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Abstract

In hard disk drives (HDDs), a recording head and a recording disk
constitute a high-speed sliding system: head-disk interface, where the
head with a prescribed thermal protrusion on its surface flies over
the rotating disk at an air gap < 1–2 nm. Currently, the mag-
netic recording operations involve two embedded joule heaters in the
recording head to generate two thermal protrusions and thus improve
the device performance in data writing and data reading. In this
study, we performed touchdown experiments to induce frictional inter-
action between the head and the disk and characterize the total head
protrusion due to the dual heaters. The experimental results demon-
strate that the head protrusion can be tuned by use of the dual
heaters, and that the touchdown area can be controlled precisely.
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1 Introduction

Data are indispensable and play an essential role in people’s lives. According to
the International Data Corporation, the data generated worldwide are growing
explosively and are expected to grow more rapidly in the future [1]. To store
the enormous amount of data, hard disk drives (HDDs) are still the major data
storage medium in data centers due to their low cost and longevity as com-
pared to solid state drives (SSDs) [2]. Conventional HDD technology utilizes
a recording head to perform data writing and data reading and a recording
disk to store the data. The head and the disk constitute a high-speed sliding
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system: head-disk interface, where the spacing between the head and the disk
has decreased from micrometers to nanometers [3, 4]. Nowadays, the initial
head-disk spacing is ∼ 10–15 nm which is controlled by the air bearing design.
The spacing is further reduced by energizing a joule heater that is embed-
ded in the head [5]. The heater generates a microscale protrusion on the head
surface by thermal expansion to achieve an air gap < 1–2 nm between the
protrusion surface and the disk surface, which is called the fly height. There-
fore, the heater is also known as the thermal fly-height control (TFC). With
such a small physical spacing, data reading/writing can be performed using
the read/write transducers (reader/writer) in the head.

Currently, the magnetic recording operations involve two embedded joule
heaters in the head to realize different and independent fly heights at the read
and write transducers, respectively [6, 7]. By use of the dual heaters, a larger fly
height reduction at the transducers can be achieved, and the heater actuation
efficiency (ratio of fly height reduction to the maximum thermal protrusion)
can be improved [8–11]. Past research on this topic mainly focuses on modelling
and numerical simulations [12, 13], or dual thermal protrusions of one laser-
induced protrusion and one joule heater protrusion [14]. Few experimental
papers on the dual joule heaters have hitherto been published. In this study,
by inducing frictional interaction between the head and the disk, touchdown
experiments were performed to evaluate the thermal protrusions of the dual
heaters. It is demonstrated that the head protrusion can be tuned by use of
the dual heaters, and that the touchdown area can be controlled precisely.

2 Experimental setup

Figure 1(a) shows a schematic diagram of the head-disk interface, where the
dual heaters are highlighted. Heater-1 is the commonly used heater that is
embedded near the reader, while heater-2 is located near the writer. They
can generate two thermal protrusions as the black dashed lines drawn in
Figure 1(a). The red dashed line is the sum of the two protrusion profiles, and
it corresponds to the actual total protrusion. The head is also integrated with
a nanoscale thermistor near its surface (Figure 1(c)), which is typically used to
detect the head-disk contact events or measure the head temperature [15–20].
When the heaters are energized, their protrusions form due to thermal expan-
sion, which brings the thermistor near the surface of the total protrusion as
the arrow shown in Figure 1(a). By tuning the dual heaters’ powers, the total
protrusion can be adjusted, and the thermistor can be at the peak of the total
protrusion when using proper powers for the dual heaters.

The head-disk interface touchdown refers to the case where the thermal
protrusion is large enough to cover the head-disk spacing and hence induce
mechanical contact between the head and the rotating disk. The component-
level experimental setup of touchdown is shown in Figure 1(b). The head flies
over the rotating disk with the components (the heaters and the thermistor)
controlled by a PC via a data acquisition (DAQ) toolbox. To perform the
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Fig. 1 (a) A schematic diagram (not to scale) of the head-disk interface showing the dual
heaters and their protrusions (black dashed line: respective protrusion profiles; red dashed
line: total protrusion profile). (b) A schematic diagram of the experimental setup. (c) An
atomic force microscopy (AFM) image of the head surface showing the thermistor.

touchdowns, one heater was biased at a prescribed constant power, and the
other heater was energized with an increasing power in steps such that the
head-disk spacing was gradually reduced to zero. The touchdowns, namely the
contact between the head and the disk, were indicated by an acoustic emission
(AE) sensor that was attached to the head fixture [21].

