continuous. A recent study by Sayama et al. [94]
showed that adding Cu produces substantially improved
corrosion resistance.
For the Co/Pt mutilayer type of media, Kuo et al. reported anisotropy above 1  107 erg/cm3 can be achieved
with optimal thickness and process optimization [116].
Meanwhile, Kawada et al. reported that Co layers with
added SiO2 were applied to Co/Pt multilayer media to
enhance the grain isolation and reduce the media noise
[98]. Typical magnetic properties of the media with
0.29 nm Co layer thickness and 0.12 nm Pt layer thickness
were coercivity HC ¼ 6:2 kOe, MS ¼ 540 emu/cm3 ,
and the perpendicular anisotropy energy
Ku ¼ 6:0  106 erg/cm3 . The average grain size and grain
boundary of that media were 6.6 nm in diameter and about
2 nm in width, respectively. The media exhibited both
excellent recording performance and good thermal stability. However, the limited gain in anisotropy will limit the
potential of such multilayer media.
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Fig. 17. (a) Top: cross-section TEM image of FePt-C film with carbon concentration of 15 vol% and FePt sputtering power of 50 W;
bottom left: plane-view images of FePt-C film with carbon concentration of 15 vol% and FePt sputtering power of 15 W;
bottom right: plane-view images of FePt-C film with carbon concentration of 15 vol% and FePt sputtering power of 50 W. (b) Out-of-plane
hysteresis loop of FePt-C film with carbon concentration of 15 vol% and FePt sputtering power of 15 and 50 W, respectively. (Courtesy of [18].)

D. HAMR Media Thermal Design Considerations
As mentioned above in the discussion of recording
physics, a large temperature gradient is advantageous in
both the down- and cross-track directions for HAMR. The
thermal design of HAMR media must consequently ensure
negligible broadening of the temperature profile during
the writing process. This is achieved by extremely fast
cooling due to vertical heat diffusion into a heat sink made
up of the intermediate and soft-magnetic underlayers.
To study the effect of different underlayer designs on
the cooling rate, time-resolved pump-probe techniques
utilizing a pulsed laser were used as shown in Fig. 17(a).
An intense pump pulse is used to heat the medium, while a
time-delayed probe pulse is used to monitor the temperature change as function of time using the change of
reflectivity of the sample as the temperature monitor. As
shown in Fig. 18(b) and (c), the cooling times can vary
about an order of magnitude from 100 ps to 1 ns,
depending upon the proper design of the heatsink.
Another important aspect of media thermal design is to
avoid lateral thermal diffusion. Consequently, a spatially
scanning pump-probe set up was utilized to study the
effects of thermal design and disc motion on lateral
thermal spreading [117]. A pump laser was focused and
used to heat the media while a probe pulse was scanned
spatially around the heated spot to study the temperature
distribution again using changes of reflectivity to monitor
the temperature [117]. The thermal profile was studied for
1824

media with and without a heat sink. With the disc
stationary, a confined symmetric thermal spot was found
for both cases, as shown in Fig. 19(a) and (c). However,
when the disc was spinning at 10 m/s, the media without a
heat sink exhibited a thermal profile with a teardrop-like
shape and with elongation along the disc motion direction,
as shown in Fig. 19(b). On the other hand, for the media
with a good heat sink, the thermal profile shows negligible
broadening, as shown in Fig. 19(d). Such thermal
confinement is very important for achieving the small
written track widths and large thermal gradients necessary
for high-density recording with HAMR.
Mapping of the equivalent temperature profile upon
heating with a focused laser beam using the scanning
pump-probe technique is shown in Fig. 19, for several
different cases: a) stationary media without heat sink,
b) spinning media without heat sink, c) stationary media
with heat sink, and d) spinning media with heat sink.

E. Alternative HAMR Media Designs
As discussed earlier, for HAMR to write well, conventional HAMR media must typically be heated close to the
Curie temperature TC . At high write temperatures,
significant problems with the head–disk interface of the
recording system, such as lubricant degradation and large
thermal stresses, must be overcome. Hence it would be very
desirable to develop advanced media designs that would
enable recording at lower temperatures. Many designs
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Fig. 18. (a) Schematic of the time-resolved pump-probe technique; (b) the cooling of media without a good heat sink; (c) cooling of media
with a good heat sink.

have been proposed to make this possible. Thiele et al.
proposed an Bexchange spring[ bi-layer system based on
FePt/FeRh [118], [119]. The proposed bilayer structure
consists of a first layer made from a ferromagnetic high
anisotropy alloy (FePt) that is exchange coupled to a
second layer consisting of FeRh. At close to equiatomic
compositions, FeRh is an antiferromagnet (AF) at room
temperature. Interestingly, upon heating beyond the Neel
temperature, TN , FeRh undergoes a phase transformation
and becomes ferromagnetic (FM) for temperatures
TN G T G TC . The temperature-induced FM FeRh layer
assists the switching of the hard layer via an exchangespring effect, where a domain wall forms at the interface
and applies a torque on the hard layer. This enables the
switching of the FePt layer at considerably reduced
temperatures compared to the TC of FePt. The transition
temperature can be tuned by changes in the Fe/Rh ratio
or by small additions of other elements such as Ir or Pt.
Significant challenges are still present, however, to
fabricate such bilayer structures, as both layers require
high process temperatures (> 450  C) to induce chemical ordering, and interlayer diffusion is hard to control. It has also been found that the thickness of the
FeRh layer needs to be larger than 10–20 nm in order to
minimize thermal hysteresis in the AF-FM-AF transition
upon heating and cooling. This makes it challenging to

fabricate bilayers with high grain aspect ratio (thickness/
grain size) [119].
Other advanced bilayer HAMR media designs such as
thermal spring media [120] and low TC and high TC
composite media have also been proposed. All of them are
directed at the possibility of recording at reduced temperatures. A concept of an exchange-coupled magnetic
mulitlayer was presented by Kikitsu et al. [121], where
magnetic layers with different Curie temperatures and
similar coercivities were obtained via exchange coupling.
The coercivity of the double layer changes abruptly near
TC of one of the layers. It was argued that the recording
temperature could be reduced with little reduction in the
thermal stability in such multilayers. An example of such a
medium was fabricated using two Co/Pd multilayers.

F. MFM Images of Recording on HAMR Media
Seagate has fabricated both integrated HAMR heads
and media. The fully integrated HAMR heads were tested
on a specially designed HAMR spin-stand [122] that allows
for full operation of the magnetic read and write head
while a 488 nm laser light is coupled into the waveguide.
An MFM image of the media after both non-HAMR (no
laser power) and HAMR writing is shown in Fig. 11(a) and
was previously discussed in Section IV-E. Fig. 11(b) shows
MFM images for HAMR recorded tracks of single

Vol. 96, No. 11, November 2008 | Proceedings of the IEEE
Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on July 25, 2009 at 13:09 from IEEE Xplore. Restrictions apply.

1825

Kryder et al.: Heat Assisted Magnetic Recording

Fig. 19. Mapping of the equivalent temperature profile upon heating with a focus laser beam using the scanning pump-probe technique,
for several different cases. (a) Stationary media without heat sink; (b) spinning media without heat sink;
(c) stationary media with heat sink; and (d) spinning media with heat sink.

frequency tone and pseudorandom bit sequences on a
media with high anisotropy, where it is more dominated by
thermally assisted recording. The track width is very close
to the optical spot size and the recorded tracks also show a
curved transition, as is expected for HAMR in the
thermally dominated regime.

G. Conclusion
In conclusion, HAMR media require both appropriate
magnetic properties and appropriate thermal properties.
Both modeling and experiment have indicated that the
thermal properties can be achieved, but obtaining the correct magnetic properties remains a challenge. In general,
the media must have high anisotropy; small (G 5 nm), wellisolated grains; and moderate Curie temperatures. Although achieving these properties is challenging, there are
many materials candidates. Recently, for instance, L10
1826

FePt, which has long been considered one of the most
attractive candidates because of its very high anisotropy and
good corrosion resistance, has been made with 7.5 nm grain
size by doping the films with carbon and depositing them
onto MgO interlayers. Multilayer exchange coupled media
have also shown promise by producing high anisotropy
bilayer films with a low switching temperature. If progress
continues, it appears likely that the HAMR media
challenges will be overcome.

VI. LUBRICANT, OVERCOAT, AND
HEAD-DISK INTERFACE TRIBOLOGY
A. Introduction
As described in earlier sections, HAMR requires the
heating of the magnetic media to or above the Curie
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temperature ðTC Þ of the media magnetic material within a
nanosecond using a special magnetic recording head,
which can deliver thermal energy to the media. Properties
of some of the possible media candidates are shown in
Table 1, where Dp is the minimum thermally stable grain
size, assuming each grain is a 10-nm-tall pillar or column.
Since it is necessary to utilize smaller grain size to maintain signal-to-noise ratio at higher densities, it is seen that
L10 FePt, L10 CoPt, and even SmCo5 are attractive media
for high-density applications. These materials have TC
around 750, 840, and 1000 K, respectively, as indicated in
Table 1.
With such high temperatures required for recording,
the lubricant used to coat the magnetic media could desorb
from the media surface or degrade, leading to other
detrimental side-effects like corrosion. Moreover, at such
high temperatures, the currently used plasma-enhanced
chemical vapor deposition carbon overcoat could also
change properties leading to poor corrosion protection and
bad tribology performance. Associated with these high
temperatures, other effects such as thermal pole tip
protrusion as well as transient elastic thermal distortion
of the media surface [123] could further exacerbate the
head–media interface stability.

B. HAMR Lubricant
Conventional perfluoropolyether (PFPE) lubricants
such as Z-Dol 4000 or Z-Tetroal, which are used to coat
current magnetic recording media surfaces, cannot withstand the HAMR recording temperatures. This has been
demonstrated experimentally with results obtained from
thermal gravimetric analysis (TGA) and temperature
programmed desorption studies. Moreover, it is well
documented by former industrial companies Quinta and
Terastor that if the lubricant is not properly designed, the
lubricant can easily be evaporated and/or degraded in the
presence of large temperature excursions. An XPS scan of a
desorbed track where the lubricant was exposed to thermal
energy during writing is shown in Fig. 20. Lubricant
desorption and/or degradation was instantaneous and
catastrophic, leading to head–disk interface failure.
Based on this learning, lubricants for HAMR should
first be screened for thermal robustness using TGA in air
unless the application will not be an ambient environment.
This type of analysis provides great insight into how well
bulk lubricant materials can withstand the recording
temperature. Typical TGA results on two ZDol lubricants
with different molecular weights are shown in Fig. 21.
These data along with Fourier transform infrared spectroscopy analysis of the lubricant after various heating
treatments indicate that the weight loss of the lower
molecular weight (MW) lubricant is due to evaporation,
while the weight loss of the higher MW lubricant is
associated with decomposition. This conclusion is supported by the results of two different studies of how
lubricants behaved under high temperature conditions

Fig. 20. XPS scan of lubricant.

[129], [130]. Therefore, for the HAMR recording interface,
a high molecular weight ZDol could be used if the highest
peak (recording) temperature is limited to below 620 K.
The challenge for the tribology community is to engineer a
head–disk interface that could utilize an ultrahigh
molecular weight lubricant, e.g., ZDol 7800.
It has been shown recently that the thermal oxidative
decomposition of Z lubricants is highly linked to the lubricant polymer end-group. Studies have shown that the
CH2 OH end-groups have a significant effect on the thermal
decomposition mechanism and that the decomposition is
initiated at the end-groups [124].
For magnetic recording media fabricated based on the
material set listed in Table 1, the conventional liquid
lubricants used today in HDD applications would not be
able to withstand the recording temperatures needed.
However, if one used FeRh/FePt exchange spring media
like that described earlier in the media section [125], the
HAMR recording temperature could be lowered and the
current ZDol or ZTetraol lubricant system could be used.
Alternatively, many researchers have ongoing research
efforts to develop alternative formulations for liquid
lubricants [126], [127]. A recent U.S. patent application
also indicated that there are efforts to develop a solid
lubricant suitable for HAMR applications [128]. It is not
clear whether a solid lubricant would be compatible with
HDD applications, since it lacks the lubricant mobility that
allows the interface to Bself-repair[ in case of intermittent
head-disk contact.
In summary, finding a reliable HAMR lubricant
remains as a challenge before HAMR can be practically
utilized. Perfluoropolyether types of lubricant, e.g., ZDol
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Fig. 21. TGA results of Zdol 2200 and Zdol 7800. (a) Weight and
(b) weight loss rate.

and ZTetraol, have been the lubricants of choice for the
HDD industry. However, for HAMR systems, unless a high
molecular weight fraction of the PFPE lubricant can be
engineered to work in the HDD environment, alternate
lubricants, including possibly solid lubricants [128], must
be developed.

VI I. HAMR FROM SYSTEMS
DE SIGN PERS PECTIVE
Channel architectures are located between the physical
layer (including recording medium, recording head,
mechanical parts, etc.) and user, and are responsible for
extracting the user data from noisy analog signals coming
from the recording head. The functional blocks (signal
processing blocks, channel equalizers, detectors, and
error-correction codes) within these architectures need
to be designed carefully for a given physical layer in order
1828

to optimize the overall system in terms of performance,
cost, and reliability. In this paper, HAMR has been
proposed to increase the areal densities beyond the
practical limitations of conventional recording architectures. The presence of heat in HAMR systems results in
different physical channel behaviors, and the possibility of
modulating the laser power provides an additional
parameter that can be utilized to optimize the overall
system. Thus, designing HAMR specific channel architectures requires a new perspective, and this section is
devoted to the analysis of HAMR from a write and read
channel architecture design perspective.
In this section, we model the physical layer using
microtrack modeling and apply the thermal Williams–
Comstock model to each microtrack [131], [132]. The
thermal Williams–Comstock model brings its own inherent assumptions to our modeling, such as restricting the
system to one dimension and requiring a thin magnetic
medium. Although the thermal Williams–Comstock model
is not as accurate as a detailed micromagnetic model, it is
much faster and simpler, and we believe it will be useful to
determine the trend of the physical channel behavior as a
function of the temperature profile, thus helping us to
define the write- and read-channel alternative options for
HAMR. Throughout this section, unless otherwise specified, a Gaussian temperature profile is assumed for both
along the down-track and cross-track directions. The
coercivity Hc and remanent magnetization Mr are assumed
to be linearly dependent on the temperature.
We first analyze the effect of the temperature profile
on the system behavior by calculating the transition
location and a-parameter profiles as a function of the
temperature profile [132]. The a-parameter profile where
the head field H0 is 2.4 T is shown in Fig. 22(a). We see
that the minimum value of the a-parameter does not occur
at the center of the track where the maximum heat is
transferred. Instead, it occurs away from the track center.
This means that the medium is overheated, and the field
gradients and the temperature gradient do not align to
produce the minimum a-parameter at the center of the
track. To illustrate this, we reduce the peak temperature
from 700 K (400 K increase from room temperature) to
550 K in Fig. 22(a). As can be seen from this figure, we get
a smaller and more uniform a-parameter profile along the
cross-track direction. This implies sharper transitions and
similar channel response at different off-track positions,
which results into reduced intersymbol interference (ISI)
and misequalization at different off-track positions. As
seen from Fig. 22(c), adjusting the temperature also
reduces the curvature of the transition location profile. We
next focus on the a-parameter profile in Fig. 22(b), where
the head field H0 is 1.8 T, and reduce the peak temperature
from 700 to 600 K. As seen from this figure, for the case
where the peak laser temperature is equal to 600 K, the
a-parameter becomes smaller at the track center and is
constant over a wider cross-track range than in the case
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Fig. 22. Microtrack modeling is used to plot the a-parameter and the transition location at both 700 and 550 K in an
applied field of 2.4 T in (a) and (c), respectively. The a-parameter and the transition location at both 700 and 600 K in an
applied field of 1.8 T are plotted in (b) and (d), respectively.

