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Abstract: The interfacial adhesion between microstructures is inevitable in a micro-electro-mechanical system
(e.g., hard disk drive (HDD)), which may lead to complicated microtribodynamics problems. This research has
investigated the effect of surface potential on the interfacial adhesion and microtribodynamics of the head—disk
interface (HDI) in an HDD. A dynamic continuum surface force model, where the electrowetting is considered,
is proposed to evaluate the interfacial interaction, and then employed into a two-degree-of-freedom (2DOF)
model to theoretically analyze the potential influence mechanism on the microtribodynamics. The results
confirm that the elimination of potential can effectively repress the adhesion retention, which is further proved
by the measured slider response with a laser Doppler vibrometer (LDV). Moreover, the effect of the potential
on the adhesion-induced instability is also analyzed through the phase portrait. It tells that the critical stable

flying height can be lowered with the elimination of potential.
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1 Introduction

The annual production volume of global data has
continually developed rapidly in recent years. As the
most salient magnetic storage device, the hard disk
drive (HDD) takes great responsibility for storing
those fast-growing data. Nowadays, the areal density
(AD) or the capacity has been increased beyond 2
Tb-in? [1]. One of the practical techniques to increase
the AD is decreasing the physical clearance of the
head-disk interface (HDI), which now has come
into smaller than 1 nm [2, 3]. At such a near regime,
the grievous bouncing vibration of slider is aroused
when it flies over a high-speed spinning disk.
Meanwhile, the possibility of collision between the
head and disk also increases intensely due to so close
spacing. The frequent collisions cause the friction and
aggravate the wear of slider, which lead to a decrease

* Corresponding author: Yu WANG, E-mail: ywang95@xjtu.edu.cn

() ¥ £ % it &\ Springer

Tsinghua University Press

in the read/write performance of HDDs. For those
reasons, the slider’s bouncing contact vibration
becomes a critical issue for further decrease of flying
height.

When the slider is touching down (ID; i.e., the
slider comes into contact with the disk, as shown
in Fig. 7), the instable bouncing vibration amplitude
arises suddenly at a certain flying height, which is
called the TD height. Once the slider retracts from the
disk, called the take-off (TO) process (as also shown
in Fig. 7), the instable bouncing vibration vanishes
until a higher threshold of flying height compared
with the TD process [4], and the threshold is named
the TO height. This is a kind of hysteresis phenomenon,
which delays the separation of head and disk. Ono
et al. [5] observed the hysteresis experimentally by
controlling the atmospheric pressure of a chamber to
drop or raise the head gradually. And they obtain the
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hysteresis, as seen in the experiment by a two-
degree-of-freedom (2DOF) model. Yoon and Talke [6]
also found the “pressure hysteresis” by analyzing the
acoustic emission (AE) signals. With further research
on this issue, many researchers found that the hysteresis
phenomenon is associated with the adhesive interaction
between the head and disk. Thornton and Bogy [7]
explained the hysteresis by simulating the slider
motion, which has considered the intermolecular
force. Guo et al. [8] employed molecular dynamics
to obtain the nano-mechanics of perfluoropolyether
(PFPE) films, and they found that the stronger HDI
interaction induces the hysteresis. The lubricant-
induced hysteresis is also demonstrated by Liu et al.
[9]. In recent years, many researchers have focused
on the surface potential of the HDIL The friction of
nonconducting materials on the slider [10, 11] and
contact of conducting materials [12, 13] can accumulate
the charge on the surfaces, which generates the electric
field (EF).

As a kind of attractive force, the electrostatic force
F. is even larger than the van der Waals force when
the slider is lower than a certain threshold [14]; it has
great influence on slider motion, affecting some
details of the vibration instability of the slider [15],
and cannot be ignored. Wang et al. [11] found that
the F, influenced instability of the slider experimentally,
and they discovered that the slider has a faster release
rate when the EF was removed, i.e., the instable
vibration vanished at a lower TO height. Rajauria et al.
[16] numerically analyzed the electrostatically tunable
adhesion in the HDI and demonstrated that the
hysteresis is effectively removed by an external
alternating current (AC) voltage. However, they have
ignored the lubricant, which is significant for head—disk
adhesion, and the spreading behavior of lubricant on
the disk surface is also affected by the existence of the
EF, called electrowetting.