3 Results and Discussion

Figure 2 shows the temperature rise measured by the thermistor and the AE
root mean square (RMS) signal during the touchdowns with an increasing
heater-1 power P1 and a constant heater-2 power P2. Figure 2(a) shows that the
thermistor undergoes a temperature translation ∼ 97.8 ◦C when the heater-1
is OFF and the heater-2 power increases by 100.0 mW (heater-2 heating rate
0.98 ◦C/mW at the thermistor). Then, with the increasing power of heater-1,
the head-disk spacing is reduced and contact occurs, which can be observed
from the thermistor’s cooling in Figure 2(a) and the AE RMS signal’s ramp-up
in Figure 2(b). At a larger prescribed heater-2 power, a thermal protrusion by
heater-2 exists in the head-disk interface, and thus a smaller heater-1 power
is needed to realize contact. For example, Figure 2(b) shows that the initial
touchdown power (TDP, defined as the heater power at the contact onset)
is 128.2 mW using the heater-1 alone, while the TDP by heater-1 becomes
23.0 mW with a prescribed heater-2 power of 100.0 mW. The experiments were
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Fig. 2 (a) The temperature rise and (b) the AE RMS signal as a function of the heater-1
power P1 during the touchdowns with a constant prescribed heater-2 power P2.

performed in the sequence of the legends in Figure 2. Finally, the 0 mW curve
was repeated, and it coincides with the first 0 mW curve, which confirms that
the head-disk interface does not change after multiple touchdowns.

To investigate the nanoscale heat transfer across the interface, the rate of
change of the thermistor temperature rise with the heater-1 power, dT/dP1,
is extracted from Figure 2(a) and plotted in Figure 3, where the heater-1
power is denoted as the power relative to the contact onset with zero being the
contact onset indicated by AE. The relative heater power essentially describes
the spacing between the head protrusion and the disk surface. Figure 3 shows
that the dT/dP1 monotonically decreases with the spacing and increases after
contact occurs, which features a minimum near 1 mW. The dT/dP1 indicates
the heat transfer across the head-disk interface. When the spacing decreases
to zero, the stronger heat transfer carries the heater’s joule heating away and
cools the thermistor, resulting in a smaller dT/dP1. After contact occurs, the
minimum (dT/dP1)min corresponds to the maximum of total heat transfer
including air conduction, phonon heat conduction, contact heat conduction
and frictional heating [22–24]. Later, with the heater-1 power exceeding the
TDP, the frictional heating dominates due to the increasing normal force, and
the dT/dP1 accordingly rises. Therefore, if the thermistor is at the peak of the
total head protrusion and touches the moving disk surface first, the thermistor
should have a smallest (dT/dP1)min due to the strongest heat transfer.

Figure 4 plots the (dT/dP1)min from Figure 3 as a function of the prescribed
heater-2 power P2. The curve has the smallest (dT/dP1)min when the heater-2
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Fig. 3 The dT/dP1 as a function of the heater-1 power (relative to contact onset) during
the touchdowns with a constant prescribed heater-2 power P2.

power P2 is 80.0 mW, indicating that the thermistor comes into contact with
the disk surface first at this condition, where the heater-1 power P1 is 51.0 mW.
To put this in another way, the thermistor is located at the peak of the total
protrusion with the heater-1 power P1 of 51.0 mW and the heater-2 power
P2 of 80.0 mW. Therefore, by arranging the dual heaters’ powers, the total
protrusion’s shape can be changed, and the touchdown area can be controlled
at the thermistor’s location.

Fig. 4 The minimum of the dT/dP1 as a function of the heater-2 power P2 during the
touchdowns achieved by increasing the heater-1 power.

