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A near field transducer (NFT) is employed in the heat assisted magnetic recording

(HAMR) technology in order to focus the light energy into a nanoscale spot on the

disk. This is necessary to heat the high coercivity magnetic media to its Curie

temperature so the write transducer can record data. However, the heat transfer

mechanism across the head disk interface (HDI) is still not well understood. The

current perpendicular media recording (PMR) systems have a thermal fly-height

control (TFC) means in the air bearing slider near the read/write transducers for

placing the transducers within 1 to 2 nm of the rotating disk. In order to monitor

this near contact spacing, this system also uses an embedded contact sensor (ECS).

Here we investigate how this ECS can be used to study the heat transfer across the

nanoscale gap between the read/write transducer and the disk. This study shows

that the self heating effect of the ECS is strong when its current bias is too high.

But this self heating effect can be isolated from other heat sources, which allows us

to use the ECS for the desired heat transfer measurements.. The experiments show

that the heat transfer across the HDI is a strong function of the head-disk spacing.
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The hard disk drive (HDD) is still the dominant technology in digital data storage due

to its cost efficiency and long term reliability compared with other forms of data storage

devices. The HDDs are widely used in personal computing, gaming devices, cloud services,

data centers, surveillance, etc. Because the super paramagnetic limit of perpendicular media

recording (PMR) has been reached at the data density of about 1 Tb/in2, heat assisted mag-

netic recording (HAMR) is being pursued and is expected to help increase the areal density

to over 10 Tb/in2 in HDDs in order to fulfill future worldwide data storage demands.1–3 In

HAMR, the magnetic media is heated locally (∼ 50 nm × 50 nm) and momentarily (∼ 1 ns)

to its Curie temperature (∼ 450 ◦C) by a laser energy source that is focused by a near field

transducer (NFT). The design temperature of the NFT is much lower than the media’s Curie

temperature. As a result, the heat can flow back from the media to the NFT. This is called

the back-heating effect. Since the distance between the NFT and the media is only a couple

of nanometers, the back-heating effect could be very strong and cause undesired additional

temperature increase on the NFT, shortening its lifetime.

Therefore, understanding the heat transfer between the media and the NFT is very

important for improving its reliability. Recent studies include several aspects, including

the NFT self-heating effect, disk temperature profile, heat transfer across the head disk

interface (HDI), etc. The NFT self-heating effect has been studied often, both numerically

and experimentally, and several efforts have been made to reduce it.4–8 Besides, the disk

temperature profile, the change of lubricant and carbon overcoat due to the heating were

also intensively investigated.9–11 The heat transfer across the HDI has historically been

predicted by the air bearing model,12 which holds for most cases when the temperature

difference in the HDI is small. However, it only considers the air convection heat transfer

mechanism and may not be applicable when a significant amount of conduction and radiation

occurs. Recently, a phonon tunneling model was established to predict the nanoscale heat

transfer. It was pointed out that the correlations between two surfaces cannot be neglected

when the distance between the two surfaces is within the range of the wavelength of the

radiation and it can make a major contribution to the heat transport.13–15 Some numerical

and experimental studies have also been performed to examine the model.16,17

The embedded contact sensor (ECS) was developed by the industry to detect the head

disk contact during near contact operation.18–20 The sensor is temperature sensitive and

therefore it can be used to assist studying the heat transfer between the disk and the NFT.
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However, the sensor itself is not well understood and some uncertainties of its working

principle still exist.

In this paper, we experimentally study the ECS currently found in advanced HDD sys-

tems. We first introduce the basic techniques developed in HDDs and their roles in the

experiment. Then the experimental procedure is discussed and the results are presented.

This is followed by the discussion and conclusion.

The Thermal Fly-height Control (TFC) technique was developed in order to adjust the

distance between the read/write transducer and the disk, which is the minimum clearance

point between the head and the disk, also called head-disk spacing (dHD), bringing it from

∼10 nm down to less than 1 nm.21 In the TFC system, a resistive heater is embedded in

the trailing edge of the slider near the read/write transducer. When the heater is supplied

with current, it generates heat due to the Joule heating effect. It heats up the surrounding

material, causing local thermal expansion inside the slider. The expansion results in the

protrusion on the slider surface, lowering dHD. Meanwhile, the local temperature of the

slider also rises. This effect is called TFC heating.