In this paper, we first consider the electrowetting
behavior on the HDI at the nanoscale to study the
effect of potential on the microtribodynamics of a flying
slider. To overcome the continuity adhesion problem
during investigating the slider dynamic motion, based
on the improved sub-boundary lubrication (ISBL)
model, a dynamic continuum surface force model is
developed, and then introduced into a 2DOF dynamic

model to explore the influence of the EF on the slider
vibration. By analyzing the results, we found the
effective repression of external voltage on the slider
adhesion retention. It is a promising way to enhance
the slider flying stability and durability.

2 Theoretical model: Interaction between
head and disk

21 Dynamic continuous adhesion contact model
between HDI

The commercially used HDD is a kind of complex
microelectromechanical system. The two pivotal
components in the HDD are the disk and the head
suspension assembly, which are responsible for storing
and reading/writing data, respectively, as shown in
Fig. 1(a). The read/write components are enlarged to
show more detail, observing in Fig. 1(b). When the
disk rotates, the head on the suspension assembly
keeps afloat on it to read/write data. More specifically,
what directly affects the read/write performance of
HDDs is the HDI, as simplified in Fig. 1(c). As can
be seen, the femto-sized slider is covered with
diamond-like carbon (DLC) and flies on the high-speed
rotating disk passively through the self-pressurized
air. As for the disk, it utilizes the glass as the substrate,
which is deposited by the magnetic medium. To
protect the medium, it is also covered with DLC and
coated with a PFPE film for good lubrication finally.
Since the slider contacts with the disk, the interaction
between them lumps in a miniature region, where
thermal-induced protrusion of head would contact
with the disk, as sketched in Fig. 1(d). Due to the
limitation of force effective range at the nanoscale,
the force interaction is concentrated on the carbon
(head)-lubricant—-carbon (disk) interface, which is
also our research interface. If there is no special
the HDI mentioned below is the
carbon-lubricant-carbon interface. Although both

instruction,

the realistic disk and head surfaces are rough, it is
feasible to combine them into a smooth surface and a
rough surface, and which one is selected has no
influence on the mathematics [17]. According to the
Greenwood and Williamson (GW) model [18], the
disk is considered to be covered with a large number
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Fig. 1 (a) HDD, (b) enlarged graph of read/write components, (c¢) schematic diagram of composition of disk, and (d) schematic

diagram of HDI.

of asperities, which are spheres with the same radius
R, , and whose height follows a Gaussian distribution,
as shown in Fig. 2(a), with a mean height y and a
standard deviation o . As for the lubricant, we assume
that the PFPE film overcoats on the asperities evenly
with a thickness t. For descriptive and computational
reasons, taking the mean asperity height as a reference,
the minimum spacing between the head protrusion
and the reference is defined as the head separation 4,
and the height of the asperity is denoted by z.

At the nanoscale, the head is attracted by both the
DLC and the lubricate of the disk because of the van
der Waals force. When it gets closer to the disk and

contact with the mobile lube, a liquid bridge is formed
between the head smooth surface and the spherical
asperities of the disk, which then leads to stronger
adhesion attraction. Continuing to lower the head,
it impacts with the DLC asperities. At this state,
there exists adhesion between solid and solid except
for liquid—-solid adhesion. To evaluate the adhesive
interaction of the HDI, we adopt a continuum
mechanics-based adhesive model, called the ISBL
model [19]. This rough surface adhesive model had
adopted the similar idea of the sub-boundary lubrication
(SBL) [20] model to extend the Kogut and Etsion (KE)
model [21] to also contain the presence of a lubricant
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Fig. 2 (a) Gaussian distribution of asperity height, (b) interaction between lubricant and head during head falling, and (c) interaction

between lubricant and head during head rising. Note: r is the Kelvin radius, and d,,, and d

o are the separation, at which the head is

about to fall or rise (transition of changing direction) in the last up and down cycle, respectively.
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film. Thus, this model has the ability to evaluate the
contribution of a thin lubricant as part of the adhesion.
The total adhesion force F; calculated by the model is
given by Eq. (1) [19]:

Fs _ AnnanaA}/(J-::r ]nc + J-dd_f ]lc + 0.98"-d+wc 0.298

d -0.29
d+110w,

0.093 ) (1 )

-0.321 -0.332

+0.79 jd“”” e +119[
where A is the nominal contact area, 7 is the
density of asperities, Ay is the energy of adhesion,
and @, is the critical interface at the inception of
plastic deformation. The first integral | represents
the attractive effect of noncontact asperities on disk
in Eq. (1), the second one ], is the lubricant-induced
interaction, and the last three which follow the form
J? calculate the adhesion of the contact asperities.
A n2m R Ay is represent by a symbol i . In Ref. [22],

the symbols | , ], and J? follow Eq. (2).

nc’/
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I\, = $(z)dz )
b= [ﬂj [Z—j Hz)dz
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where z, is the equilibrium spacing, and o is the

interference between the smooth surface and the
asperity, i.e., the distance, which points outside the
deforming zone move together during the deformation
[18].  ¢(2)
distribution of asperity height, and @_ is defined

as [23]:
nKH Y
w°_(2E* j R, 3)

represents the normalized Gaussian

where H represents the hardness of the softer material,
K is the hardness coefficient, which is also associated
with the Poisson’s ratio of the softer material, and
E is the composite Young’s modulus, which is related
to the Young’s moduli and Poisson’s ratios of the
contact surfaces.

At the contact state, the repulsion between HDISs also
appears because of the deformation of those asperities,
except for the attraction calculated by Eq. (1). The
contact force F. in the contact rough area can be

calculated by Eq. (4) [23]:
F =nA, {% E'R? j: (z—d) " $(z)dz
+nR KH L“; [2(z-d)- w, |4(z)dz} } @)

In this model, the elastic and the plastic deformation-
induced F. of those asperities are estimated by the
first and the second integrals, respectively.

The HDI a nano system composed of multi-
material layers, tends to exist the electrical double
layer force because of the potentials, which are
caused by contact and friction (contact potential and
tribocharging). Generally, it is considered that the
electrostatic attraction comes from the charges on
surface layers of only a few angstroms, while the effect
from those beyond the surface layers is neglected [24].
Considering the rough surface in a statistical sense
as the GW model did, this F, calculation equation is
written as [14]:

5 (it 1
F, = Agme,RU [ o H)dz ()
where ¢, is the permittivity of vacuum, and U is the
interfacial potential between HDL

When there is an EF in the HDI, the lubricant-
induced adhesion needs to be renewed. Most
researchers have found that the surface potential has
the influence on the interfacial tension of the solid—
liquid phase, called electrowetting. At this state, the
contact angle @ of the liquid near the three-phase
contact line decreases due to the electrostatic mechanics.
Let us refocus on the second item of Eq. (1). The
equivalent interface energy needs to be modified by
introducing an item related to the potential; meanwhile,
the modification contribution of line tension is also
essential at the nanoscale. Wang and Zhao [25]
established a uniform expression about electrowetting
on dielectric including the line tension. So, we employ
the equation to rewrite Eq. (1) in this paper, and the
second integral term F,  about the lubricant influence

slb

is given by Egs. (6) and (7):
Ey=v|C] 1-—972 \42)dz )
o “da-t| 21, cos
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where C, is the correction factor of lubricant adhesion
influenced by the interfacial potential, d,  is the
thickness of the insulator, which means DLC here,
and 7, is the mean curvature of the meniscus. ¢ is

. . . T
the permittivity of lubricant, and the last one, i.e., x

a

represents the influence of line tension 7.