where the peak temperature is 700 K. This results in
sharper transitions at small off-track values and less
curvature in the transition location profile, as shown in
Fig. 22(d). However, it is also worth noting that if the
head deviates significantly from the center of the track,
the a-parameter of the system at 600 K changes much
more than the one at 700 K [132].
In Fig. 22, it was assumed that the peak of the thermal
profile coincided with the magnetic field peak. However,
the location of the thermal profile changes as a function
of the position of the light delivery system, which
also affects the physical channel response through the
a-parameter [133]. The PW50 of the channel response as a
function of the peak of the thermal profile (relative to the
magnetic field peak) for a specific set of system parameters
(such as peak temperature, magnetic field profile, media
parameters, etc.) is shown in Fig. 23 [133]. Larger PW50
means larger ISI to be cancelled in the channel architecture, which requires larger channel equalizer target lengths

and more states in the detectors, thus resulting in more
complex and power-hungry read-channel architectures.
Hence, aligning the peak thermal profile and the peak
magnetic field in terms of PW50 is also important.
Once the location of the light delivery system is fixed
and the thermal profile is optimized with respect to the
magnetic field profile and the other system parameters,
the read-channel architecture then has to be optimized for
the physical channel. For example, as in [133], generalized
partial response targets [134] for various longitudinal
HAMR systems have been designed for operation at their
corresponding optimal laser spot positions. It has been
observed that the dominant error events for these targets
were equal to [1 þ1 1] for high densities. This
encouraged the use of well-known maximal transition run
constraint codes of rate 6/7 [4] and 8/9 [135], [136].
However, the simulation results in [133] for user density
3.0 and with 100% additive white Gaussian noise indicated
that these codes perform better only at high SNRs due to
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Fig. 23. PW50 as a function of the peak of the thermal profile.

associated code rate losses. This suggests that postdetector
processors might be a better option for dealing with
dominant error events in HAMR systems.
For a given HAMR system, the read-channel architecture should be optimized according to the new physical
channel. However, the presence of heat in the system can
also be used as a new system parameter to further optimize
the system. For example, as seen in Fig. 22(c) and (d), the
transition location changes with temperature, which may
also mean that we can modulate the laser to perform write
precompensation [137]. As shown in Fig. 24 [137], the
laser power can be modulated around a mean based on the
sequence of user data to be saved on the HAMR system to
achieve the correct amount of write precompensation in
the system. For example, as shown in Fig. 24, we can
change the location of the transitions by 2 nm (for a deepgap field equal to 2.4 T) to 6 nm (for a deep-gap field equal
to 2 T) within a 50 K temperature range around 650 K,

Fig. 24. Utilizing the presence of heat as a new parameter to further optimize the system performance.
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which corresponds to around 20% to 60% for a bit width
equal to 10 nm. On the other hand, the mean of the
temperature value can be adjusted, for example, in order to
compensate static head–media spacing (HMS) variations
in the system [137]. Again as shown in Fig. 25, for an ideal
HMS value, while the system has been for example
designed for 2.5 T head field together with peak
temperature of 500 K, static HMS variations may lead to
reductions of head field from 2.5 to 2.4 T, which may be
compensated by changing the temperature value to 700 K,
thus enabling the same physical channel response.

VIII . CONCLUSION
It is projected that perpendicular recording will be limited
to about 1 Tb/in2 because the write field that may be
produced by a magnetic write head is limited to about 2.5 T
by the maximum saturation flux density of known
magnetic materials. This limitation makes it impossible
to scale the head field with the media coercivity, which is
required if the linear density is to be increased while
maintaining thermal stability in the media.
HAMR utilizes thermal energy produced by a laser
incorporated into the write head to overcome this
limitation. Heat generated by absorption of the laser light
in the medium reduces the anisotropy of the medium
during the write process, making it possible to record with
available head fields. Moreover, the effective head field
gradient, which determines the width and precision of the
written bit, is considerably higher with HAMR than can be
achieved with a magnetic head, alone. This high effective
head field gradient results in both better defined written
transitions and narrower and more well-defined track
widths.
HAMR recording and readback has been demonstrated
on a spin stand at state-of-the-art densities and the
measured performance is encouraging. Although HAMR
involves thermal processes, which are often expected to be
slow, proper design of the media with a heat sink,
facilitates heating and cooling speeds much less than 1 ns,
potentially enabling data rates in the gigahertz range.
HAMR thus appears promising as a technology to replace
perpendicular recording as we know it today. There
remains, however, considerable work to be done.
The need for a HAMR write head to provide both
magnetic fields and optical energy to the media places new
requirements on the write head design. Although numerous approaches are possible, the current integrated write
head designs utilize a planar waveguide, which is
incorporated into the gap of the write head to transmit
the optical energy down to the media. To place the thermal
spot close to where the field is highest, it is desirable that
this waveguide be close to the magnetic pole of the head;
however, placing it too close can disturb the optical
transmission of the waveguide. For areal densities beyond
1 Tb/in2 , the track pitch needs to be less than 50 nm,

assuming a 4 : 1 bit aspect ratio. Since such a spot size is
far beyond the limits of a diffraction-limited optically
focused spot in free space, some sort of near-field
transducer is required at the air bearing surface of the
head. This is perhaps one of the most challenging aspects
of HAMR head design, but modeling has indicated that
spot sizes as small as 10 nm are theoretically possible.
The design and processing of HAMR media is also a
challenge, but, again, progress has been made. There are
certainly magnetic materials that offer sufficiently large
anisotropy to support recording at densities far beyond
1 Tb/in2 . L10 FePt and L10 CoPt in bulk form, for example,
offer anisotropies adequate to provide thermal stability in
grains down to 2.4 and 2.8 nm in diameter, respectively.
SmCo5 could support an even smaller grain size of 1.3 nm,
but corrosion is a concern with any material containing
rare-earths. Whether this anisotropy can be maintained in
small grain materials remains an issue. Although early
attempts to make low-noise small-grain L10 FePt were
largely unsuccessful, recently good progress was made by
using an MgO intermediate layer and doping C into the
films.
Optimal writing requires that HAMR media be heated
near to their Curie temperatures, which are 750 and 840 K
for L10 FePt and L10 CoPt, respectively. Achieving such
high temperatures requires significant laser power at the
head–disk interface, which in turn may cause pole tip
protrusion as well as media deformation and damage to the
lubricant, unless lubricants that are more resistant to such
high temperatures can be found. Studies have indicated
that low molecular weight lubricants typically evaporate at
such temperatures, while high molecular weight lubricants
may be damaged. Hence, finding a high molecular weight
lubricant or perhaps solid lubricant that will withstand
such high temperatures without degradation is a goal.
Alternatively, multilayer exchange-spring media may offer
a path to writing at much lower temperatures.
Finally, a microtrack model has been used to analyze
the HAMR channel. This model points out the importance
of getting proper alignment between the thermal spot and
the head field for achieving minimum transition width and
PW50 . It also points out that, although the need for the
head to supply thermal energy to the medium complicates
the head and media design, it also offers another parameter
that can be utilized to optimize the channel response. For
example, minor adjustments to laser power could be made
to perform write precompensation or to compensate for
static fly height differences between different heads in a
drive.
Overcoming these challenges will require a dedicated
effort, but modeling has indicated that, if HAMR is combined with bit-per-grain recording such as might be achieved
with bit patterned media, HAMR could enable densities two
orders of magnitude higher than in current products.
At the present time, nothing indicates that the physics of
HAMR imposes a barrier to attainment of an AD of
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100 Tb/in2 or beyond. Certainly, employment of BPM
with HAMR enables an extension of both technologies, with
projections on AD reaching to 100 Tb/in2 based on the
thermal stability of known magnetic materials [11]. h
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Enhancement of Thermal Conductance at Metal-Dielectric Interfaces
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We show that the use of subnanometer adhesion layers significantly enhances the thermal interface
conductance at metal-dielectric interfaces. A metal-dielectric interface between Au and sapphire (Al2 O3 ) is
considered using Cu (low optical loss) and Cr (high optical loss) as adhesion layers. To enable high
throughput measurements, each adhesion layer is deposited as a wedge such that a continuous range of
thicknesses could be sampled. Our measurements of thermal interface conductance at the metal-Al2 O3
interface made using frequency-domain thermoreflectance show that a 1-nm-thick adhesion layer of Cu or
Cr is sufficient to enhance the thermal interface conductance by more than a factor of 2 or 4, respectively,
relative to the pure Au=Al2 O3 interface. The enhancement agrees with the diffuse-mismatch-model-based
predictions of accumulated thermal conductance versus adhesion-layer thickness assuming that it
contributes phonons with wavelengths less than its thickness, while those with longer wavelengths
transmit directly from the Au.
DOI: 10.1103/PhysRevApplied.5.014009

I. INTRODUCTION
Recent advances in modern microtechnologies and nanotechnologies have opened new possibilities for smaller, yet
faster and more efficient electronic and optoelectronic
devices. The optimal performance of these small devices
requires effective thermal management, even at the level of
interfaces due to the increased surface-to-volume ratio that
accompanies reduced dimensions [1–4]. For example, heatassisted magnetic recording (HAMR) is a promising option
for the next generation of data storage in which interfacial
thermal properties play a critical role. In this technology, a
near-field transducer (NFT) heats the magnetic media in a
localized region (∼50 nm) through the delivery of electromagnetic radiation focused by a gold- (Au-)dielectric plasmonic interface [5–7]. Heat generated due to parasitic losses
in the Au itself is dissipated to the dielectric and results in
peak NFT temperatures that are hundreds of degrees above
the ambient temperature [5]. High thermal-conductivity
dielectrics such as aluminum nitride (AlN) or sapphire
(Al2 O3 ) would be preferred, therein making their interface
with Au the clear bottleneck to heat dissipation.
The rate of heat transfer across the interface is described
in terms of the thermal interface conductance (G), defined
as q00 =ΔT, where q00 is the heat flux across an interface, and
*
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2331-7019=16=5(1)=014009(7)

ΔT is the temperature difference across the interface [8].
The reported values of G for the Au=Al2 O3 interface range
from 22 to 66 MW m−2 K−1 at a temperature of 300 K
[9,10], which is low compared to other metal-dielectric
interfaces [10,11]. The Kapitza length, defined as κ=G,
represents the thickness of a material with thermal conductivity κ that has an equivalent resistance to the interface.
Taking κ of Al2 O3 as 38 W m−1 K−1 [12], and using the
aforementioned G, the Kapitza length of Al2 O3 ranges
from 575 nm to 1.72 μm, which is far larger than typical
NFT dimensions or the distance within the dielectric over
which the temperature around the NFT drops [5].
Electrons are the main heat carriers in metals, while
phonons are the main heat carriers in crystalline dielectrics. It has been proposed that electrons first transfer their
energy to phonons in the metal with an equivalent
conductance of Ge-p , and the phonons in the metal then
transmit through the interface into the dielectric with Gp .
Because these processes represent thermal resistances
in series, G becomes ðGe-p Gp Þ=ðGe-p þ Gp Þ [13–20]. The
ratio of Ge-p =Gp in the Au=Al2 O3 interface is nearly 5
[13,21]. Because Ge-p is larger, as shown by Wang et al.
[22], the Gp term becomes a bottleneck in the overall G.
Notably, Wang et al. showed that temperature-dependent
measurements of the electron-phonon coupling constant
in thin films agree with Kagnov’s classical theory for bulk
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materials [22,23]. Thus, understanding and enhancing
phonon transport across the interface is essential.
One possible approach to enhance G is to insert adhesion
layers between the two materials [24]. Good candidate
materials should possess similar Debye temperatures to the
substrate [10,11,25], with strong adhesion and affordable
costs. For plasmonic technologies, the optical properties of
an adhesion layer, which will impact the plasmonic properties of a Au-dielectric interface, are also critically important. Ideally, the adhesion-layer thickness would be
minimized to maintain the plasmonic properties, but it is
not precisely known how thick an adhesion layer is
required to improve thermal performance.
In this study, we seek to answer how thick an adhesion
layer is required to provide thermal benefits at a plasmonic
interface. Frequency-domain thermoreflectance (FDTR), a
noncontact optical technique, is used to experimentally
measure G across a Au=Al2 O3 interface as a function of
adhesion-layer thickness. In order to sample fine increments of thickness, the adhesion layers are deposited in a
wedge shape on Al2 O3 wafers such that a continuous taper
from 0 to ∼7 nm exists. Cu and Cr adhesion layers are
considered because they represent low- and high-optical
loss metals in the near infrared (IR), yet both have higher
Debye temperatures than Au. The experimentally measured
G values are then compared to diffuse-mismatch-model(DMM-)based predictions to determine whether or not
phonon alignment alone could account for observed
enhancements of G in adhesion layers that are just 1 nm
thick.
II. EXPERIMENT
Thin films are deposited on three-inch Al2 O3 c-plane
(0001) wafers by dc magnetron sputtering from five-inch
targets in an argon atmosphere with a base pressure
maintained at < 2 × 10−7 Torr. Substrates are cleaned with
acetone in an ultrasonic bath for 10 min and then rinsed
with isopropyl alcohol. Cr and Cu deposition rates are
0.67 Å s−1 at 5 mTorr and 2.25 Å s−1 at 2.5 mTorr,
respectively.
Wedge films are prepared by moving the substrate into
the target’s deposition window at a controlled velocity
before reversing the direction so that the leading edge is
exposed to the plasma longer than the trailing edge. This
process results in a thickness gradient with a targeted range
between 0 and 6–8 nm. A 70-nm Au transducer layer of
uniform thickness is deposited in a nonwedge shape on
each of the adhesion layers without breaking the vacuum as
shown in Fig. 1. Cu and Cr samples are fabricated additionally without Au for AFM analysis. AFM images taken
at various positions on the wedge verify that the adhesion
layers are deposited as continuous films without islanding.
The spatially varying thickness of each adhesion layer and
the Au layer are measured using x-ray reflectivity (XRR).

FIG. 1. Cu and Cr adhesion-layer thickness as a function of
position on the substrate. Third-order polynomial fits for both
experimental data are added. The inset schematic shows the
adhesion-layer wedge. The inset plot shows XRR data and fits for
a 1.20-nm-thick position on the Cu wedge.