As mentioned above, the ECS was developed by the industry to detect the head disk

contact. It is a resistor made of temperature sensitive material. Its resistance changes with

its temperature. The ECS is nominally 1 to 2 µm wide, 0.2 to 0.5 µm high and 20 to 60 nm

thick but it can vary with the design of the head. The ECS is located on the air bearing

surface (ABS) of the flying head, between the slider’s reader and writer. Therefore, it is

also at the minimum clearance point, and can sense the frictional heating caused by the

head-disk contact. What’s more, when there is TFC heating, the ECS senses the heat from

the TFC heater. A schematic diagram of the TFC heater and the ECS is shown in Fig. 1.

The relation between its resistance and its temperature can be expressed as

RE(TE) = RE0 (1 + αT0 (TE − T0)) (1)

where RE(TE) and RE0 are the resistances of the ECS at any ECS temperature TE and

room temperature T0; αT0 is the temperature coefficient of resistance at T0. To determine

αT0, we put the ECS head in an isolated environmental chamber with temperature control.

An ohmmeter and a thermometer were used to measure the resistance of the ECS and its

surrounding temperature simultaneously. The result of the measurement yielded αT0 =

3.5 × 10−3 K−1.
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FIG. 1: A schematic diagram of the TFC heater and the ECS in the slider. The heater is

embedded inside the slider while the ECS is on the surface of the slider. Powering on the

TFC heater leads to the protrusion of the slider, lowers the fly height. It also heats the

local region. Schematic not to scale.

Since the ECS is very sensitive to electrostatic shock, RE is usually measured by a

voltmeter-ammeter method, where a constant current bias (IE) is applied through the ECS,

the voltage of ECS (VE) is measured and the resistance RE is calculated using Ohm’s law

(RE = VE/IE). Then the temperature increase of the ECS (θE = TE −T0) can be calculated

based on Eq. (1). However, since the ECS is also a resistor, applying the bias current

through it will cause an additional Joule heating effect, which is sensed by the ECS. This is

called ECS self heating. As a result, θE is a combination of the TFC heating and the ECS

self heating. Since there are no explicit nonlinear factors, this is expressed as:

θE = θEE + θTE (2)

where θEE is the ECS temperature increase due to ECS self heating and θTE is the ECS

temperature increase due to TFC heating.

An ECS-TFC heating experiment was designed in order to study the ECS self heating

effect. In the experiment, 2.5-inch PMR disks with glass substrate were used on a rotation

speed controlled spindle. The head with the embedded TFC heater and the ECS was flying

on the disk. An acoustic emission (AE) sensor was used for head-disk contact detection.

Initially, the power of the TFC heater, also called TFC power (PT ), was set to zero. The

head was flying on the disk passively. In this case, the ECS is only heated by itself. In other
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words, there is no TFC heating but only ECS heating, and θE = θEE . Therefore, by changing

IE and measuring θE, the temperature increase due to ECS self heating can be obtained. In

the experiment, IE was selected as 0.5 mA, 1 mA, 1.5 mA and 2 mA. The corresponding RE

was measured and converted to θE according to Eq. (1). Then the electric power supplied

to the ECS (PE) was calculated based on Joule’s Law, i.e., PE = I2ERE.

The relation between θE and PE when the head is flying passively is shown in Fig. 2.

It can be seen that θE is a linear function of PE. This is because in the passive-fly status,

there is no TFC heating, ECS is the only heat source. This leads to a simple linear heat

transfer problem, in which the temperature field is linear with the power density of the

sole heat source. The slope of the curve is defined as the ECS self heating rate with the

value 200.2 K/mW. This agrees with published simulation results.18 It can also be seen that

θE = 4.6 K when IE = 0.5 mA (or PE = 0.028 mW) but θE = 124.8 K when IE = 2 mA

(or PE = 0.637 mW). This means that if IE is sufficiently low, θEE is minimal and can

be neglected, while that is not the case if IE is too high. It is also to be noticed that

the experiment was done for various disk rotation speeds (ω), selected from 3000 RPM,

4000 RPM and 5000 RPM. Each data point in Fig. 2 consists of three points taken at the

three different speeds overlapping with each other. This means that ω has no effect on RE

and θE when the head is passively flying. This is because when the head is far enough away

(dHD > 2 nm) from the disk, the heat transfer change across the HDI is so small that it does

not affect θE.