Equation (6) is applicable to a quasi-static process;
however, the sider oscillates on the rotating disk
when it is working. From the experiment measure of
pull-in and pull-off forces implemented by Tani et al.
[26], the capillary adhesion also exists at the nanoscale.
So, this lubricant adhesion difference should be
considered in the dynamic model during falling and
rising, i.e., the difference between the height of liquid
bridge formation and the height of liquid bridge
breaks. It assumes that the bridge starts to form when
the protrusion contacts with the lubricant, which means
that the formation separation between asperity and
protrusion is ¢. As for the break separation of asperity
and protrusion, it is 2r, cos # from Eq. (6). When the
liquid bridge is at the equilibrium, the & is constant
so that the 7, also keeps constant, which is equal to
the Kelvin radius 7 . This is also the separation, at
which the bridge finally disappears.

Besides, to ensure the calculation continuity of F;
when the head changes the direction, we proposed
the following integration method. The separation, at
which the head is about to fall or rise (transition of
changing the direction) in the last up and down cycle,

are defined as dmp and 4, _,, respectively.

hot 7

During the falling process, as shown in Fig. 2(b), if
the slider disk spacing meets the range: d,, -7 +t<
d<d,, (the yellow area in Fig. 2(b)), the lubricant

adhesion is calculated by Eq. (8):

E, = w{q i . (1 - Z] ¢(z>dzJ ®)

and if the spacing meets d <d, -7 +t (the green

area in Fig. 2(b)),

d d—z
Fy, = V/{Ce dt(l_ e

] #(z)dz ] ©)

Fan
HE
NSV ghua University Press

During the rising process, as shown in Fig. 2(c), if

the spacing meets d,  <d<d, +r,—t, the lubricant

adhesion is calculated by Eq. (10):

d d-z
Ey = v{q ) _t[1_ - j¢<z>dz} (10)
bot K
and if the spacing meets d > d, +r, —t,
Eo=v|C[ 1-922 4(2)dz (11)
slb e -1 rK

Then the F, as a function of the head-disk gap is
obtained via the proposed dynamic continuum surface
force model, and the results are graphed in Fig. 3.
The head descends from 6 nm above the disk until the
gap is —2 nmy; later, it suddenly rises to the distance of
5.5 nm. Then, another sudden decrease follows and
continues the up—down cycle. Noticing the transition
enclosed by those red circles, the values are continuous
when the head changes its direction. However, it
could jump to another value in the former adhesion
numerical calculation model of Ref. [4] even everything
about affecting the F; has not changed at that time,
which is against with the results of experiments and
simulations [8, 26]. Here, the limitation is solved in
our proposed model. And another attention is that the
adhesion may be differential even when the head is
at the same height and in the same up/down process.
For example, when the head—disk gap is 2 nm and in
the falling process, i.e, numbered with 1, 3, and 5,
the F, are different between them. This is the influence

0

—1r

=2r

=3t

—4F

Adhesion force F; (mN)

9 . . .
=2 -1 0 1 2 3 4 5 6
Head disk gap (nm)

Fig.3 Continuum F between head and disk when the head rises
and falls.
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of those asperities, whose lubricant bridge does not
break at the transition.

2.2 Dynamics analysis of 2DOF model during
TD/TO

To analyze the microtribodynamics of the slider on
the real complex HDI, we expect to obtain the motion
with a simplified model of the head-disk system. Due
to the contact collision and friction between the head
and disk, the vertical movement of the slider and the
flip of the pitch direction are mainly influenced, as
sketched in Fig. 4. Thus, a 2DOF dynamic model is
established, as shown in Fig. 4.