The uncertainty in XRR data fitting of the adhesion-layer
thickness is 0.3 nm [26].
The thermal-interface-conductance values at the metalAl2 O3 interface are measured as a function of the adhesionlayer thickness by FDTR [27–29]. In this technique an
electro-optic modulator intensity modulates a 488-nm
continuous-wave pump laser over a range of frequencies
(from 200 kHz to 10 MHz in this study). When the
modulated pump beam is absorbed by the sample surface
it periodically heats the sample at the pump-beam modulation frequency. This periodic heating generates corresponding changes in temperature at the surface that have a
phase lag relative to the heating that depends on G. This
periodic temperature response is detected by a 532-nm
continuous-wave probe laser beam that is coaligned
with the pump at the sample surface. The phase-lag data
between the reflected pump and the probe beams at
different positions on the substrate are obtained using a
lock-in amplifier. A total of 40 data points are collected at
each frequency and then fit to a widely used analytical
solution of the heat diffusion equation [30]. By fitting this
model to G at each position on the wafer we extracted G at
different adhesion-layer thicknesses. The values and uncertainties in the fitting parameters are shown in Table I.
In modeling the system several parameters and assumptions are equivalently applied to all data points. The Au
thermal conductivity (kAu ) for each sample is calculated
using the Wiedmann-Franz law based on the electrical
conductivity measured by a four-point probe on a region of
the sample without the adhesion layer. The Au is modeled
as isothermal, as Refs. [34,35], to mimic energy deposition
at a finite depth and electron-phonon equilibration length
scales of ∼100 nm [22]. To include this effect we reduced
the Au thickness to 1 nm (from ∼X nm), multiplied its heat
capacity by X so the total heat capacity is unchanged, and
multiplied its Wiedmann-Franz thermal conductivity by X
so in-plane conduction is unchanged. The adhesion layer
is modeled with the Au thermal conductivity. Since the
adhesion layer is thinner than electron mean free paths,

014009-2

ENHANCEMENT OF THERMAL CONDUCTANCE AT METAL- …
TABLE I.
Layer

PHYS. REV. APPLIED 5, 014009 (2016)

Layer properties for FDTR analysis [31–33].
Thickness (nm)

k ðWm−1 K−1 Þ

Heat Capacity ðJkg−1 K−1 Þ Density ðg=cm3 Þ

71  2.0 (Cu sample) 146  4.0 (Cu sample)
70  2.0 (Cr sample) 161  5.0 (Cr sample)
Cu layer
Fig. 1
146  4.0
Cr layer
Fig. 1
161  5.0
Al2 O3 substrate
500 × 103
38  2.0
Au layer

III. RESULTS AND DISCUSSION
The thicknesses of Cu and Cr adhesion layers measured
by XRR on the Al2 O3 substrate are shown in Fig. 1.
The XRR measurements determined the Au layers to be

19.3  0.4

390  5.0
450  10
760  50

9.0  0.2
7.2  0.2
4.0  0.1

71  2-nm thick and 70  2-nm thick with maximum
adhesion-layer thicknesses of 7.3  0.3 nm and 8.2 
0.3 nm at the Cu and Cr wedge edges. One of the XRR
fits at an intermediate position on the Cu wedge is shown in
the inset of Fig. 1. Positions on the substrate are measured
in terms of the normal distance from the flat edge on the
Al2 O3 substrates. Nonlinearity in the thickness gradients
result from variation in the deposition rate across the target
shutter opening. A third-order polynomial fit (R2 > 0.99)
to the measured data is used to extract the adhesion-layer
thicknesses as a function of position on the substrate.
The thermal interface conductance of Cu and Cr samples
is shown in Figs. 2(a) and 2(b) and exhibits an increasing
trend as the layers become thicker. In the “nonwedge”
region, where only the Au=Al2 O3 interface is present,
average G values of 70  10 MW m−2 K−1 and 60 
10 MW m−2 K−1 for Cu and Cr samples are measured.
500

Phase Lag (deg)

G (MW m-2 K-1)

(a)
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Data
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(b)
500

G (MW m-2 K-1)

electron transport across the layer is ballistic and scattering is
dominated by interfaces, such that suppression of its intrinsic
thermal conductivity is inappropriate. Moreover, its equivalent thermal conductance (k/thickness) based on bulk Cu
or Cr properties is >10 000 MW m−2 K−1 (>25× our largest
measured G values), even for the thickest layers, meaning
that this assumption has little influence on the predicted G
at the Al2 O3 interface. Additionally, we have assumed an
infinite thermal interface conductance between the Au layer
and the adhesion layer. Typical metal-metal thermal interface
conductances are an order of magnitude larger than metaldielectric interfaces (e.g., ∼3.5 GW m−2 K−1 for the Au=Cu
interface [36]), making us insensitive to this value even
if it varies with adhesion-layer thickness. Each of the above
assumptions may introduce small systematic shifts in the
reported G, but their influence on the thickness-dependent
trends is negligible and not reflected in the uncertainty
discussed below. Finally, we choose to report the composite
G rather than separating the Ge-p and Gp components in
what follows, since the electron-phonon coupling coefficient
may be influenced by adhesion-layer thickness. Based on the
analysis in Ref. [15], with the reported properties of Cu and
Cr [37–41], we estimate electron-phonon coupling conductances of 700 MW m−2 K−1 and 3000 MW m−2 K−1 .
The uncertainty in G, reported as error bars in Fig. 2,
results from the propagation of the uncertainty in the input
parameters through the fitting analysis [28]. The major
sources of uncertainty are laser spot radius and Al2 O3
thermal conductivity. The 1=e2 laser spot radius of 2.8 
0.1 μm is measured using the knife-edge technique. Al2 O3
thermal conductivity of 38  2 W m−1 K−1 is used for all
samples [12]. We quote an uncertainly in our sapphire
conductivity in order to reflect the range of reported values
in the literature, but the same number (38 W m−1 K−1 ) is
used in all of the analysis and this uncertainty does not
affect our conclusions. For the spot size and range of
frequencies used in this study, nondiffusive effects are not
expected in Al2 O3 because 95% of its thermal conductivity
results from phonons with mean free paths less than
1000 nm [42].

126  3.0

400
300
200
100
0

Cu, Exp. Cr, Exp. Cu, DMM Cr, DMM

0

2
4
6
Adhesion Layer Thickness (nm)

8

FIG. 2. (a) Experimentally obtained G increases with increasing adhesion-layer thickness for both Cu and Cr. The Cr adhesion
layer exhibits a greater increase in G than the Cu with both
samples saturating beyond approximately 5 nm. The inset shows
the sensitivity of fitting phase-lag data to 20% of G for the Cr
sample at a thickness of 1.10 nm. (b) The experimental values are
compared with DMM-based predictions of the accumulation
functions of G in terms of Cu or Cr thickness.
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This range agrees well with measurements of a Au=Al2 O3
interface reported by Stoner and Maris [10]. Furthermore,
as presented in Fig. 2(b), we observe more than twofold and
fourfold enhancements of G for 1-nm Cu and Cr adhesion
layers, respectively, between the Au and Al2 O3 . The
measured G saturate at 180  20 MW m−2 K−1 and
390  70 MW m−2 K−1 , for Cu and Cr adhesion layers,
once the layer thickness reached approximately 5 nm.
Such a significant enhancement cannot be attributed to an
increase in Ge-p in Cu and Cr relative to Au, since this
alone would result in a maximum increase of ∼20% in G,
assuming Ge-p =Gp ≅ 5 in Au. This clearly shows that only
a few angstroms of the adhesion layer are needed to
significantly increase G. From a technological standpoint,
this is an important finding for HAMR and other plasmonic
devices because thinner adhesion layers will minimize
degradation of the optical performance at the plasmonic
interface.
To better understand the enhancement in G, we compare
our measurements with predictions of Gp based on the
DMM [42,43]. The DMM is more appropriate than the
acoustic mismatch model (AMM) at high temperatures,
and as we quantify later, the AMM severely overestimates
our experimental data for the Au=Al2 O3 interface [8,44].
A general expression for Gp is [45]
Z
1 X
∂n
Gp ¼ 2
ℏωj;1 ðK j;1 ÞK 2j;1 ζ1→2 jvj;1 ðK j;1 Þj 0 dK j;1 ;
∂T
8π j Kj;1

P

ζ 1→2 ðωÞ ¼ P

j

ωj;1

where gj;1 is a spectral thermal interface conductance per
unit ω.
The ζ 1→2 in Eqs. (1) and (2) needs to be defined for the
complete calculation of Gp . The DMM assumes diffuse
elastic scattering at the interface for all incident phonons as
an accepted approach to estimate ζ 1→2 . Notably, the DMM
ignores details of the interface and bases its prediction
of ζ 1→2 entirely on the bulk phonon properties in materials
1 and 2. The elastic scattering assumption and detailed
balance lead to an expression for ζ 1→2 as follows [46]:

:

ð3Þ

It is well known that the use of Debye dispersion
overestimates contributions of Brillouin-zone edge phonons to Gp . Therefore, we instead used real dispersion
relationships to calculate ζ 1→2 and Gp [45,47]. Dispersion
relationships for our materials (Au, Cu, Cr, and Al2 O3 ) are
formulated by fitting a fourth-order polynomial to experimentally obtained ω values as a function of K for each
acoustic polarization branch [26,48–51]. The phonon
propagation directions in the real dispersion relationships
of our materials are chosen to be Γ-L [111] in Cu and Au,
Γ-N [110] in Cr, and Γ-Z [0001] for Al2 O3. These
directions are chosen based on the Al2 O3 substrate normal
direction and on the expected growth texture in each of the
films, which differ because Cr is body-centered cubic,
while Au and Cu are face-centered cubic [52–56].
To predict Gp as a function of adhesion-layer thickness
we assume that only phonons of wavelength (λ) less than
the adhesion-layer thickness (t) can exist in the layers.
Notably, this assumption disregards changes to the phonon
dispersion that may exist in very thin adhesion layers. The
assumption that λmax equals t leads us to consider the
accumulation of Gp with λ. A recent study by Cheaito et al.
[57] described the thermal-interface-conductance accumulation function as a function of ω as follows:

ð1Þ
where 1 signifies material 1 (in this case the metal), j is
phonon polarization, ℏ is the reduced Plank constant, ω is
phonon frequency, K is phonon wave vector, ζ1→2 is the
transmission coefficient of phonons crossing from material
1 to 2, v is phonon group velocity, n0 is the Bose-Einstein
distribution of phonons, and T is temperature. This equation can be rewritten as an integral over ω by substituting
dωj;1 =dK j;1 for vj;1 ðK j;1 Þ and canceling dK j;1 as follows:
Z
1 X
∂n
Gp ¼ 2
ℏωj;1 K 2j;1 ζ 1→2 0 dωj;1
∂T
8π j ωj;1
Z
X
¼
gj;1 ðωÞdωj;1 ;
ð2Þ

2
j ½K j;2 ðωÞ
P
2
2
j ½K j;1 ðωÞ þ
j ½K j;2 ðωÞ

G1→2
p;accum ðωα Þ ¼

XZ
j

0

ωα

gj;1 ðωÞdωj;1 :

ð4Þ

The gj;1 ðωÞ can be converted to gj;1 ðλÞ through a change of
variables as follows:
G1→2
p;accum ðλα Þ

¼

XZ
j

¼

λmin

XZ
j

λα

λα

λmin

−gj;1 ðωÞ

dωj;1
dλ
dλj;1 j;1

gj;1 ðλÞdλj;1 ;

ð5Þ

where λmin is the shortest phonon wavelength defined by
K max at the Brillouin-zone edge. The term dω=dλ can be
analytically evaluated using the relationship between ω and
K that is established in the dispersion relationships and the
definition of K ¼ ð2π=λÞ. Figure 3 shows gj;1 ðλÞ for each
polarization branch in our metals. The contributions from
short λ are the largest because the phonon density of states
is highest for short λ—an effect that overpowers their lower
relative vj;1 ðK j;1 Þ. Discontinuities in gj;1 ðλÞ shown in Fig. 3
result from discontinuities in ζ1→2 caused by the differing
frequency ranges spanned by each polarization (e.g., the
transmission of longitudinal modes is higher for frequencies above that spanned by the transverse modes because
there are fewer options for reflection).
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600

at the interface play a significant role for thicknesses less
than the minimum phonon wavelength [25]. Excluding this
range, the difference between the DMM and experiment is
not great enough to require the invocation of additional
interfacial mechanisms at work in determining phonon
transmission, beyond alignment of the density of states of
the two interfaced materials.
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IV. CONCLUSIONS

Wavelength (nm)

FIG. 3. The interface thermal conductance per unit wavelength,
gj;1 ðλÞ, for each polarization branch in our metallic materials
calculated using Eq. (5).

We further assume that phonons with λ greater than the
adhesion-layer thickness come from the Au layer directly.
The physical interpretation of this assumption is that
phonons with wavelengths longer than the adhesion layer
transmit through it, as if it were transparent. While this
assumption is not rigorous, there are many complications to
creating a more rigorous model. In particular, the diversity
of bonding due to the juxtaposition of three materials would
influence the local vibrational states in a nontrivial way.
Our approach is a first-order approximation that sheds light
on the experimental result and even agrees reasonably, yet
has clear shortcomings that are beyond the scope of this
study. Therefore, GðtÞ can be expressed as
Au→Al2 O3
2 O3
Gp ðtÞ ¼ GAL→Al
p;accum ðtÞ þ ½Gp;Au→Al2 O3 − Gp;accum ðtÞ;

ð6Þ
2 O3
where GAL→Al
is the accumulated Gp as a function of
p;accum
adhesion-layer (AL) thickness, Gp;Au→Al2 O3 is the maxi2 O3
mum value of GAu→Al
p;accum ðtÞ, and Gp ðtÞ is the accumulated
Gp as a function of the adhesion-layer thickness.
The calculated Gp ðtÞ at 300 K is plotted in Fig. 2(b).
A plateau in the predicted Gp ðtÞ occurs for adhesion-layer
thicknesses greater than ∼2 nm. The maximum predicted values are 180 MW m−2 K−1 and 400 MW m−2 K−1 ,
which are in reasonable agreement with our measured
values of the thickest Cu and Cr films. The AMM,
on the other hand, highly overestimates our results,
yielding ∼300 MW m−2 K−1 , ∼540 MW m−2 K−1 , and
∼900 MW m−2 K−1 for Al2 O3 interfaces with Au, Cu,
and Cr. Notably, the predictions of Gp exclude Ge-p , while
it is included in the measured G as previously discussed.
The fact that the DMM captures our observed accumulation
with thickness suggests that it may be a reasonable
predictive tool—even for very thin adhesion layers. An
alternative DMM interpretation may be that λmax ¼ 2t,
which would cause faster accumulation with thickness.
Given the uncertainty of our thickness measurement, we
cannot use this data set to confirm whether adhesive effects

We measure a significant increase in G at the metaldielectric Au=Al2 O3 interface as a function of Cu
and Cr adhesion-layer thickness inserted between Au and
Al2 O3 . Both Cu and Cr show a saturation of G
(390  70 MW m−2 K−1 in Cr and 180  20 MW m−2 K−1
in Cu) once the layer thickness exceeds 5 nm. From a
plasmonic technological perspective, having a very thin
adhesion layer minimizes disruption of the optical
properties that are critical to plasmonic performance.
The experimentally observed G values are compared
with predictions, where the transmission coefficients are
obtained using the DMM with real dispersion relationships.
Calculated and experimental values agree, suggesting that
phonon alignment is indeed a dominant mechanism in
increasing G with very thin adhesion layers, rather than the
enhancement of electron-phonon coupling on the metal
side of the interface. Notably, the use of a metal adhesion
layer at the metal-dielectric interface also generates a new
metal-metal interface that is not herein a focal point.
Because electrons transmit efficiently between metal
layers, this metal-metal interface has very high thermal
conductance, and therein plays a small role in the total G.
Dielectric adhesion layers would instead introduce two
phonon-dominated interfaces, though they could still be
beneficial for adhesion and bridging of dissimilar phonon
states.
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lic resonator. NFTs have also been placed directly on the
output facet of a laser, such that near ?eld optical coupling can
be used to drive the NFTs.

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the bene?t of priority under
35 U.S.C. §l 19(e) to provisional US. Patent Application No.
61/742,732, ?led on Aug. 17, 2012, the entire contents of
Which are hereby incorporated by reference.
FIELD OF USE
[0002] The present disclosure relates to a resonant structure
coupled to a near ?eld transducer.

BACKGROUND

[0003]

Magnetic recording on hard disk drives is accom

plished by magnetizing regions of alternating magnetic polar
ity on a rotating disk through the use of a magnetic recording
head. Traditional magnetic recording heads may include a

standard electromagnetic coil to generate the alternating

magnetic ?elds required for Writing.
[0004]

Innovations in magnetic recording have been

focused on shrinking the siZe of the magnetiZed regions of
hard disk drives, thereby increasing the number of magne

tiZed regions (or “recording density” per unit area) and the
amount of information that can be stored on a given hard disk

drive. As recording density of hard disk drives increase, the
tendency of the magnetiZed regions of the hard disk drives to
become destabiliZed by ambient thermal energy may

increase. The phenomenon Whereby a small magnet ?ips
rapidly back and forth in response to ambient thermal energy
is called superparamagnetism, and the limit on magnetic

recording density due to superparamagnetism is often
referred to as the superparamagnetic limit. To increase the

superparamagnetic limit, the magnetic energy density Within
the magnetiZed regions may be increased by using materials
With higher magnetic energy density. HoWever, a higher mag

SUMMARY

[0007] The present disclosure describes an optical device
for exciting the highly localiZed plasmonic modes of a metal
lic guiding structure by coupling the guiding structure to a
dielectric structure operated at optical resonance. As com

pared to metallic structures, dielectric structures may alloW
for higher quality factor in resonance, Which Will raise the
ef?ciency of the excitation process. In some implementa
tions, the dielectric structure may include a laser cavity ?lled

With an optical gain medium, Which vastly simpli?es the
excitation process, and may be pumped to the point of stimu
lated emission by either optical or electrical means.
[0008] In one aspect of the disclosure, an optical device
comprises a near ?eld transducer; and a dielectric resonant

structure coupled to the near ?eld transducer; Wherein the
dielectric resonant structure comprises a dielectric material
that decreases a dissipation of energy in the dielectric reso

nant structure, relative to other dissipations of energy associ
ated With other materials; and Wherein the decrease in the
dissipation of energy increases an e?iciency of energy trans
fer from the near ?eld transducer to a target structure, relative
to other ef?ciencies of energy transfer from the near ?eld
transducer to the target structure.