After the passive-fly experiment, the TFC heater was powered on to adjust dHD. When

the head was flying on the disk, PT was increased from 0 mW in steps of 0.25 mW. The

increase of PT causes the decrease of dHD, in which 1 mW increase of PT causes about 0.1 nm

decrease of dHD. This relation between PT and dHD is essentially linear down to a proximity

condition where there is some strong increase in the heat transfer between the slider and the

disk.22,23 Head-disk contact happened when dHD = 0, which was detected by the AE sensor.

Then PT was reset to zero. As in the passive-fly experiment, various ω were used, selected

from 3000 RPM, 4000 RPM and 5000 RPM. Different values of IE were applied to the ECS,

and RE was obtained and converted to θE. Also, the value of IE was selected from 0.5 mA,

1 mA, 1.5 mA and 2 mA.

Fig. 3 shows the experimental results. Figs. 3(a)(b)(c) show the AE sensor signal versus

TFC power, PT , with ω of 5000 RPM, 4000 RPM and 3000 RPM, respectively. Each plot
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FIG. 2: The dependence of the ECS temperature on the ECS power. The figure shows

that the relation is linear. The temperature field is linear with the power of the heat source.

consists of four curves, representing experiments with IE = 0.5 mA, 1 mA, 1.5 mA and 2 mA.

It can be seen from the figure that the AE signal remains constant initially as PT increases.

In this regime, the slider is actively flying on the disk without making contact. Then at a

certain point, the AE signal suddenly rises. This is when the slider starts to make contact

with the highest asperities of the disk. As PT continues to increase, the contact becomes

more intense, and the mode shape of the slider’s vibration may also change.26 Then the AE

signal reaches a peak value before it starts to decrease. This peak is defined here as the

contact point where dHD = 0. It can also be seen that when ω is fixed, the AE signal curves

at different IE have similar shapes. This means that the thermal deformation caused by the

ECS heating is minimal and does not affect the slider’s fly-height.18,27

Figs. 3(d)(e)(f) show the total ECS temperature increase, θE, vs PT . The organization

of the figures is the same as those of the AE signal. The vertical dashed lines in each figure

represent the position of the contact point. It can be seen from the figures that the curves
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(e) θE at 4000RPM
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(b) AE RMS at 4000RPM
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(f) θE at 3000RPM
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(c) AE RMS at 3000RPM
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FIG. 3: (a), (b) and (c) show the AE sensor signal versus the TFC power at different ECS

currents and disk rotating speeds. The ECS temperature increases as the TFC power

increases at different ECS currents and disk rotating speeds. (d), (e) and (f) show the

temperature increase of the ECS versus the TFC power of the corresponding experiments.

(g), (h) and (i) show the temperature increase of the ECS due to the self ECS heating

effect. 10 mW of TFC power increase is equivalent to about 1 nm decrease of head-disk

spacing. The legend is the same for all figures, as shown in the upper right corner.

start from PT = 0 and the values of θE at the starting points are approximately equal to the

values in Fig. 2. At these points, there is only ECS self heating. As PT increases, the curves
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tend to go up as a result of increasing TFC heating. The curves end when the head-disk

contact occurs. From the curves with IE = 0.5 mA, it can be seen that the portion due to

the ECS self heating is small compared with TFC heating. As a result, the ECS self heating

effect is usually neglected when IE is low.28 And these curves can be considered as a result

of TFC heating only, called TFC heating curves. However, the ECS heating effect cannot

be neglected when IE ≥ 1 mA. It can be seen that when IE ≥ 1 mA, the ECS self heating is

at least 50% of θE. Therefore, θE is influenced by both TFC heating and ECS self heating.

These curves are called ECS-TFC heating curves. It can also be seen that the curves in each

plot are almost parallel to each other. However, the curves differ when the head and the

disk are close to the contact point. When IE = 0.5 mA, the curve tends to rise with PT near

the contact point; but when IE ≥ 1 mA, the curve tends to drop near the contact point.