In this model, the X axis is defined as the mean
asperity height of the disk when calculating the
interaction between the HDI, and the vertical line
passing the centroid of the slider in the initial position
is defined as the Z axis. The slider is simplified as a
cuboid with mass m, pitch moment of inertia J about
centroid, length 4, and width b. It is flexibly connected
with the folding arm, which can move horizontally
along the Z axis or rotate around its own centroid, so
the arm is represented by the ordinary spring damper
(k and c) and torsion spring damper (k, and c,).
Meanwhile, because the slider floats over the rotating
disk due to the air flow, the flow can also be represented
by a spring-damper system. The air bearing surface of
the slider is an etched complexity surface that can

P Vertical O\
g
) \

[ Yaw Y
| |
Pitch Down-track /
k \ Oft-track
B P

s -

influence the flip of the pitch direction, and thus the
front and rear air bearing pad are divided in this
system; they are represented by the front spring
damper (k; and c, ) and rear spring damper (k, and c_),
respectively. The air forces are assumed to be acted
on a point of the front and rear air bearing pad, and the
horizontal distances from the point to the centroid of
slider are defined as d, and d,. Again, the minimum
spacing between the head protrusion and the X axis is
denoted by d. The height from the X axis to the centroid
of the slider under static state is defined as Fy.

As the small contact area between the protrusion of
slider and the disk, we assume that those interaction
(attraction, repulsion, and friction) lumps on the
protrusion and the contact area do not change at any
interference depth. So, those interaction forces can be
calculated at any separation by the equations (Egs. (1),
(4), and (5) and Egs. (8)—(11)) described in Section 2.1.
The concentrated force F is calculated by F —F —F..
Meanwhile, the friction force Q exerted on the
protrusion together with a concentrated force excites
the slider rotation at the pitch direction, and the
torque M except for the part caused by airflow
applied on the slider is in Eq. (12).

M =-0.5bQ +d, F (12)

where d, represents the distance from read/write head
to the centroid of the slider.

Fig.4 Schematic diagram of simplified 2DOF dynamic model of HDI system. Note: X and Z represents axes, k and ¢ are the ordinary

spring damper, k, and ¢, are the torsion spring damper, k; and ¢, are the front spring damper, k, and c, are the rear spring damper,
Fy is the height from the X axis to the centroid of the slider under static state, d, represents the distance from read/write head to the

centroid of the slider, and d, and d, are the horizontal distances from the point to the centroid of slider.
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Because the friction law in microtribodynamics
does not obey the common Coulomb friction law, the
strength of bond where contact occurs and the shear
during sliding [21] between slider and disk need to
be involved. Thus, the Q is given by Eq. (13):

Q=u(F.~F) (13)

where g, is the friction coefficient between the head
and disk.

When we define the vertical displacement of the
slider as z_ and the angular displacement in the
pitch direction as &, the motion of the slider can be
expressed by Eq. (14):

m 0 Z;, + Cll C12 Z; + Kll KlZ Zs _ F
0 J|le'] |c, C,l|le) |K, K,|le] |Mm
(14)

where the elements in the stiffness matrix Kj;, Kqp, Ky,
and K, can be obtained by Eq. (15):

K, =k +k +k
K12 = kfdf + krdr = K21 (15)
K, =kd: +kd +k,

And the elements in the damping matrix C;;, Ci,,
Cy1, and Cy, can be obtained by Eq. (16):

C, =c +c, +c
C,=cd +cd =C, (16)

_ 2 2
C,, =cd; +cd +c,

The damping coefficients ¢, ¢;, ¢,, and c, are
calculated [27].

3 Experimental

Figure 5 presents the diagram of the slider TD/TO
tests to explore the influence of the surface potential,
which is eliminated by applying and external voltage
between HDIs. The disk is driven by a spindle to float
the slider through the high-speed rotating airflow.
And the head suspension assembly is mounted at
a certain height above the disk, whose position is
controlled by the driver chained with the computer.
The power of the TFC heater is also operated by the
computer.

The AE sensor is glued to the arm of the head
suspension assembly. It is adopted for the TD test
since it is sensitive to the contact between the head
and disk [28]. Then the TD power (TDP) of the TEC
heater is obtained through the measured AE signal.
To monitor the vibration of the slider, the LDV is
employed, which is located directly above the head.
The actual measuring points of both AE and LDV are
shown inside the blue wireframe.