[0009]

Implementations of the disclosure may include one

or more of the following features. The near ?eld transducer
comprises one or more of a gold material, silver material, and
copper material. The dielectric resonant structure comprises a
?rst planar surface, a second planar surface, and one or more

sides extending betWeen the ?rst planar surface and the sec
ond planar surface; Wherein the near ?eld transducer is
coupled to at least one of the one or more sides of the dielec

tric resonant structure, With a longitudinal direction of the
near ?eld transducer extending perpendicularly from the at
least one of the one or more sides of the dielectric resonant

structure; and Wherein a distance betWeen the near ?eld trans

netic ?eld may be needed to Write on these materialsitypi
cally one that is greater than that Which can be generated With

ducer and the ?rst planar surface is in a range betWeen 80%

a traditional magnetic recording head.
[0005] To generate the higher magnetic ?eld needed to
Write on materials With higher magnetic energy density, heat

the second planar surface. The distance betWeen the near ?eld

assisted magnetic recording (HAMR) and thermally assisted
recording (TAR) has been developed. In HAMR and TAR, a
nanoscale heating source is added to the magnetic recording
head. This heat source is used to heat the recording medium

and temporarily reduce the sWitching ?eld that the recording
head must provide to Write on the recording medium. After

and 120% of a distance betWeen the near ?eld transducer and

transducer and the ?rst planar surface is approximately equal
to the distance betWeen the near ?eld transducer and the
second planar surface. The dielectric resonant structure com
prises an exterior planar surface and the near ?eld transducer

is coupled to the exterior planar surface, and Wherein a lon
gitudinal direction of the near ?eld transducer is substantially
parallel to a plane of the exteriorplanar surface. The dielectric
resonant structure comprises a semiconductor gain material.

the Writing process is complete, the recording medium cools

The semiconductor gain material comprises one or more of

and is no longer subject to thermal destabiliZation.
[0006] The heated spot siZe should be Well beloW that
Which can be achieved through the far ?eld focusing of light,

aluminum, gallium, indium, and arsenic. The semiconductor

as limited by diffraction. Consequently, metallic guiding
structures, such as near ?eld transducers (NFTs), are typically

used in HAMR systems. NFTs may exploit plasmonic elec
tromagnetic modes to localiZe optical energy to a suf?ciently
small spot. NFTs may be illuminated directly, via Waveguides

gain material comprises aluminum gallium arsenide layered
With gallium arsenide. The dielectric resonant structure com
prises one or more gaps Within the semiconductor gain mate
rial, With the one or more gaps ?lled With the dielectric
material. The dielectric resonant structure comprises one or
more metallic nanostructures Within or adjacent to the semi
conductor gain material. The dielectric material forms a

or focused light, or they may be attached to resonant struc
tures that can generate or absorb incident radiation and drive
the NFTs. Conventional resonant structures that have been

dielectric cladding having a refractive index that is loWer than
a refractive index of the semiconductor gain material, With the

used to drive NFTs have been metallic, but the dissipation in
the metals limited the energy storage capability of the metal

tric cladding, and With a quality factor of the dielectric reso

semiconductor gain material being suspended in the dielec
nant structure being based on a contrast betWeen the refrac
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tive index of the dielectric cladding and the refractive index of

the semiconductor gain material. The semiconductor gain

target structure, and Wherein the material comprises one or
more of a dielectric material and a gain material; depositing a

material comprises a matrix and one or more quantum par

second metal layer onto the resonant cavity; patterning the

ticles Within the matrix, the matrix comprises gallium ars

second metal layer to form the near ?eld transducer on at least
a portion the resonant cavity; depositing a transparent con
ductor onto the resonant cavity and onto the near ?eld trans

enide, at least one of the one or more quantum particles
comprises indium arsenide, at least one of the one or more

quantum particles absorbs light at a ?rst Wavelength and
emits light at a second Wavelength, the ?rst Wavelength dif
fering from the second Wavelength, the second Wavelength
comprises a Wavelength corresponding to a resonant optical
mode, and the dielectric resonant structure is operated at the
resonant optical mode by exciting the one or more quantum
particles using an external light source to provide light to the
dielectric resonant structure. The dielectric material com

prises one or more of silicon, silicon nitride, aluminum
nitride, and tantalum oxide. The target structure is a heat

assisted magnetic recording medium. The optical resonator
device comprises a microcavity laser. The optical device fur
ther comprises a ?rst electrical lead attached to a ?rst surface
of the dielectric resonant structure; and a second electrical
lead attached to a second surface of the dielectric resonant

ducer that is on at least the portion of the resonant cavity;

patterning the transparent conductor; depositing a third metal
layer on the transparent conductor; and patterning the third
metal layer to form a second metal electrode to electrically
drive to optical resonator device.
[0011] Implementations of the disclosure may include one
or more of the folloWing features. The gain material com
prises a semiconductor material. The semiconductor material
comprises one or more of aluminum, gallium, indium, and
arsenic. The dielectric material comprises one or more of

silicon nitride, aluminum nitride and tantalum oxide. The

gain medium layer comprises a gallium arsenide matrix With
indium arsenide quantum particles. The gain medium layer
comprises quantum Well layers of gallium arsenide and alu
minum gallium arsenide. The method further comprises

structure, With the dielectric resonant structure being oper

groWing the gain medium layer on a carrier Wafer; and remov

ated at a resonant optical mode by providing one of a current
or a voltage to the dielectric resonant structure using the ?rst

ing the carrier Wafer after bonding the gain medium layer to
the ?rst metal electrode. Bonding the gain medium layer to
the ?rst metal electrode comprises bonding the gain medium
layer using a thin conductive bond. The transparent conductor
comprises indium tin oxide. The method is performed by a

electrical lead and the second electrical lead. The dielectric
resonant structure is operated at a resonant optical mode by

laterally transferring electromagnetic energy to the dielectric
resonant structure from a dielectric Waveguide that is posi
tioned adjacent to the dielectric resonant structure. The

fabrication device.

dielectric resonant structure is con?gured to operate at a

in the accompanying draWings and the description beloW.
Other features, objects, and advantages Will be apparent from
the description, the draWings, and the claims.

resonant optical mode that excites plasmonic modes of the
near ?eld transducer to transfer energy along a longitudinal
direction of the near ?eld transducer into a region of the target

[0012]

Details of one or more implementations are set forth

structure. A Wavelength of the resonant optical mode is based

BRIEF DESCRIPTION OF FIGURES

on a dimension of the dielectric resonant structure. The region
of the target structure has an average siZe less than 200% of a

optical resonant structure coupled to a near ?eld transducer.

cross-sectional siZe of the near ?eld transducer. The region

[0013]

FIG. 1 is a block diagram shoWing an example of an

[0014] FIG. 2 shoWs graphs of a computation of a charac
teristic electromagnetic mode of an optical resonant struc

has an average siZe less than 50% of a cross-sectional siZe of
the near ?eld transducer. An average cross-sectional siZe of
the near ?eld transducer is 20 nm by 20 nm, and the average
siZe of the region is in a range betWeen 30 nm and 40 nm. An

ture.

[0015]

FIG. 3 is a graph shoWing examples of photolumi

nescence intensity from a gain material for driving an optical

energy transferred along the longitudinal direction of the near

mode of a resonant structure and calculated resonant Wave

?eld transducer is in a range betWeen 6% and 30% of an

lengths of optical modes supported by a resonant structure.

energy produced by the dielectric resonant structure, and an
energy transferred into the region is in a range betWeen 6% to
10% of the energy produced by the dielectric resonant struc

resonant structure With a small cut at a side of the resonant
structure.

ture. The dielectric resonant structure has an average thick
ness of 255 nm and an average diameter of 2.1 microns. The

of a resonant structure coupled With NFTs of different

[0016]

[0017]

FIG. 4 shoWs a block diagram of an example of a

FIG. 5 is a graph shoWing poWer delivery ef?ciency

dielectric resonator structure comprises a resonant cavity.
The dielectric material has an average refractive index greater
than 1.50.

lengths.

[0010] In another aspect of the disclosure, a method for
fabricating an optical device comprises depositing a ?rst
metal layer onto a substrate; patterning the ?rst metal layer to

?eld transducer and Where the optical resonant structure is
excited using an external light source.
[0019] FIG. 7 is a block diagram shoWing a top vieW and a

form a ?rst metal electrode to electrically drive the optical
resonator device; bonding a gain medium layer to the ?rst
metal electrode; patterning the gain medium layer to form a
resonant cavity, Wherein the resonant cavity comprises a

[0018]

FIG. 6 is a block diagram shoWing a top vieW and a

side vieW of an optical resonant structure coupled to a near

side vieW of an optical resonant structure coupled to a near

?eld transducer and Where the optical resonant structure is

electrically pumped.
[0020]

FIG. 8 is a block diagram shoWing a top vieW and a

material that decreases a dissipation of energy in the resonant

side vieW of an optical resonant structure coupled to a near

cavity, relative to other dissipations of energy associated With
other materials, Wherein the decrease in the dissipation of

?eld transducer and Where the optical resonant structure is

energy increases an ef?ciency of energy transfer from a near
?eld transducer to a target structure, relative to other ef?cien
cies of energy transfer from the near ?eld transducer to the

optical dielectric Waveguide.

driven by evanescent coupling betWeen an adjacent feeding
[0021] FIG. 9 is a ?owchart of a process for fabricating an
optical resonant structure coupled to a near ?eld transducer.
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FIGS. 10 and 11 show side vieWs of an optical

example, the NET 104 may be positioned halfWay betWeen

resonant structure coupled to a near ?eld transducer during

the top face and the bottom face of the resonant structure 102.
In some implementations, the NET 104 may be coupled to or

[0022]

different stages of fabrication.
[0023] FIG. 12 is a side vieW and perspective vieW of an
optical resonant structure coupled to a near ?eld transducer.

near the top face or the bottom face of the resonant structure

102. For example, the NET 104 may be coupled to the top face
of the resonant structure 102, With a portion of the NET 104

DETAILED DESCRIPTION

extending past an edge of the top face. As another example,

[0024] FIG. 1 is a block diagram showing an example of an
optical device 100. The optical device 100 may include a

the NET 104 may be coupled to a side of the resonant struc
ture 102 near the bottom face of the resonant structure 102
such that a distance betWeen the NET 1 04 and the bottom face
of the resonant structure 102 may be in a range betWeen 0%
and 5% of a distance betWeen the NET 104 and the top face of
the resonant structure 102.

resonant structure 102 and a near ?eld transducer (NFT) 104.
[0025] In some implementations, the resonant structure
102 may be in the form of a cylindrical cavity or disk, as
shoWn. In some implementations, the resonant structure 102

may be in the form of an elongated rectangle. In some imple
mentations, the resonant structure 102 may include a dielec

tric material. The dielectric material may include, for

example, silicon, silicon nitride, aluminum nitride, tantalum
oxide, or another dielectric material With a refractive index

suf?ciently high relative to its surroundings to support optical
modes (e.g., a refractive index greater than 1.50). The dielec
tric material may decrease a dissipation of energy in the
resonant structure 102, relative to other dissipations of energy
associated With other materials. The decrease in the dissipa
tion of energy may increase an ef?ciency of energy transfer
from the NET 104 to a target structure 106, relative to other
ef?ciencies of energy transfer from the NET 104 to the target
structure 106. In some implementations, the resonant struc
ture 102 may include a semiconductor material that is less

lossy than metal material. The semiconductor material may
be referred to as a dielectric since it is less lossy than metal
material and more conductive than an insulator. The semicon

ductor material may include, for example, gallium arsenide,

[0029] The resonant structure 102 may be operated at opti
cal resonance to excite the highly localiZed plasmonic modes
of the NET 104. The coupling betWeen the resonant optical
mode Within the resonant structure 102 and the NET 104

alloWs electromagnetic energy to be driven at optical frequen
cies from the resonant structure to the target structure along

the NET 104, While maintaining localiZation of the electro
magnetic energy to Within the cross-sectional dimension of
the NET 104. The tightly con?ned nature of the electromag
netic ?eld around the cross-sectional dimension of the NET
104 may alloW for coupling of optical energy or poWer from
the resonant structure 102, through the length of the NET 104,
across a small air gap (e.g., an air gap of approximately 5 nm)
betWeen the NET 104 and a target structure 106, and into the
target structure 106, creating a localiZed hot spot 108 in the
target structure 106. The optical energy transferred across the
air gap is dissipated as heat Within the target structure 106
through resistive losses in the target structure 106.
[0030] The target structure 106 may be, for example, a heat

aluminum gallium arsenide, cadmium selenide, or another

assisted magnetic recording (HAMR) medium. The target

semiconductor material suitable as an optical gain medium.
The semiconductor material may be suspended in a cladding
of dielectric material that has a loWer refractive index than the
semiconductor material. The resonant structure 102 may be
excited to the point of stimulated emission either optically or

structure 106 may have thermal and magnetic responses
designed to operate With the NET 104.

electrically.
[0026]

In some implementations, the NET 104 may be in

[0031] To compute resonant Wavelengths of optical modes
supported by a given resonant structure, numerical eigen
mode analysis may be performed to compute eigenvalues
associated With the optical modes supported by a particular
geometry of the resonant structure. Numerical eigenmode

the form of a peg. In some implementations, the NET 104 may

analysis provides the resonant Wavelengths of the optical

have a cross section that is tapered With a narroWer cross
section near the resonant structure relative to the cross section

modes and the quality (Q) factor of the resonant structure. The

of the NET at the opposite end. In some implementations, the

tainability. Optical modes With higher Q factors may more

NET 104 may have an undulated cross section. The NET may
have a cross-sectional dimension up to 500 nm and a length up

likely be driven When exciting the resonant structure contain

to 5000 nm.

relative to an amount of energy that is stored in the resonant

[0027]

NET 104 is placed in proximity to, but not in contact With, the

structure (resulting in a higher degree of positive feedback).
[0032] Numerical eigenmode analysis may also provide the
electromagnetic mode structure (e.g., electric and magnetic

In some implementations, the NET 104 is attached

to the resonant structure 102. In some implementations, the

Q factor may represent a measure of an optical mode’s sus

ing optical gain material because less energy is lost per cycle

resonant structure 102. The NET 104 may include a metallic

?eld pro?les) of the resonant structure at the resonant Wave

material. The metallic material may include, for example, a
gold material, a silver material, a copper material, an alloy
combination, or other materials With a relatively large nega
tive real part of the dielectric constant (e.g., a transparent
conductor such as indium tin oxide).
[0028] In some implementations, the NET 104 may be
coupled to a side of the resonant structure 102, With a longi
tudinal direction of the NET 104 extending perpendicularly

lengths. Based on the electromagnetic ?eld pro?les, net
poWer ?oWs can be computed. By monitoring the amount of

from the side of the resonant structure 102. In some imple
mentations, a distance betWeen the NET 104 and a top face of
the resonant structure 102 may be in a range betWeen 80% and

ture 106 represents the energy delivered to the target structure
106.

120% of (e.g., approximately equal to) a distance betWeen the

structures may be used to represent the behavior of an actual

NET 104 and a bottom face of the resonant structure 102. For

physical optical device under one of tWo conditions. The ?rst

poWer that is dissipated (resistive losses) in the optical device
100 or Where it leaves (radiation losses) the optical device
100, a relative fraction of the poWer that is dissipated in the
target structure 106 may be determined. The poWer delivered
along the NET 104 across the air gap betWeen the NET 104

and the target structure 106, and dissipated in the target struc

[0033] Numerical eigenmode analysis of lossless dielectric
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condition Would be that the lossless dielectric structures are
lasing, in Which case a single mode may be driven. Under the

?rst condition, energy gain balances energy loss Within the
resonant structure, so as to yield a net real index of refraction

in a dielectric gain material of the resonant structure. The
second condition is the case of a passive resonant structure

Where one particular optical mode is excited via tailored input
stimulus. Under the second condition, dielectric material of
the resonant structure Would also have a real index of refrac

tion (e.g., be lossless), as the dielectric material Would lack

gain properties.
[0034]

FIG. 2 shoWs graphs 210, 212, 214 ofa computation

of a characteristic electromagnetic mode, indexed as the TE 1,
11 mode, of a resonant structure, e.g., the resonant structure

102 of FIG. 1. Graph 210 depicts a top vieW of the optical
device 200. Graph 212 depicts a top vieW of the optical device
200 With a close-up on a NFT 204 of the optical device 200.