Figure 5 shows the experiments performed in the opposite way, where the
heater-1 was biased with a constant power P1 and the heater-2 had an increas-
ing power P2. Figure 5(a-b) show the temperature rise and the AE RMS signal
during the touchdowns achieved by increasing the heater-2 power P2. The
thermistor’s temperature translation by the heater-1 is 0.48 ◦C/mW, which is
much smaller than that by heater-2 (0.98 ◦C/mW) as shown in Figure 2. The
heating rate is dependent on the heater’s parameters (size, distance from the
thermistor) and the material parameters near the thermistor (thermal conduc-
tivity). For example, the thermistor is surrounded by metal shields (Ni, Fe, and
Cu) as shown in Figure 1(c), which could affect the temperature at the ther-
mistor location because the metals usually have higher thermal conductivity
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Fig. 5 (a) The temperature rise and (b) the AE RMS signal as a function of the heater-2
power P2 during the touchdown with a constant prescribed heater-1 power P1. (c) The
dT/dP2 as a function of the heater-2 power (relative to contact onset) during the touchdown
with a constant prescribed heater-1 power P1. (d) The minimum of the dT/dP2 as a function
of the heater-1 power P1 during the touchdowns achieved by increasing heater-2 power.

than the underlying alumina slider body (1.8 W/(m·K) [8]). Figure 5(c-d) show
the extracted dT/dP2 and (dT/dP2)min during the touchdown process. Simi-
larly, the thermistor dT/dP2 has a minimum near 1 mW after contact occurs.
Figure 5(d) shows that the (dT/dP2)min is close to zero when the heater-1
power P1 is 0 mW, indicating that the thermistor has almost no cooling dur-
ing the touchdown, which can also be seen in Figure 5(a). The reason is that
the thermistor is relatively far away from the center of the heater-2 protrusion
(Figure 1(a)), and thus it can not sense any cooling when the heater-2 protru-
sion alone touches the disk surface. The smallest (dT/dP2)min in Figure 5(d)
occurs at the heater-1 power P1 of 50.0 mW, where the heater-2 power P2 is
83.5 mW from Figure 5(b-c). The results illustrate that the thermistor is at
the peak of the total protrusion with the heater-1 power of P1 50.0 mW and
the heater-2 power P2 of 83.5 mW. The needed heater-2 power is larger than
that for the heater-1, which confirms the thermistor’s larger distance from
the center of the heater-2 protrusion. Also, compared to the obvious smallest
(dT/dP1)min in Figure 4 (-3.3 ◦C/mW), the observed poor sensitivity of the
smallest (dT/dP2)min in Figure 5(d) (-2.2 ◦C/mW) further validates that the
thermistor is positioned farther from the heater-2’s projection on the head sur-
face, namely its protrusion center, as the same power change dP at the heater-1
can induce a larger temperature drop at the thermistor. The dual heaters’
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powers measured here are 50.0 mW and 83.5 mW, which is very close to the cir-
cumstance derived from Figure 2–Figure 4 (51.0 mW and 80.0 mW). If heater
efficiencies (ratio of protrusion size to applied power, from ∼ 0.14 nm/mW at
the initial spacing to ∼ 0.03 nm/mW near touchdown [25]) are assumed to be
only dependent on the head-disk spacing, the thermistor remains at the peak
of the total head protrusion when the heater-1/heater-2 powers have a ratio
of 0.62.

4 Conclusion

In conclusion, we performed the touchdown experiments to investigate the
dual thermal protrusions. The head temperature was measured during the
touchdowns by use of the dual heaters. One heater was biased at a prescribed
constant power, and the other heater was energized with an increasing power
to realize touchdowns, or vice versa. Both the schemes show that the thermis-
tor undergoes the strongest heat transfer (smallest (dT/dP )min) when contact
occurs under the circumstance of the heater-1 power∼ 50 mW and the heater-2
power ∼ 80 mW. And to sense the maximum heat transfer, the thermistor
needs to be at the peak of the overall protrusion of the dual heaters such that
it can touch the moving disk surface first. Therefore, it is demonstrated that
the head protrusion can be tuned by use of the dual heaters, and that the
touchdown area can be controlled precisely. Moreover, the head protrusion can
be used as a mechanical approach to address the laser-induced material accu-
mulation (smear) issue in heat-assisted magnetic recording (HAMR) [26]. This
study contributes to the protrusion management in the head-disk interface,
and hence is expected to be useful for the HAMR smear management too.
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