With external voltage

____é___x

Disk surface

Data acquisition systecm

11

Computer

Position control of
folding arm

Thermal power
control of TI°C

Fig.5 Schematic of slider test setup. Note: DC is the abbreviation of direct current, and LDV is the abbreviation of laser Doppler

vibrometer.
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To investigate the effect of the potential-induced EF
on the slider microtribodynamics, we apply an external
voltage to eliminate the potential between HDIs, as
schemed in the bottom left of Fig. 5. The vibration signal
of the slider is collected in this case. And the vibration
signal under the normal condition, i.e., without external
voltage, is also acquired for comparison.

4 Results and discussion

4.1 Effect of potential on slider adhesion hysteresis
during TD/TO

To investigate the effect of the potential between
HDIs, we simulate the dynamic vibration response
of TD/TO process, employing the introduced model
in Section 2, and the results are illustrated in Fig. 6. It
shows the slider vibration response without and with
external voltage. The vibration results can be divided
into three stages: flying, bouncing, and surfing exactly,
as depicted in Fig. 6. The retention is obviously
observed by comparing adhesion duration (duration
of both bouncing and surfing stages) of the results.
The duration (about 0.2-1.3 ms in Fig. 6(b)) of the
adhesion state is shortened in the condition of
applying 0.7 V of external voltage. It indicates that
the adhesion retention is suppressed by removing
the potential between HDIs by our simulation.

Later, we performed the TD/TO tests to verify the
conclusion. With the commercially used femto head,
the head changes its height at the nanoscale by
controlling the TFC heater power. When the power
increases, the protrusion gets nearer to the disk surface;
contrarily, it is further from the disk gradually.
During the tests, the vibration signal of the slider is

Without external voltage

N’
=]
'

02} =

Fy (nm)

Slider amplitude (nm) &
<

Time (ms)

measured by the LDV at each power step. To evaluate
the influence of the EF between HDIs, we apply an
external voltage to eliminate the original potential.
However, before developing this operation, the “TD
method” [29] is applied to determine the difference
of potential (0.7 V) between slider and disk. Then,
starting the TD/TO tests, the obtained signal is bandpass
filtered since the frequencies of the pitch model and
normal model are in the frequency band range from
50 to 300 kHz. In this way, we can better identify
the dynamic characteristics of the head, and the
results are depicted in Figs. 7(a) and 7(b), showing the
dynamic vibration without and with the applying
external voltage during TD/TO, respectively. As can
be seen in Figs. 7(a) and 7(b), initially during the TD
process, the slider vibrates with a limited modulation
amplitude. Note that the vibration in the state seems
to be zero in the simulation, but the experimental
results are not. This is because the actual air bearing
is variable stiffness, but it is a constant in the
simulation. It is fine for the adhesion study as the
previous studies did in this way [5, 15, 27]. Back
to the topic, with the increase of heater power, the
slider is pushed to touch down,; it vibrates violently at
a certain heater power value, and the vibration
amplitude continues to increase as the heater power
raises regardless of whether there is an external EF.
However, the vibration would start to attenuate and
tend to remain temporary stability if the power adds
more. After a short while, the TO process starts as
the power releases, and the measured slider vibration
experience is similar to the opposite process of TD. As
seen from the results, the duration of adhesion is
shorted by eliminating the surface potential, which
agrees with our simulation conclusion.

(b) 04r With 0.7 V external voltage 18
—
g y
5 X
o 027 | 6
= ke 7 da
= “ “ “ Il 1.7 =
= i L =
_d" 0 | 1A “\ ] 1 o
g | i
= Flyi ‘ Surfi w i
- yng M“‘ Surfing | | (|14 Flying
§ =021 "J,\ e 2
7 se-ood
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0 0.5 1
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Fig. 6 Simulation results of slider response during TD/TO. (a) Vibration response of slider without external voltage and (b) vibration

response of slider with 0.7 V of external voltage.
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Fig. 7 Experimental results of slider response during TD/TO. (a) Vibration response of slider without external voltage, (b) vibration
response of slider with 0.7 V of external voltage, and (c) root mean square (RMS) of slider vibration response in two cases:
(c1—c3) schematic diagrams of slider TD process and (c4—c6) schematic diagrams of slider TO process.