Graph 214 depicts a side vieW of the optical device 200 With
a close-up on the NFT 204. In graphs 210, 212, 214, the
shaded areas indicate electric ?eld magnitude IEI. Increasing
lightness of the shaded areas indicates increasing electric
?eld magnitude. Directions of arroWs 216 indicate directions
of the electric ?eld, and lengths of the arroWs 216 indicate the
log of the electric ?eld magnitude. Graph 212 and 214 shoW

mode Was tuned to be resonant near a peak emission of the

quantum particles, as indicated by a peak in the curve 308.

[0039] Pro?le of an optical mode interacting With a NFT
can be controlled through the design of the resonant structure.
For a resonant structure having rotational symmetry, the elec
tric ?eld produced by the resonant structure can either bypass

the NFT or align along the NFT. The optimal con?guration is
the electric ?eld aligning along the NFT so that the electric
current is driven through the NFT across the air gap betWeen
the NFT and the target structure and into the target structure
With su?icient localiZation of poWer. The suboptimal con
?guration is the electric ?eld bypassing the NFT since such
con?guration may lead to broad heating of the target struc
ture. Because of the desired output coupling to the NFT, the
optimal con?guration may have a loWer Q factor than the

suboptimal con?guration.
[0040]

To convert a suboptimal con?guration to an optimal

con?guration of the electric ?eld, rotational symmetry of the
resonant structure may be broken by introducing a cut or a gap
into the resonant structure. Introducing a cut into the resonant

structure may increase loss in the suboptimal con?guration
such that the resonant structure develops a loWer Q factor than
in an optimal con?guration. FIG. 4 shoWs an example of a

a large electric ?eld around the NFT 204 and localiZation of
the electric ?eld in a target structure 206.

resonant structure 402 With a small cut 404 at a side of the
resonant structure 402. In some implementations, the cut 404

[0035]

may be ?lled With a dielectric material, such as the dielectric
material used to form a cladding in Which a semiconductor

Variations in the dimensions of a resonant structure

of an optical device affect the resonant Wavelength of the
resonant structure. The resonant Wavelength can be tuned to

any desired Wavelength by varying either the height of the
resonant structure or the diameter of the resonant structure.
For example, the resonant structure may have a diameter in a
range of 1 micrometer to 100 micrometers and an average

thickness of less than 1 micrometer. These tWo degrees of
freedom can be used to place the resonant Wavelength of a
desired optical mode at a desired location Within the resonant
structure. For a resonant structure that includes a semicon

gain material is suspended. In some implementations, the cut
104 may be ?lled With a metallic material. The cut 404 may
alloW for an assurance the electric ?eld Will align along a

speci?c direction (e.g., along the NFT) for a desired optical
mode. Multiple cuts, notches, or metallic nanostructures may
be placed Within, around, or adjacent to a resonant structure to
induce localiZed losses of energy that are speci?c to some

con?gurations (e.g., suboptimal con?gurations) but not oth
ers (e.g., an optimal con?guration).

ductor gain material, the desirable location may be Within a

[0041]

peak of the photoluminescence spectrum from the gain mate

ciency of a resonant structure coupled With NFTs of different

rial of the resonant structure.

lengths. The resonant structure used to measure poWer deliv

[0036]

FIG. 3 is a graph 300 shoWing examples of photo

luminescence intensity from a gain material for driving an
optical mode of a resonant structure and the computed reso

nant Wavelengths of optical modes supported by a resonant
structure. The resonant structure used to obtain the measure

ments may have a cylindrical shape that is 2.1 pm in diameter
and 255 nm in height. The resonant structure may include a

gallium arsenide matrix With indium arsenide quantum par
ticles or dots used as gain material for driving the optical

FIG. 5 is a graph 500 shoWing poWer delivery e?i

ery ef?ciency may have a cylindrical shape that is 2.1 um in
diameter and 255 nm in height. The NFTs may have a rect
angular cross section With dimensions of 20 nm by 20 nm.
The NFTs may be positioned at a side of the resonant struc

ture, halfWay betWeen the top and bottom faces of the reso
nant structure (e.g., as shoWn in FIG. 2).

[0042] The graph 500 includes axis 502 and axis 504. Axis
502 represents the poWer delivery ef?ciency in a range

mode of the resonant structure and reinforcing the desired

betWeen 0% and 40% of the total poWer stored in the resonant
structure. Axis 504 represents the lengths of the NFTs in a

optical mode. The emission Wavelength (free space) of the

range betWeen 60 nm and 140 nm.

quantum particles may be approximately 1200 nm.
[0037] The graph 300 includes axis 302, axis 304, and axis
306. Axis 302 shoWs a measure of the photoluminescence
intensity in a range betWeen 0 a.u. and 1 a.u. Axis 304 shoWs
a measure of optical Wavelength in a range betWeen 700 nm
and 1600 nm. Axis 306 shoWs a measure of the Q factor of

optical modes at the Wavelengths.

[0043] The graph 500 includes curve 506, Which depicts the
percent of the total system poWer that is dissipated in the full
Width half max (FWHM) cylindrical volume Within a target
structure. PoWer dissipation Within the target structure may
be localiZed to a FWHM spot siZe in a range betWeen 30 nm

and 40 nm (or less than 200% of the cross-sectional dimen
sions of the NFT). Total poWer is de?ned as poWer dissipated

Curves for TMUO, TMLUO, TE1,9, TEUO, TELU, TEUZ,

in all conductive media (e. g., the NFT and the target structure)
plus the poWer radiated. E?iciencies of poWer delivery to the
small resistive heating spot produced on the target structure’ s

and TE],l3 optical modes shoW resonant Wavelengths of the

surface may be in a range betWeen 6% and 10%. The ef?cien

optical modes supported by the resonant structure. The TEl ,1 1

cies of poWer delivery and the FWHM spot siZe may make the

[0038]

FIG. 3 includes a curve 308 depicting a photolumi

nescence intensity measured from the quantum particles.
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optical device suitable for use in HAMR applications. HoW
ever, higher ef?ciencies may be desirable for other applica
tions.
[0044] The graph 500 includes curve 508, Which depicts the
poWer dissipated in the NET. While the poWer dissipated in
the NET is larger than the poWer dissipated in the target
structure, the heat sinking of the NET may be superior, such
that the target structure is betWeen 3 and 5 times hotter than
the NET. A source of the superior heat sinking of the NET may
be the NFTs coupling With a resonant structure that includes
dielectric material.
[0045] The optical modes associated With a resonant struc
ture can be excited using various techniques. In some imple
mentations, a resonant structure includes a gain material (e.g.,

quantum particles or dots) embedded Within the resonant
structure, and the resonant structure is optically pumped
using an external light source. In some implementations, a

resonant structure that includes gain material is electrically
pumped. In some implementations, a resonant structure

includes only dielectric materials, and the resonant structure
is driven by evanescent coupling from a nearby dielectric
Waveguide. Each of these techniques Will be described in
further detail beloW.
[0046] FIG. 6 is a block diagram shoWing a top vieW 620
and a side vieW 622 of an optical device 600 excited using an
external light source 610. The optical device 600 includes a
resonant structure 602 and an NFT 604. The resonant struc

ture 602 may be a laser cavity ?lled With an optical gain
material, such as quantum particles or dots 612. The quantum
dots 612 absorb light at one Wavelength and emit light at
another Wavelength, e.g., the resonant Wavelength of the
desired mode of the resonant structure 602. The resonant

structure 602 may be supported by a pedestal 616 composed

electrical lead 712 is placed at the bottom of the resonant
structure 702. The electrical lead 710 may be separated from
the resonant structure 702 via a recessed lead or a transparent

conductor 716. The electrical lead 712 may be separated from
the resonant structure 702 via a recessed lead or a transparent

conductor 718.

[0050]

The electrical leads 710 and 712 may be used to

provide a current or a voltage to the resonant structure 702 and

to drive or electrically stimulate a gain material, e.g., quantum
dots 714, Within the resonant structure 702 to the point of

lasing. The Wavelength of the photoemission from the gain
material 714 is at the resonant Wavelength of the desired mode
of the resonant structure 702. At the point Where the energy

gain of the optical mode exceeds the energy loss by the
resonant structure 702, strong coupling may occur betWeen
the NET 704 and the resonant structure 702. In this con?gu
ration, the resonant structure 702 is acting as a microcavity
laser.

[0051] FIG. 8 is a block diagram shoWing a top vieW 820
and a side vieW 822 of an optical device 800 Where the optical

device 800 is driven by evanescent coupling betWeen an adja

cent feeding optical dielectric Waveguide 810. The optical
device 800 includes a resonant structure 802 and a NET 804.

The resonant structure 802 includes only dielectric material.
The optical mode of the resonant structure 802 is excited
through an evanescent coupling process betWeen the resonant

structure 802 and the adjacent feeding optical dielectric
Waveguide 810. The resonant structure 802 siphons off elec
tromagnetic energy from the Waveguide 810 as light 814
Within the Waveguide propagates doWn past the resonant
structure 802. The light 814 propagating doWn the Waveguide
810 couples laterally to the resonant structure 802, and over a

of the same material as the resonant structure 602. The reso

short time results in a buildup of the desired optical mode. The

nant structure 602 may be suspended in a cladding 618 of
dielectric material that has a loWer refractive index than the
material of the resonant structure 602. By suspending as
much of the resonant structure 602 as possible in the cladding
618, higher refractive index contrasts betWeen the resonant
structure 602 and the cladding 618 can be achieved, and

Wavelength of the light 814 traveling doWn the Waveguide

thereby higher quality factors of the resonant structure 602

magnetic energy for driving the NET 804 placed nearby.

can be attained.

Except for the laser that may feed the Waveguide 810, this

[0047] The quantum dots 612 are excited using an external
light source 610. The external light source 610 may be a

con?guration is an entirely passive con?guration.

dielectric optical Waveguide that provides a light 614. The
light 614 propagates doWn the Waveguide and is incident on
the resonant structure 602. Embedded gain material, e.g., the
quantum dots 612, Within the resonant structure 602 absorb at
the Wavelength of the incident light 614, and emits at a Wave

length that matches the Wavelength of the desired optical
mode of the resonant structure 602.

[0048] The dielectric optical Waveguide 610 may have
dimensions appropriate for alloWing a large portion of light to
illuminate the resonant structure 602. Using a Waveguide

having appropriate dimensions, suf?cient absorption and re
emission of light can be achieved to drive the resonant struc

ture 602 to the lasing condition for the optical mode for Which
the resonant structure 602 Was designed. In this con?gura
tion, the resonant cavity operates as a microcavity laser.
[0049] FIG. 7 is a block diagram shoWing a top vieW 720
and a side vieW 722 of an optical device 700 Where the optical

810 is the same as the resonant Wavelength of the desired

optical mode. Coupling betWeen the mode of the resonant
structure 802 and the mode of the Waveguide 810 is achieved.
In this con?guration, the resonant structure 802 acts as a

dielectric resonator, and is essentially a reservoir of electro

[0052]

FIG. 9 is a ?owchart of a process 900 for fabricating

an optical device. Brie?y, the process 900 includes depositing
a ?rst metal layer onto a substrate (902), patterning the ?rst
metal layer to form a ?rst metal electrode (904), groWing a
gain medium layer on a carrier Wafer (906), bonding the gain
medium layer to the ?rst metal electrode (908), removing the
carrier Wafer (910), patterning the gain medium layer to form
a resonant cavity (912), depositing a second metal layer onto
the resonant cavity (914), patterning the second metal layer to
form the near ?eld transducer on at least a portion the resonant

cavity (916), depositing a transparent conductor onto the
resonant cavity and onto the near ?eld transducer that is on at

least the portion of the resonant cavity (918), patterning the
transparent conductor (920), depositing a third metal layer on

the transparent conductor (922), and patterning the third
metal layer to form a second metal electrode (924).
[0053]

FIGS. 10 and 11 shoW side vieWs of an optical

device 700 is electrically pumped. The optical device 700

device during different stages (a)-(g) of fabrication. The opti

includes a resonant structure 702 and a NET 704. Electrical

cal device of FIGS. 10 and 11 is an electrically driven optical
device, e.g., the optical device 700 shoWn in FIG. 7.

lead 710 is placed at the top of the resonant structure 702, and
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At stage (a), a ?rst metal layer is deposited onto a

ably good conductor. The electrode layer 1010 is recessed to

substrate 1002 and patterned to form a ?rst metal electrode
1004. The ?rst metal layer may include a metallic material,

alloW the proper mode structure of the resonant cavity 1012 to

[0054]

develop.

such as silver or gold.

[0062]

[0055] At stage (b), a gain medium layer 1006 is joined to
the ?rst metal electrode 1004. The gain medium layer 1006
may include an electrode layer 1010, a gain material layer

Nevertheless, various modi?cations can be made Without

1012, and a buffer layer 1014. The electrode layer 1010 may
include aluminum gallium arsenide. In some implementa
tions, the gain material layer 1012 may include a gallium
arsenide matrix With indium arsenide quantum particles or
dots Within the matrix. In some implementations, the gain
material layer 1012 may include aluminum gallium arsenide

layered With gallium arsenide. The buffer layer 1014 may
include aluminum gallium arsenide. In some implementa
tions, the gain medium layer 1006 may be groWn on the ?rst
metal electrode 1004. In some implementations, the gain
medium layer 1006 may be groWn on a carrier Wafer 1016,

such as a gallium arsenide substrate. The gain medium layer
1006 may be transferred through a ?ip chip process. The gain
medium layer 1006 may be joined to the ?rst metal electrode
1004 using a thin conductive bond 1008. Heat transfer at the

gain medium layer 1006 and the ?rst metal electrode 1004

A number of implementations have been described.

departing from the spirit and scope of the processes and
techniques described herein. In addition, the processes
depicted in the ?gures do not require the particular order
shoWn, or sequential order, to achieve desirable results. In
addition, other steps can be provided, or steps can be elimi

nated, from the described processes, and other components
can be added to, or removed from, the describe apparatus and
systems. Accordingly, other embodiments are Within the

scope of the folloWing claims.
What is claimed is:

1. An optical device, comprising
a near ?eld transducer; and
a dielectric resonant structure coupled to the near ?eld

transducer;
Wherein the dielectric resonant structure comprises a
dielectric material that decreases a dissipation of energy
in the dielectric resonant structure, relative to other dis

interface is critical, so the conductive bond should not inter
fere With heat How.

sipations of energy associated With other materials; and
Wherein the decrease in the dissipation of energy increases

[0056] At stage (c), the buffer layer 1014 and the carrier
substrate 1016 has been removed by, for example, etching the
layers aWay or dissolving the buffer layer 104 and the carrier
substrate 1016. Other suitable techniques are possible, for
example, techniques alloWing the reuse of the carrier sub

target structure.
2. The optical device of claim 1, Wherein the near ?eld

an ef?ciency of energy transfer from the near ?eld trans
ducer to a target structure, relative to other ef?ciencies of
energy transfer from the near ?eld transducer to the

strate 1016.

transducer comprises one or more of a gold material, silver

[0057] At stage (d), the gain material layer 1012 is pat
terned to form a resonant structure or cavity. The electrode

material, and copper material.
3. The optical device of claim 1, Wherein the dielectric

layer 1010 is patterned and undercut such that the gain mate
rial layer 1012 extends beyond the edges of the electrode

resonant structure comprises a ?rst planar surface, a second
planar surface, and one or more sides extending betWeen the

layer 1010.
[0058] At stage (e), a second metal layer is deposited onto
the resonant cavity 1012, and the second metal layer is pat
terned to form a near ?eld transducer (NPT) 1018 on at least

?rst planar surface and the second planar surface;
Wherein the near ?eld transducer is coupled to at least one
of the one or more sides of the dielectric resonant struc

ture, With a longitudinal direction of the near ?eld trans

a portion the resonant cavity 1012. The second metal layer

ducer extending perpendicularly from the at least one of

may include a metallic material, such as silver or gold. In this
example, the NFT 1018 is formed on top of the resonant

the one or more sides of the dielectric resonant structure;

cavity 1012 and extending past the resonant cavity 1012.
Alternatively, the NFT 1018 may be formed halfWay betWeen
the top and bottom faces of the resonant cavity 1012 and in

Wherein a distance betWeen the near ?eld transducer and

contact With a side of the resonant cavity 1012.

the second planar surface.
4. The optical device of claim 3, Wherein the distance

[0059] At stage (f), a transparent conductor 1020 is depos
ited and patterned. The transparent conductor 1020 may
include indium tin oxide (ITO). In some implementations, a
recessed metallic electrode, e.g., recessed lead 716 shoWn in

FIG. 7, may be deposited and patterned instead of the trans
parent conductor 1020. At stage (g), a third metal layer is
deposited and patterned to form a second metal electrode
1022.