In order to study the effect of ECS heating only, the TFC heating curves (curves with

IE = 0.5 mA) are subtracted from the ECS-TFC heating curves (curves with IE ≥ 1 mA),

according to Eq. (2). The result of the subtraction is the ECS temperature increase due to

ECS heating, θEE , as shown in Figs. 3(g)(h)(i). In these figures, only θEE with IE ≥ 1 mA are

left. It can be seen that θEE remains constant initially as PT increases. However, θEE starts

to decrease when the head-disk spacing is within 1 nm. This means that when dHD > 1 nm,

there is not much change on the total heat transfer between the ECS and disk. This agrees

with the passive-fly experiment. However, when dHD < 1 nm, the change in this heat transfer

is much more significant.

If ω and IE are fixed, the heat generated by the ECS and brought away by the disk

rotation remains unchanged. As a result, the heat flow across the HDI can be assumed to

be constant and dHD is the only factor that is changed. Therefore, how θEE changes indicates

the change of the heat transfer across the HDI. To exclude the effect of different ECS power,

we normalize θEE by

θ̂EE =
θEE
θEE0

, (3)

where θEE0 is θEE at the point PT = 0. Fig. 4 shows the average θ̂EE over different bias

with respect to dHD, where dHD is converted from PT by the known relationship between

them. It can be seen from the figure that as the slider approaches the disk, θ̂EE decreases

slowly initially. When dHD < 1 nm, θ̂EE starts to decrease rapidly. The decrease of θ̂EE is an

indication that the heat transfer across HDI becomes stronger. This is a clear indication that
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the model for calculating heat transfer across the gap should predict a strong dependence

on the width of the gap, especially when dHD < 1 nm. As θ̂EE decreases more, the correlation

between the heat transfer and the gap becomes stronger.

Recent results of thermal modeling in Refs13–15 show such a strong dependence. It is

also noticed that the rate of decrease is different at different ω. θ̂EE decreases more with

lower dHD as ω is higher. This is because when the disk rotation speed is higher, the heat

transfered from the head to the disk can be brought away by the disk faster, resulting in

more significant heat transfer.
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FIG. 4: The average normalized ECS temperature increase due to self heating versus the

head-disk spacing at different disk rotation speeds.

Although the experiment was done using PMR heads and disks, the heat transfer mech-

anism across the HDI remains the same whether the setup uses PMR or HAMR heads

and disks. Therefore, the results obtained in the experiment can be directly used to check

different heat transfer models for HAMR.

It is interesting to compare the results obtained here on rotating disks and flying heads

with the experiment reported in Ref.17. There, a slider sat on a stationary disk. The position

of the slider was adjusted such that the initial distance between the ECS (called TS in the
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This paper Ref.17

Experimental Setup Slider flies on rotating disk Slider sits on stationary disk

Convection Models Air bearing cooling Free air convection

Radiation and Conduction Models Models from Refs.13–15

Convective coefficient24 [W/(m2 K)] ∼ 106 < 100

Conductive and Radiative coefficient25 [W/(m2 K)] ∼ 103 (dHD = 10 nm), ∼ 106 (dHD = 0.5 nm)

Total coefficient at dHD = 10 nm [W/(m2 K)] ∼ 106 ∼ 103

Total coefficient at dHD = 0.5 nm [W/(m2 K)] ∼ 106 ∼ 106

Total coefficient increase from dHD = 10 nm to 0.5 nm < 10 ∼ 103

TABLE I: The comparison between experiment in this paper and in Ref.17.

reference) and the disk was 10 to 12 nm. Then the TFC heater (called TA in the reference)

was powered on and the temperature of the ECS was measured. The experiment showed that

the ECS temperature first increased and then dropped quickly as the TFC power increased.

The drop is much steeper than the result shown in Fig. 4. The initial impression might

be that the result of this paper and the reference are contradictory. However, it should be

noted that the two experiments are under quite different scenarios. A detailed comparison

of the two experiments is shown in Table I. It can be seen that when the slider approaches

the disk, the heat transfer across the HDI is much larger in the reference. That is the reason

why the ECS temperature drops steeper there.

To summerize, an experimental study of the ECS is reported here based on the current

HDD design. The study shows that the ECS has a strong self heating effect when it is used

with high current bias, and the heating effect is linear with the power of the ECS. It is

also shown that the ECS temperature increase due to the self heating decreases with the

head-disk spacing. This study indicates that the heat transfer across the HDI is a strong

function of the head-disk spacing. The difference between this and a prior experiment is

discussed.

This work is supported by the Computer Mechanics Laboratory at the University of

California at Berkeley and was funded by Advanced Storage Technology Consortium.
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