To better understand the effect of the elimination
of the potential, the RMS value of the vibration
amplitude with and without the EF at each power
step is calculated, and the change along with the power
is sketched in Fig. 7(c) together. They are roughly
divided into three movement stages as the simulation
results: flying, bouncing, and surfing [30], where the
slider vibrates slightly, bounces strongly, and oscillates
stably. Taking the power of starting bouncing vibration
as the critical stable flight criterion, i.e., equivalent to
the TD height and TO height, there exists obvious
adhesion retention deviation between the two cases.
That is to say that the external voltage can suppress
the adhesion interaction between the slider and the
disk, which enables the slider to release the bouncing
early.

4.2 Effect of potential on slider instability

As the critical stable flying height is important for the
magnetic recording density, we are ready to discuss
the effect of external voltage in Section 4.2. The RMS
values of the slider simulation response during TO
are calculated for each 0.05 ms. And the calculation
results are compared for both the normal and
external voltage application state, which are depicted
in Figs. 8(a) and 8(c), respectively.

Figure 8(b) is the Gaussian distribution of the
asperity height along with the Fj;. Combined with
the TD and TO process illustration, as shown in
Figs. 7(c1)-7(c6), we can have a better understanding
of slider instability. When Fy; = 1 nm, the slider contacts
with a large number of asperities, as shown in
Fig. 7(c4). The slider vibrates slightly driven mainly
by F. and friction between head and disk, and the
phase portrait of the slider vibration reveals that it is
a self-excited vibration as its periodicity, as displayed
by Fig. 8(cl). As the Fy increases, the amplitude of
the vibration also increases, and those quasi-circular
phase trajectories no longer coincide and gradually
separate, as shown in Figs. 8(al), 8(a2), and 8(c2).
Then, with the continued increase of Fy, the phase
trajectory is approaching the center as time goes by,
and the head is far from the disk, which means that
the influence of the rough disk surface is weakened,
and the slider is in stable flying, as shown in Figs. 8(a3)
and 8(c3). We can focus on that the Fy of the
bouncing vibration is lower with applying an external
voltage by comparing Figs. 8(a) and 8(c). Figure 8(a)
shows that the slider starts to be instable even if the
Fy does not touch the 3o lubricant contact line. That
is the results of the adsorption of lubricant and EF.
With the elimination of surface potential, the adsorption
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Fig. 8 (a) RMS of slider simulation response during TO without external voltage, (b) probability distribution of asperity height, and
(c) RMS of slider simulation response during TO with external voltage.

is weakened, leading to the reduction of critical
instability Fy;. This proves that the stable flying height
can be lower for a larger recording density. In Fig. 8,
there is an explanation for the amplitude reduction of
the surfing state. Due to the increased number of
contact asperities, the F. dominates the motion, and the
contact stiffness enhances. The amplitude decreases,
and the slider gradually comes into the amplitude
steady state.

5 Conclusions

In this research, the effect of surface potential on the
flying slider microtribodynamics has been investigated.
A continuum surface force model is proposed to
evaluate the interaction between the head and disk.
And then, a 2DOF dynamic model is employed to
study the influence mechanism of potential on slider
microtribodynamics theoretically. We experimentally
obtain the dynamic motion by the LDV without and
with an applied external voltage of 0.7 V, which reveals

that the simulation agrees well with the experiment.
From the results of both simulation and experiment,
we find that the adhesion retention can be suppressed
by eliminating the surface potential, which might
mean a less wear loss of the head. Besides, the critical
stable flying height of the slider can be lowered in
this way, which may lead to a larger recording density.
The electrostatically tunable method provides a
promising way to enhance the slider flying stability
and durability.
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