[0060] The process 900 of FIG. 9 and the stages (a)-(g) of
fabrication shoWn in FIGS. 10 and 11 may be performed by a
fabrication device. Some intermediate steps have been omit

and
the ?rst planar surface is in a range betWeen 80% and
120% of a distance betWeen the near ?eld transducer and

betWeen the near ?eld transducer and the ?rst planar surface
is approximately equal to the distance betWeen the near ?eld

transducer and the second planar surface.
5. The optical device of claim 1, Wherein the dielectric
resonant structure comprises an exterior planar surface and
the near ?eld transducer is coupled to the exterior planar
surface, and Wherein a longitudinal direction of the near ?eld
transducer is substantially parallel to a plane of the exterior

planar surface.
6. The optical device of claim 1, Wherein the dielectric

ted for clarity. For example, oxide may be deposited after
each patterning step for planariZation of the optical device.

resonant structure comprises a semiconductor gain material.

[0061] FIG. 12 is a side vieW 1200 and perspective vieW
1202 of an optical device, e.g., the optical device shoWn in
FIGS. 10 and 11. The optical device of FIG. 12 is an electri
cally driven device. The transparent conductor 1020 may act
like a dielectric at optical frequencies, While being a reason

tor gain material comprises one or more of aluminum, gal

7. The optical device of claim 6, Wherein the semiconduc

lium, indium, and arsenic.
8. The optical device of claim 7, Wherein the semiconduc

tor gain material comprises aluminum gallium arsenide lay
ered With gallium arsenide.
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9. The optical device of claim 6, Wherein the dielectric
resonant structure comprises one or more gaps Within the

semiconductor gain material, With the one or more gaps ?lled

With the dielectric material.
10. The optical device of claim 6, Wherein the dielectric
resonant structure comprises one or more metallic nanostruc

22. The optical device of claim 19, Wherein an average
cross-sectional siZe of the near ?eld transducer is 20 nm by 20
nm, and the average siZe of the region is in a range betWeen 30
nm and 40 nm.

23. The optical device of claim 17, Wherein an energy
transferred along the longitudinal direction of the near ?eld

tures Within or adjacent to the semiconductor gain material.

transducer is in a range betWeen 6% and 30% of an energy

11. The optical device of claim 6, Wherein the dielectric

produced by the dielectric resonant structure, and an energy
transferred into the region is in a range betWeen 6% to 10% of
the energy produced by the dielectric resonant structure.
24. The optical resonator device of claim 1, Wherein the

material forms a dielectric cladding having a refractive index
that is loWer than a refractive index of the semiconductor gain

material, With the semiconductor gain material being sus
pended in the dielectric cladding, and With a quality factor of
the dielectric resonant structure being based on a contrast

dielectric resonant structure has an average thickness of 255
nm and an average diameter of 2.1 microns.

25. The optical device of claim 1, Wherein the dielectric

betWeen the refractive index of the dielectric cladding and the
refractive index of the semiconductor gain material.
12. The optical device of claim 6, Wherein the semiconduc

resonator structure comprises a resonant cavity.

tor gain material comprises a matrix and one or more quantum

material has an average refractive index greater than 1.50.

particles Within the matrix, the matrix comprises gallium
arsenide, at least one of the one or more quantum particles
comprises indium arsenide, at least one of the one or more

quantum particles absorbs light at a ?rst Wavelength and
emits light at a second Wavelength, the ?rst Wavelength dif
fering from the second Wavelength, the second Wavelength
comprises a Wavelength corresponding to a resonant optical
mode, and the dielectric resonant structure is operated at the
resonant optical mode by exciting the one or more quantum
particles using an external light source to provide light to the
dielectric resonant structure.

13. The optical device of claim 1, Wherein the dielectric
material comprises one or more of silicon, silicon nitride,

aluminum nitride, and tantalum oxide.
14. The optical device of claim 1, Wherein the target struc
ture is a heat assisted magnetic recording medium.
15. The optical device of claim 1, Wherein the optical
resonator device comprises a microcavity laser.
16. The optical device of claim 1, further comprising:
a ?rst electrical lead attached to a ?rst surface of the dielec

tric resonant structure; and
a second electrical lead attached to a second surface of the

dielectric resonant structure,
With the dielectric resonant structure being operated at a
resonant optical mode by providing one of a current or a
voltage to the dielectric resonant structure using the ?rst
electrical lead and the second electrical lead.

17. The optical device of claim 1, Wherein the dielectric
resonant structure is operated at a resonant optical mode by

laterally transferring electromagnetic energy to the dielectric
resonant structure from a dielectric Waveguide that is posi
tioned adjacent to the dielectric resonant structure.

26. The optical device of claim 1, Wherein the dielectric
27. A method for fabricating an optical device, the method

comprising:
depositing a ?rst metal layer onto a substrate;
patterning the ?rst metal layer to form a ?rst metal elec

trode to electrically drive the optical device;
bonding a gain medium layer to the ?rst metal electrode;
patterning the gain medium layer to form a resonant cavity,
Wherein the resonant cavity comprises a material that
decreases a dissipation of energy in the resonant cavity,
relative to other dissipations of energy associated With

other materials, Wherein the decrease in the dissipation
of energy increases an ef?ciency of energy transfer from
a near ?eld transducer to a target structure, relative to

other ef?ciencies of energy transfer from the near ?eld
transducer to the target structure, and Wherein the mate
rial comprises one or more of a dielectric material and a

gain material;
depositing a second metal layer onto the resonant cavity;
patterning the second metal layer to form the near ?eld
transducer on at least a portion the resonant cavity;

depositing a transparent conductor onto the resonant cavity
and onto the near ?eld transducer that is on at least the

portion of the resonant cavity;

patterning the transparent conductor;
depositing a third metal layer on the transparent conductor;
and
patterning the third metal layer to form a second metal
electrode to electrically drive to optical device.
28. The method of claim 27, Wherein the gain material
comprises a semiconductor material.
29. The method of claim 28, Wherein the semiconductor
material comprises one or more of aluminum, gallium,

indium, and arsenic.

18. The optical device of claim 1, Wherein the dielectric

30. The method of claim 27, Wherein the dielectric material

resonant structure is con?gured to operate at a resonant opti
cal mode that excites plasmonic modes of the near ?eld trans
ducer to transfer energy along a longitudinal direction of the
near ?eld transducer into a region of the target structure.

comprises one or more of silicon nitride and tantalum oxide.

19. The optical device of claim 18, Wherein a Wavelength of

32. The method of claim 27, further comprising:
groWing the gain medium layer on a carrier Wafer; and
removing the carrier Wafer after bonding the gain medium
layer to the ?rst metal electrode.
33. The method of claim 27, Wherein bonding the gain
medium layer to the ?rst metal electrode comprises bonding
the gain medium layer using a thin conductive bond.

the resonant optical mode is based on a dimension of the
dielectric resonant structure.

20. The optical device of claim 18, Wherein the region of
the target structure has an average siZe less than 200% of a
cross-sectional siZe of the near ?eld transducer.

21. The optical device of claim 17, Wherein the region has
an average siZe less than 50% of a cross-sectional siZe of the
near ?eld transducer.

31. The method of claim 27, Wherein the gain medium
layer comprises a gallium arsenide matrix With indium ars

enide quantum particles.

34. The method of claim 27, Wherein the transparent con

ductor comprises indium tin oxide.
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Experimental estimates of in-plane thermal conductivity in FePt-C granular
thin film heat assisted magnetic recording media using a model layered
system
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Cross-plane thermal conductivity kth measurements of vertical stacks of FePt/C were used to
estimate the in-plane thermal conductivity of Heat Assisted Magnetic Recording (HAMR) media
that consist of columnar FePt grains segregated by thin C grain boundaries. FePt/C multilayers
with varied repeat units and FePt layer thicknesses (chosen to represent HAMR media grain sizes)
were measured using Frequency-Domain Thermoreflectance to determine kth in the direction
normal to the layers. The data suggest that when FePt grains are less than 8 nm in diameter, the inplane kth for HAMR media is below 1 W/m-K and the anisotropy of kth (cross-plane/in-plane) will
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821950]
exceed 10. V

Heat Assisted Magnetic Recording (HAMR) is a leading
candidate for the next generation hard disk drive.1–4 The
main technological difference between HAMR and conventional perpendicular magnetic recording (PMR) lies in the
writing process, which involves local heating to beyond the
Curie temperature TC using light, followed by rapid cooling
in the presence of the applied head field to switch the magnetization. HAMR can solve the technology trilemma that
PMR is now facing.5 With high magnetocrystalline anisotropy L10 FePt, media overcome the super-paramagnetic
limit, while local heating to reduce the anisotropy field during the writing process overcomes the write field limitations.
The effective write field gradient, which must be high to
minimize medium noise, is contributed by the gradient of the
anisotropy field versus temperature near TC of FePt, and the
spatial gradient of temperature in the vicinity of the heat
spot.5 Hence, understanding the thermal conductivity of FePt
thin films is central to obtaining the proper thermal profile
during writing.6–8
FePt magnetic media are typically sputtered with amorphous segregant such as C9–11 to produce small and isolated
grains. Plan-view and cross-sectional Transmission Electron
Microscope (TEM) images of FePt granular media with
about 15 nm grain size are shown in Fig. 1(a). In this granular structure, the in-plane thermal conductivity is expected to
be smaller than the cross-plane thermal conductivity because
phonons and electrons that carry heat are scattered at the segregant interfaces between FePt grains12 as illustrated in
Figure 1(b). Fernandez et al.13 investigated the overall crossplane thermal resistance of layered magnetic structures
including FePt films on underlayers and heat sink layers.
Measurement of in-plane thermal conductivity, on the other
hand, is extremely challenging, when it is low, as it is in
these films, because cross-plane thermal conduction paths
into the underlayers or substrate dominate the measurement.14,15 In this paper, we present an experimental approach
a)

Electronic mail: hoanh@andrew.cmu.edu

0003-6951/2013/103(13)/131907/4/$30.00

that allows us to estimate the in-plane thermal conductivity
in FePt granular thin films, by making a measurement on an
experimental model system that avoids parallel thermal conduction pathways.
The model system consists of FePt and C multilayer
stacks whose vertical heat conduction gives insight into the
lateral thermal conduction in a real granular medium layer.
The thermal conductivities of the film stacks in the direction
normal to the layers were characterized using the FrequencyDomain Thermoreflectance (FDTR) technique,16–19 as illustrated in Figure 1(c), and we take those to be representative of
the in-plane thermal conductivity of granular films when the
lateral grain size is similar to the FePt thickness in the model
samples. To estimate the effect of media grain size on the inplane lateral thermal conduction, the thickness of FePt layer
was varied from 14.5 nm to 29 nm. The C layer thickness,
which represents grain boundary thickness, was fixed at 1 nm.
The film stacks were fabricated by RF sputtering from
Fe52.5Pt47.5 and C targets at a base pressure of better than
2  107 Torr. To measure the thermal conductivity of the
stack, the multilayer FePt/C film was deposited onto a 1 in.
phosphorous-doped Si wafer and capped by a sputtered Au
layer (43 nm) with a thin Ti adhesion layer (2 nm). The Si
wafer was cleaned with buffered HF to remove the native oxide layer before entering the vacuum chamber. The Au top
layer both absorbs light and acts as a reflectance-based thermometer for the FDTR measurements. FePt and C layers
were deposited at an Ar pressure of 25 mTorr, room temperature, and a power of 50 W and 150 W, respectively.20 Two
sets of samples with varying number of FePt/C repeated
units and different FePt layer thicknesses were made:
(1) Si/[FePt14.5 nm/C1nm]N/FePt14.5 nm/Au (N ¼ 1, 2, 3, 5,
and 10) which are notated as 1N1, 1N2, 1N3, 1N5, and 1N10
and (2) Si/[FePt29nm/C1nm]N/FePt29nm/Au (N ¼ 1, 5, and 10)
which are notated as 2N1, 2N5, and 2N10. The crosssectional TEM images in Figures 2(d)–2(f) show that the
periodic structures of 1N3, 1N10, and 2N10 have welldefined FePt and C layers.

103, 131907-1
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FIG. 1. (a) Plan-view and crosssectional TEM images of FePt granular
media; (b) Schematic of heat conduction in granular media; (c) Structure of
FePt/C model system (the laser beams
are not drawn to scale); and crosssection TEM images of (d) 1N3, (e)
1N10, and (f) 2N10.

In the FDTR method,16,18,19 schematically illustrated in
Figure 2(a), two continuous wave lasers periodically heat the
sample and measure its thermal response to determine the
unknown thermal transport properties of the FePt/C stack.
The 1/e2 effective radius of the Gaussian laser spots on the
sample surface was measured by knife-edge to be
2.6 6 0.2 lm. The pump laser (488 nm) was intensity modulated by an electro-optic modulator and heated the Au top
layer over a range of frequencies from 100 kHz to 20 MHz.
The periodic temperature change of the sample was continuously monitored by the probe laser (532 nm) through the temperature dependent reflectivity of the Au surface. The
resultant probe signal measured by a photodiode was analyzed using an RF lock-in amplifier to generate frequencydependent phase lag of temperature change relative to the
heat flux. The unknown thermal conductivity of materials of
interest was then obtained by fitting these phase data to an

analytical solution of the diffusive heat conduction equation.21 The unknown fitting parameters were the effective
thermal conductivity of the FePt/C stack and Si substrates.
As input to the fitting program, the layer thicknesses were
measured from the cross section TEM images. Likewise, the
kth values of Au were calculated from the Au sheet resistance
as measured by 4-point probe measurements for separate Au
films deposited on 1 lm-thick thermally grown SiO2 films on
Si substrates following the Weidemann Franz Law. The kth
value of n-type Si substrates were found to be 95 6 10 W/mK, which appears low relative to the bulk value (143 W/m-K)
for Si, but is reasonably attributed to the known suppression
in kth observed by high frequency FDTR measurements17,18
paired with effects of added phonon scattering due to phosphorous dopant concentration of about 1015 cm3 (Ref. 22).
The mass density, q, values of FePt/C film stacks were an average of mass density of Fe52.5Pt47.5 (15028 kg/m3) (Refs. 23

FIG. 2. (a) Schematic illustration of FDTR set up, (b) Phase data and fitting curves of 1N3 and 1N10 against the modulation frequency.
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and 24) and amorphous C (1950 kg/m3) (Ref. 25) by thickness percentage. The heat capacity values, Cp, of the FePt/C
film stacks were taken to be an average of the mass heat
capacity of Fe52.5Pt47.5 (207 J/kg-K) (Ref. 23 and 24) and
amorphous C (450 J/kg-K) (Ref. 26) by weight percentage.
Figure 2(b) is two sets of phase lag data of the temperature change in the Au layer as a function of laser-intensitymodulation frequency for samples 1N3 and 1N10. Best fitting
curves give the kth values of 1.30 W/m-K and 1.56 W/m-K for
1N3 and 1N10, respectively. The thermal conductivities kth
and thicknesses L of the [FePt/C]N/FePt film stacks are listed
in Table I. These values were averaged over 3 measurements
at 3 locations on the samples. The reported uncertainty was
estimated following the uncertainty analysis described elsewhere16 assuming 62% uncertainties in the value of q, Cp,
and thickness of the Au layer, [FePt/C]N/FePt stack and Si
substrate; 65% uncertainty in the kth of the Au layer; and
610% in the kth of the Si substrate and laser spot size. The
resulting thermal conductivities have uncertainties of
4%–12%. The thermal conductivity extracted from the fit
includes the interfacial thermal conductance of Au and Si
as part of the bulk layered stack. To separate out these interface contributions, the thermal resistance of the samples,
Rth ¼ L/kth, was plotted versus the number of FePt/C repeat
units N for two sets of FePt layer thicknesses (14.5 nm and
29 nm). The total thermal resistance can be simply written as
Rth ¼ NðmRFePt þ RC þ 2RI Þ þ RInAu þ RInSi þ mRFePt ;
(1)
where N ¼ 1, 2, 3, 5, and 10; m ¼ 1, 2; and RFePt, RC, RI,
RInAu, and RInSi are the thermal resistances of 14.5 nm
thick FePt layer, 1 nm thick C layer, interface between FePt
and C layers, interface between FePt and Au layers, and
interface between FePt layers and Si substrates, respectively.
As seen in Figure 3, the total thermal resistance is linearly
dependent on the number of repeats N for both two sets
of stack samples. The slope gives us the thermal resistance
of the FePt/C unit. When converted to thermal conductivity
values, these values give kth of 1.8 6 0.2 W/m-K and
3.0 6 0.4 W/m-K for FePt14.5 nm/C1nm and FePt29nm/C1nm,
respectively. The thermal resistance of 14.5 nm FePt layer
(RFePt) and the collective thermal resistance of the carbon
layer and its associated interfaces (RC þ 2RI) can be obtained
by solving the unknowns from the two slope values. RFePt is
equal to 1.7 6 1.5 K-m2/GW and (RC þ 2RI) is equal to
TABLE I. List of stack thicknesses and measured effective kth of the
samples.

Sample
1N1
1N2
1N3
1N5
1N10
2N1
2N5
2N10

Stack thickness
L (nm)

Effective thermal
conductivity kth (W/m-K)

30
45.5
61
92
169.5
59
179
329

0.92 6 0.05
1.10 6 0.08
1.32 6 0.10
1.35 6 0.10
1.56 6 0.16
1.89 6 0.09
2.4 6 0.2
2.8 6 0.3

FIG. 3. Total thermal resistance Rth versus number of repeat units N for two
sets of samples. The linear lines are the weighted least square fitting.

6.7 6 2.2 K-m2/GW. Dividing the FePt layer thickness
(14.5 nm) and C layer thickness (1 nm) by their corresponding thermal resistance, the thermal conductivity kth of FePt
layer is therefore 8.5 6 7.5 W/m-K and that of amorphous C
layer is 0.15 6 0.05 W/m-K.
The C interlayer has a much smaller kth than the FePt
layer. Our measured value of the C layer is consistent with
prior measurements of amorphous C films which range from
0.2–2.2 W/m-K, depending on its mass density.27 Heat conduction across the FePt/C interface is likely dominated by
phonons since C is non-metallic. The two C/FePt thermal
boundary resistances (2RI) are grouped into this value,
resulting in an even lower kth for C. Due to the low thermal
resistance of FePt, as compared to C in the film stack, the
measurement becomes insensitive to the thermal conductivity of FePt, leading to significant uncertainty. The impedance
of the FePt/C stack samples mostly stems from the amorphous C layer and its boundaries. That explains a decrease in
thermal conductivity of FePt/C from 3.0 6 0.4 W/m-K to
1.8 6 0.2 W/m-K when FePt layer thickness is reduced from
29 nm to 14.5 nm. It also implies that FePt-C granular media
with smaller grain size will have lower lateral thermal
conductivity in the film plane due to the presence of more
FePt/C interfaces per unit length. From our results, the crossplane thermal conductivity of FePt is 4.6 6 4.1 times higher
than the in-plane thermal conductivity of FePt-C granular
system of 14.5 nm grain size. We speculate that the crossplane conductivity of FePt-C could be as high as that of
FePt. For media in the tetrabit/in2 regime, the FePt grain size
will be even smaller than 8 nm. Under these circumstances,
heat conduction in the FePt-C granular media would be even
more anisotropic, with an anisotropy higher than 10, based
on our results. From the standpoint of media design, this anisotropic nature of heat conduction minimizes the lateral
spreading of the temperature profile during the writing process. The large temperature gradient in both cross-track and
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down-track directions offers a sharp switching field that benefits signal-to-noise ratio.
We note that the FePt layers in our sample are in the disordered FCC state, even though in real HAMR media FePt
must be a very well ordered L10 structure to harness its high
magnetocrystalline anisotropy.28 The kth of the L10 state is
expected to be moderately larger than that of the disordered
FCC state.29 Since the C boundaries are found to be the predominant thermal resistance, our results for disordered FePt
thin films should still be generally applicable to the L10 ordered case.
In summary, we have developed a model experimental
system to quantitatively determine the lateral thermal conduction in the FePt-C granular media for HAMR applications. The thermal boundary resistance of C is shown to be
dominant in the in-plane thermal resistance of the media,
which will lead to an increase in thermal resistance as
smaller grain media are realized. It has been found that heat
conduction in FePt-C granular media with 14.5 nm grain size
exhibits anisotropic thermal conductivity by a factor of
4.6 6 4.1 compared to along a lateral direction. This experimental model can be employed to further study the effect of
segregant material choices and grain boundary thicknesses
on lateral heat conduction in HAMR media.
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Evanescent Coupling Between Dielectric and Plasmonic Waveguides for
HAMR Applications
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and Yi Luo
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Heat assisted magnetic recording (HAMR) is a possible solution to further increase hard drive recording density. In a HAMR system,
an external light source is employed to locally heat up magnetic media. To achieve a realistic HAMR system, a near-field transducer
(NFT) is necessary to focus optical fields down to 10–20 nm in size. Different approaches to excite NFTs have been investigated, including
focusing of external light sources and coupling from dielectric waveguides. Here we demonstrate evanescent coupling between a series
of single mode dielectric waveguides and adjacent plasmonic waveguides with relatively large cross section (200 nm 300 nm). We
envision for these large plasmonic guides could then be used, in turn, to efficiently drive NFT’s with smaller cross sectional area. A series
of samples with various overlap length of the dielectric c and plasmonic waveguides demonstrates that coupling in these waveguides
can be designed and understood using mode indices calculated from the eigenmodes of the waveguide cross sections. Coupling strength
which oscillates with the length of the overlap section of the waveguides is shown according to standard coupled mode theory.
Index Terms—Energy assisted recording, evanescent coupling, magnetic recording, surface plasmon, waveguide.

I. INTRODUCTION
NUMBER of methods have been proposed for the coupling of illumination sources to near field transducers for
heat assisted magnetic recording. These include endfire waveguide illumination [1], focused illumination using far field optics [2] and focusing using a solid immersion mirror [3]. In
this paper, we demonstrate a method using evanescent coupling
between a single mode dielectric waveguide and a plasmonic
waveguide.
As can be seen in Fig. 1, the system consists of the following
functional components: 1) curved grating to couple the incident laser light into the planar waveguide and further focusing
the light into a single mode dielectric waveguide, 2) the single
mode dielectric waveguide to evanescently couple the propagating wave onto metallic waveguide, and 3) the metallic waveguide whose index matches to that of the dielectric waveguide
to continue the energy propagation in the form of surface plasmonic wave. The waveguides and the curved grating were integrated within the same Si N layer with top and bottom SiO
cladding layers. The plasmonic waveguide was made of electron
beam-evaporated gold. The length of the overlap region (Lo) of
the two waveguides separation was varied to examine the coupling efficiency.
Simulations indicate that such a metallic guide, which has a
relatively large cross section (200 nm 300 nm), can couple efficiently to a fine cross section NFT (10 nm 10 nm) through
tapered butt coupling, and this NFT will, in turn, couple efficiently to a medium. Due to severe index mismatch, such a small
NFT could not be efficiently excited directly using evanescent
coupling to a dielectric waveguide. Thus, the method described
here (dielectric coupling to large metallic waveguide) can serve
as one necessary part of a two-step, high-efficiency coupling
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Fig. 1. Schematic overview of the device system that contains curved grating,
dielectric and metallic waveguides, etc. Shown on the right are optical images of
a complete device and a higher magnification view of the overlap region between
the dielectric and plasmonic waveguides.

method between single mode dielectric waveguides and very
small NFT’s.
II. COUPLED MODE THEORY
For first order analysis, the coupling of power from the dielectric to metallic waveguide is assumed to be governed by
standard coupled waveguide theory. Essential to this coupling
is that the velocities of propagation in the dielectric and the
metallic waveguides are close in value. In the results section,
we show measurements of the strength of this coupling and its
as measured by the light output at the end of
variation with
the metallic waveguide. Here we use standard theory to develop
a quantitative estimation of the power that will be coupled to the
.
metallic waveguide as a function of
We assume that the dielectric and metallic waveguides each
can carry a single mode having a characteristic complex propagation constant, . This means that the electric field of the
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[6]. We furthermore assume (again standard) that power exiting
the coupling region on the metallic guide is the difference between these two modes. With these assumptions, we find that
, on the
the electric field exiting the coupling region at
metallic guide should be proportional to the difference in these
two propagating modes according to

(3)

Fig. 2. Cross sections of the modes identified within (a) the dielectric-only
region, (b) the metallic-only region and (c) and (d) the coupling region. The
even mode is shown in (c) and the odd mode in (d). Grayscale indicates the
magnitude of the propagating power density (arb units) and the arrows indicate
the direction of the local electric field. Note the arrows are NOT scaled to the
magnitude of the local field.

mode propagating in the positive z-direction will be defined in
the following way:
(1)
Here, is the angular frequency of the wave, and is time. For
simplicity this assumes that the -field has zero phase at time
and at position
. The complex propagation constant
is defined in the standard way

is the complex propagation constant of the even mode
where
and
is the same quantity for the odd mode.
The time averaged power traveling along the metallic waveshould, therefore, be proportional to the time
guide at =
averaged magnitude of the electric field in the standard way
(4)
The proportionality also captures that the power density of the
squared electric field is integrated across the waveguide cross
section to get total power. Substitution of (3) into (4) yields,
with some manipulation, the following:

(5)
where the subscripts and on and refer to the even and
odd modes respectively. In the data presented below, it is natural
,
to use an overlap region normalized by the coupling length,
defined as:
(6)

(2)
where is the complex mode index of guided mode,
is the
free space wavelength of the light and is the speed of light in
free space.
These mode indices were extracted from finite element modeling of the modes supported by these waveguides in COMSOL
using the appropriate material parameters at a free space wavelength of 828 nm. These are shown in Fig. 2(a) (dielectric) and
Fig. 2(b) (metal) along with the numerical values of the extracted indices. In each case, the location where the absent waveguide would have been in shown in dotted outline.
In the coupling region, these modes interact and hybridize,
meaning that there are two modes within the coupling region.
These modes are characterized as even and odd. In the even
mode (Fig. 2(c)), the electric fields are in the same direction just
outside the dielectric and metallic cores of the guides, while the
odd modes have opposite electric field polarity in these locations. (Fig. 2(d)). Furthermore, these modes each have different
indices shown on the figure for the case where edge to edge separation was approximately 90 nm. The odd mode has a lower
index and propagates faster, with a longer wavelength (a difference from the even of about 6% in this case).
According to the standard approach with coupled modes, we
assume the dielectric waveguide’s upstream of the coupling section launches equal amounts of the even and odd modes into the
coupling region and that these modes are initially in phase [5],

This value represents the length at which the coupled power is
maximized. Another important value that comes out of (5) is the
, given by
decay length of the power propagation,
(7)
The mode indices change with waveguide separation due to the
different degrees of coupling, which produces coupling lengths
and decay lengths that are a function of separation. These dependences for the structures in this paper are shown in Fig. 3.
Finally, we must address the non-ideal situation where not
all of the power can be transferred from one waveguide to the
other. We define the maximum fraction of power that can be
transferred as , which can be shown to be (for moderate coupling levels)
(8)
where the subscripts
and
refer to the isolated metal a
dielectric waveguides. In other words, perfect matching of the
,
waveguides in the absence of coupling,
will allow complete power transfer, but mismatches of the
isolated structures will result in incomplete maximum power
transfer.
One important caveat in the use of (6) is the role of reflections
at the start of the metallic waveguide and the end of the dielectric
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TABLE I
DEVICE STRUCTURES

Fig. 3. (a) The coupling length, L , as a function of edge to edge separation of the waveguides. (b) The decay length, L , for the odd, 1=(2 ), even,
+
).
1=(2 ) and combined modes, 1=(

waveguide. Reflections introduce fine structure into the calculated power as a function of overlap length due to interference
effects and standing waves. However, the basic envelop function
defined by (5) is unchanged, and it is still a good model for first
order understanding of these experiments even in the presence
of multiple reflections in the coupling region.
III. EXPERIMENTAL
The devices were fabricated on a silicon substrate coated with
1 m thick thermal oxide. The processes included: 1) sputter
deposition of a 210 nm thick Si N layer (measured index
); 2) patterning of the curved grating
of
using e-beam lithography followed by etching using reactive
nm; 3) patterning of the
ion etching (RIE), etch
315 nm wide dielectric waveguide via e-beam lithography and
etching via RIE; 4) e-beam patterning of a lift-off mask for
the 300 nm wide metallic waveguide aligned to the dielectric waveguide, followed by 200 nm thick gold evaporation
and liftoff; finally, 5) sputter deposition of a 400 nm thick
SiO cladding layer sputtering deposition (measured index of
).
A series of 13 devices with different overlap lengths
between dielectric waveguide and Au plasmonic waveguide were
fabricated parallel to each other on a single chip. For each device, the Au plasmonic waveguide extended 20 m from the
end of dielectric waveguide. This length was called extension
. Total length of plasmonic waveguide for each delength
. Device details are listed in Table I. The sepavice was
ration value between dielectric and metallic waveguides for each
device was measured by scanning electron microscopy (SEM),
and used to compute the coupling lengths and decay lengths per
Fig. 3.
The fabricated sample was mounted to an optical testing
bench for optical characterization. The experimental setup is
nm
schematically shown in Fig. 4. A laser diode with
lasing wavelength was used as the optical source. The P-polarm spot
ized laser beam was focused by a lens down to a
onto the curved grating with an area of 100 m 100 m. The

Fig. 4. Schematic experimental (side view).

incident angle of the laser light relative to normal direction of
the sample (coupling angle) was carefully adjusted so that the
power coupled into the dielectric waveguide was maximized.
During the measurement process, laser coupling angle and
focusing condition were kept unchanged for all 13 devices.
A charge-coupled device (CCD) camera mounted above the
sample was used to take images with the samples in plan view to
obtain scattered light intensities. With incident laser light on the
grating, bright spots at end of Au plasmonic waveguides were
observed and recorded by the CCD camera. For each device,
the intensity of the bright spot was maximized by optimizing
the incident laser position on the grating area. To reduce the
fluctuation due to grating coupling variation, the intensity of
light at the entrance of the single mode dielectric waveguide
was also recorded as the normalization reference. Note the set
up images light at the end of the metallic guide that scatters 90
degrees from the direction of propagation, and we take this to
be proportional to the power carried by the metallic waveguide.
The CCD images were analyzed quantitatively by integrating
the pixel signal over the area of the imaged spot.
IV. RESULTS AND DISCUSSION
From the representative CCD images shown in the inset of
Fig. 5, one can observe light scattering from the end of the
gold plasmonic waveguides. This indicates successful evanescent coupling of the wave from the single-mode dielectric waveguide to the index-matched plasmonic waveguide. Additionally,
the measured intensity of light coming out of the end of metallic
and
.
waveguide varies from devices that have different
In particular, the intensity was found to have strong correlation
ratio, see below.
to reduced overlap length defined as
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Fig. 5. Measured power coming out of the end of the metallic waveguide (solid
squares) normalized to the 5 m overlap case) vs the reduced overlap length
(L =L ). The dotted line shows the calculated result for the average separation
between waveguides while the open circles show the theory calculated on a per
device basis with the specific waveguide separation taken into account for each
device.

Since each device contains identical extended metallic wave, this measured scattered light inguide extension section,
tensity is proportional to the intensity of wave coupled onto the
metallic waveguide after the overlap section.
Fig. 5 presents the measured and theoretical calculation results of the intensity at the end of the metallic waveguide. The
measure values are normalized to the light scattered from the
entrance of the dielectric waveguide to address variability in
grating coupling efficiency. Both experimental and theoretical
value of 5 m.
results are normalized to by their values at an
The normalized intensity measured as describe above (filled
squares) as well as the calculated relative intensity (open circles)
coupled onto the metallic waveguide based on the above analratio of the device. Each pair
ysis are plotted against the
of waveguides has a different separation and this is accounted
for in the open circle data. A single theoretical calculation of
the case corresponding to the average separation between the
waveguides is also shown as a dashed line. We note that agreement with the relative intensity behavior is good, with the obcorresponding to power coupling
served valley at
into the metallic waveguide and back out again.
Regarding absolute coupling efficiency, we attempt to bound
this as follows, working from the most efficient device. Measurements on structures without metallic waveguide sections
suggest that the focused optical grating coupler and the initial
section of dielectric waveguide delivered approximately 60 W
of power at the entrance to the overlap region. We estimate the
power scattered out of the overlap region for this device (seen
as bright spots in the images) to be 20 W from a measured
200 nW of power combined with an estimated 1% optical col. The dieleclection efficiency at normal incidence
tric to metal coupling efficiency is thus estimated to be 66%.
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In this scenario, 40 W would have been sent down the
metal waveguide arriving at the end having been attenuated by
a factor of 5 according to simulation. Thus, the needle would
have emitted 8 W from its end. Other simulations suggest
that only about 5% of this light would leave the cladding,
with the majority contributing to exciting cladding modes that
are absorbed by the Si substrate. Thus, far field radiation is
expected to be about 400 nW, which is consistent with what
was measured (4 nW measured with the same 1% collection
efficiency).
Full 3-D simulation of the coupling of these devices under
optimal conditions (no roughness or edge wall angles) indicate
substantially better coupling than this—in the 90% range, consistent with (8). This coupling value below the theoretical prediction, due to 33% of the power being scattered into the bright
spots, is still under investigation. It may be due to non-idealities
of the structure (roughness, etc.) or it may be due to the presence
of an additional mode in the exciting waveguide which would
couple poorly to the metallic waveguide. Either case could be
consistent with the agreement between theory and experiment
shown in Fig. 5.
V. CONCLUSION
In summary, evanescent mode-coupling between dielectric
and metallic waveguides has been demonstrated, and the effect
of coupling length seems to agree reasonably well with coupled
mode theory. Quantitative estimations of coupling efficiency are
around 66%, in comparison with theoretical and simulated efficiencies of 90%. The difference is attributed to either imperfection in the exciting mode or imperfection in the structures
themselves. The plasmonic devices examined here have relatively large cross section (200 nm 300 nm), but we believe
that these large metallic guides can couple efficiently to dielectric guides due to close index matching and can then be used, in
turn, to couple to small, high index plasmonic structures. Such
devices will be the subject of future work.
ACKNOWLEDGMENT
The authors would like to thank Prof. J. Zhu and Prof.
D. Stencil for insightful discussions. This work was supported
in part by Western Digital Corporation and in part by the Data
Storage Systems Center (DSSC), Carnegie Mellon University.
REFERENCES
[1] B. C. Stipe, T. C. Strand, C. C. Poon, H. Balamane, T. D. Boone, J.
A. Katine, J. Li, V. Rawat, H. Nemoto, A. Hirotsune, O. Hellwig, R.
Ruiz, E. Dobisz, D. S. Kercher, N. Robertson, T. R. Albrecht, and B.
D. Terris, Nature Photon., vol. 4, pp. 484–488, July 2010.
[2] T. Matsumoto, K. Nakamura, T. Nishida, H. Hieda, A. Kikitsu, K.
Naito, and T. Koda, Appl. Phys. Lett., vol. 93, pp. 031108–1, July 2008.
[3] W. A. Challener, C. Peng, A. V. Itagi, D. Karns, W. Peng, Y. Peng, X.
Yang, X. Zhu, N. J. Gokemeijer, Y. Hsia, G. Ju, R. E. Rottmayer, M.
A. Seigler, and E. C. Gage, Nature Photon., vol. 3, pp. 220–224, Apr.
2009.
[4] R. Waldhausl, B. Schnabel, P. Dannberg, E. Kley, A. Brauer, and W.
Karthe, Appl. Optics, vol. 36, pp. 9383–90, Dec. 1997.
[5] D. D. Stancil and A. Prabhakar, Spin Waves. Boston, MA: Springer,
2010, pp. 236–239.
[6] H. A. Haus and W. Huang, Proc. IEEE, vol. 79, no. 10, pp. 1505–1518,
Oct. 1991.

The influence of media optical properties on the efficiency of optical power
delivery for heat assisted magnetic recording
Stephen P. Powell, Eric J. Black, Tuviah E. Schlesinger, and James A. Bain
Citation: J. Appl. Phys. 109, 07B775 (2011); doi: 10.1063/1.3563100
View online: http://dx.doi.org/10.1063/1.3563100
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v109/i7
Published by the American Institute of Physics.

Related Articles
Extraction of short time intrinsic switching field distributions in perpendicular media
J. Appl. Phys. 111, 07B703 (2012)
Circularly polarized plasmon modes in spheroidal nanoshells for applications to all-optical magnetic recording
J. Appl. Phys. 111, 07A915 (2012)
Thermal issues and their effects on heat-assisted magnetic recording system (invited)
J. Appl. Phys. 111, 07B701 (2012)
Study of grain interactions in perpendicular magnetic recording media using first order reversal curve diagrams
J. Appl. Phys. 110, 083908 (2011)
Perpendicular easy axis alignment of FePt nanoparticles on a platinum-(001) buffer layer for high-density
magnetic recording
J. Appl. Phys. 110, 083906 (2011)

Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/
Journal Information: http://jap.aip.org/about/about_the_journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

Downloaded 02 Mar 2012 to 128.237.180.11. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

JOURNAL OF APPLIED PHYSICS 109, 07B775 (2011)

The influence of media optical properties on the efficiency of optical power
delivery for heat assisted magnetic recording
Stephen P. Powell, Eric J. Black, Tuviah E. Schlesinger, and James A. Baina)
Department of Electrical and Computer Engineering, Carnegie Mellon University, 5000 Forbes Avenue,
Pittsburgh, Pennsylvania 15213, USA

(Presented 18 November 2010; received 27 October 2010; accepted 18 December 2010; published
online 15 April 2011)
We report simulation of optical power delivery for heat assisted magnetic recording that examines
the effect of the medium optical properties. Power is delivered to the medium using a near field
transducer (NFT), creating a hot spot with a full width at half maximum of 50 nm. Efficiency is
computed as the ratio of power dissipated in the medium within the full width at half maximum of
the spot to the reference power level incident on the NFT. This efficiency was computed for
a range of real and imaginary indices of refraction (n and k, respectively) of the medium
ranging from 0 to 5 at a free space wavelength of 828 nm. The results indicate a maximum
coupling of 4% of the power within the hot spot for the relatively low n and k values of 1.2 and
0.6, respectively. A simple model of termination impedance is used to explain these n and k values.
C 2011 American Institute of Physics. [doi:10.1063/1.3563100]
V

I. INTRODUCTION

Heat assisted magnetic recording, which has been under
study for about 10 years, is thought to offer additional recording density over conventional perpendicular recording.
A crucial aspect of this technology is the so-called near field
transducer (NFT) that localizes the optical spot to the size
required for densities in excess of 1 Tb/in2. The NFTs
reported in the literature are typically metallic, made of metals that show relatively low loss at the operating wavelength.
They have been shown (both in modeling and experiment) in
many forms including the ridge waveguide1,2 or equivalently, the “C-aperture,”3 the resonant disk or “lollipop,”4 the
triangular aperture,5 the nanobeak,6 and the dimple lens.7
An important figure of merit for a NFT is the efficiency
with which it can transfer power to the medium. This efficiency has a strong influence on how much power must be
applied to the input of the transducer and how much parasitic
heating the transducer will experience. This paper examines
the role of the medium and shows that its influence on this coupling is at least as critical as the design of the NFT. This influence can be understood in terms of the medium acting as a
terminating load on an optical waveguide. To show this
relationship quantitatively, we examine a new NFT design: a
coupled plasmonic waveguide.
II. METHODOLOGY

The NFT and its exciting waveguide are shown schematically in Fig. 1. The metallic waveguide is referred to as the
“needle” and the dielectric waveguide is simply labeled as
“waveguide”. The needle has a triangular cross section and supports several propagating electromagnetic modes. The one of
interest is localized along the ridge and has largely TM characa)
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0021-8979/2011/109(7)/07B775/3/$30.00

ter (transverse magnetic, i.e., no H field in the direction of propagation). This mode has the electric polarization in the vertical
(y) direction in the figure. The needle is excited by waves traveling in the dielectric waveguide and can be designed so that
100% of the power is transferred from the dielectric to the needle. The steady state solution to light propagating down the
structure in response to a characteristic mode launched at the
input of the dielectric waveguide was solved using COMSOL.
The needle simulated in this work had a cross sectional
base width of 100 nm, cross sectional height of 150 nm, length
in the propagation direction of 1.5 lm. All corners of the device were radiused to 5 nm to avoid singularities in modeling.
The free space wavelength of the light used was 828 nm. The
complex index of refraction of the needle was 0.18 – j5.25,
representative of Au at this wavelength. The dielectric core
had an index of refraction of 2.01 (typical of TaO or SiN)
while the cladding had an index of 1.458, typical of SiO2.
The medium was modeled as a separate brick of material separated from the end of the needle by 10 nm (the effective fly height). The full width at half maximum (FWHM)
power dissipated in the medium, PFWHM, was that falling
within a cylindrical volume having a diameter equal to the
full width half maximum of the power dissipation profile.
This FWHM was determined for the plane 2 nm below the
medium surface. The total power, Ptotal, was that absorbed in
the entire medium. Typically this was 3.5 times larger than
the PFWHM, indicating that a majority of the power absorbed
by the medium was not localized sufficiently to produce
heating of the medium.
III. RESULTS

Figure 2(a) shows a gray scale plot of the power dissipation profile in the medium at the end of the needle (white:
max). Figure 2(b) shows the cross section of this power profile along the dashed line indicated in Fig. 2(a). The FHWM

109, 07B775-1

C 2011 American Institute of Physics
V

Downloaded 02 Mar 2012 to 128.237.180.11. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

07B775-2

Powell et al.

J. Appl. Phys. 109, 07B775 (2011)

FIG. 1. A schematic of the near field transducer considered in this work.
Powers defined in the text are labeled.

of the profile (50 nm) is indicated on this plot (note that only
half the profile is shown, so that with the FWHM marked at
the radius of 25 nm). Figure 2(c) shows the integrated power
absorbed in a cylinder of the medium as a function of the
cylinder’s radius, r. The two efficiencies are indicated corresponding to the powers defined above: PFWHM and Ptotal, divided by the incident power, Pinc.
The results of the simulation of the absorbed power are
shown in Fig. 3, as contours of constant percentage. The
value tabulated here is FWHM power absorption efficiency,
gFWHM, which is the ratio of PFWHM to Pinc. A point for the
experimentally measured value for an FePt/oxide composite
film is shown (828 nm), which couples better to this needle
than Fe or Pt.
IV. DISCUSSION

It is clear from Fig. 3 that there is an optimal media
index of refraction to couple to this particular needle. This is
around a value of n~ ¼ 1:2  0:8j, and results in a value of
gFWHM, of 4%. This value of index is not readily available
from a single metal phase. The composite media FePt/oxide
is closer to this value than most of the tabulated values for
pure metals.
The location of the point of maximum absorption can be
understood in terms of the media treated as a terminating
load on the NFT. The media and the gap can be treated as
load impedances in series. The impedance of the air gap,
zgap , can be calculated as the impedance of a capacitor

FIG. 3. A plot of the power absorption efficiency, gFWHM, (expressed as percentage) as computed by FEM for the NFT described in the text as a function
of the real, n, and imaginary, k, parts of the medium index of refraction.

zgap ¼

4tflyheight
1
¼
jxCgap jxe0 pd 2

(1)

with the following values: fly height, tflyheight ¼ 10 nm, spot
diameter, d ¼ 50 nm, and a free space wavelength of 828 nm
(x ¼ 2.3  1015 rad/s), zgap ¼ j 250 X. The medium can be
treated similarly like a parallel plate capacitor with a complex dielectric constant, according to
zmedia ¼

1
4tmedia
¼
;
n2 e0 pd2
jxCmedia jx~

(2)

where n~ is the complex index of refraction, n–jk and the
thickness of the media, tmedia is assumed to be 20 nm.
The fraction of power absorbed in the load, gtotal can
then be calculated according standard theory as
zload  z0 2
(3)
gtotal ¼ 1 
zload þ z0
where z0 is the characteristic impedance of the waveguide
and zload ¼ zgap þ zmedia .
The value for z0 of 260 X is taken from the impedance
of a TM wave zTM (Ref. 9)
zTM ¼

FIG. 2. (a) A surface plot of the absorbed power profile from the near field
transducer 2 nm below the medium surface of the medium (white: max). (b)
A cross section plot of the power as indicated in (a). (c) A plot of the integrated power as a function of integration radius, indicating the location of
the power contained within the full-width half maximum of the medium
power profile.

c
n
 zfs
jxer e0
er

(4)

where c is the complex propagation constant, e0 is the permittivity of free space, er is the relative permittivity, x is the
light angular frequency, n is the real part of the mode index,
zfs is the impedance of free space (377 X), and loss has been
neglected to get the approximation on the right. We assume
the power flow of interest is in the cladding (er ¼ 2.13) for a
mode with n1.5, giving zTM  260 X.
A plot of gtotal as a function of the real and imaginary
parts of the media index of refraction calculated according to
Eq. (3) is shown in Fig. 4. The values used to construct this
figure were z0 ¼ 260 X, d ¼ 50 nm, tflyheight ¼ 10 nm, and
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discrepancy suggests that the termination model only applies
to part of the power traveling down the needle, and it will be
necessary to develop a more sophisticated model of where
the power can go at the termination besides simply being
reflected or absorbed (e.g., traveling along the interface).
V. CONCLUSIONS

FIG. 4. A plot of the power absorption efficiency, gtotal, (expressed as percentage) as computed analytically using the model of a terminated waveguide for the NFT described in the text as a function of the real, n, and
imaginary, k, parts of the medium index of refraction. The medium is
assumed to be a lumped load with a spot diameter of 50 nm and an effective
thickness of 20 nm, separated by 10 nm from the transducer.

tmedia ¼ 20 nm. The structure of this figure is very similar to
that of the Fig. 3, the plot of gFWHM . There is a maximum
near an index value of n~ ¼ 1.1  j0.5, because this is the
location where the real part of the impedance matches that of
the waveguide and the imaginary part is close to zero. The
capacitive part of the impedance from the gap is canceled by
the inductive part from the medium.
The value of gFWHM computed from FEM simulation is
around 4%, while the maximum for the simple terminated
impedance model reaches 100%, a factor of about
25difference. We understand this difference as composed
of the following sources. First, the appropriate quantity to
compare to the simple impedance model is the total power
absorbed, i.e., gtotal. This quantity is about 3.5bigger than
gFWHM. Second, Fig. 3 includes any losses in the propagation
of power down the needle, which we estimate to be about
20% power loss, a relatively small factor. The remaining

We find that the power absorbed into a medium from a
simple near field optical transducer is a strong function of
the medium dielectric properties, and appears to be optimized at a value of media index that can be understood as a
load matched to the impedance of the waveguide carrying a
TM-like wave. Real media have suboptimal properties in
this regard, generally having impedances that are too low
compared to the needle, making power transfer incomplete.
More importantly, though, is that, even at the nominally
“matched” condition, the absorption is still only about 1/6.
Thus, either the hybrid nature of the mode makes describing
it with a single characteristic impedance too crude, or power
loss into other modes, like those propagating along the interface must be considered as significant power sinks.
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