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Abstract Stress plays an important role in the magnetic

properties of ferromagnetic materials. Sliding contact in

hard disk drives can lead to tribological failures of the disk

in terms of data loss and demagnetization. However, the

relationship between contact stress-induced magnetization

changes and tribological failures of magnetic recording

disk is rarely discussed. In this study, the contact stress-

induced micromagnetic behavior in magnetic recording

disk was investigated using micromagnetic simulation. A

micromagnetic model including the magnetostriction effect

into the Landau–Lifshitz–Gilbert equation was developed

to simulate the stress effect on the magnetization changes.

Then finite element analysis was used to calculate the

critical stresses for the occurrence of data loss and

demagnetization of perpendicular magnetic recording disk

under sliding contact according to our previous experi-

mental results. Based on these simulation results, it was

found that the magnetic moment decreased by 8.9 % under

the critical stress for data loss, and it rotated 55.7� under

the critical stress for demagnetization. In addition, the

simulated static domain structures when data loss and

demagnetization occur were in agreement with the previ-

ously reported experimental results. Finally, the relation-

ship between the contact stress-induced tribological

failures and micromagnetic behavior of the magnetic disk

was illustrated. It was proposed that data loss is caused by

the magnetization reduction, while demagnetization is

caused by the magnetization rotation.
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1 Introduction

In order to achieve higher areal recording density, the

carbon overcoat thickness on the surface of a magnetic

recording disk and the flying height of a magnetic

recording head must be reduced [1–3], increasing the

possibility of head/disk interface contacts. These contacts

can lead to data loss and demagnetization of the magnetic

disk. A number of studies have been published on this

subject. Suk et al. [4] investigated the head/disk contact-

induced magnetic data loss during load/unload process.

Roy et al. [5] found that the interactions of particles with a

head/disk interface could lead to permanent loss of data in

the recording disk. Lee et al. [6] believed that demagneti-

zation of the magnetic recording disk was related to the

plastic strain in the recording layer. Xu et al. [7] observed a

decrease in the magnetic coercivity and anisotropy in the

scratch area of a magnetic disk. Talke et al. [8] studied the

magnetic information erasure due to transient slider/disk

contacts. In our recent work [9], drive-level tests of dia-

mond tips sliding against perpendicular magnetic recording

(PMR) disks were performed. By using magnetic head

scanning and magnetic force microscopy (MFM), the

critical normal forces and sliding velocities for data loss

and demagnetization of PMR disk under sliding contact

were obtained. It was found the critical normal forces for

data loss and demagnetization under sliding velocity of
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20.36 m/s were 0.02 and 8 mN, respectively. But the

micromagnetic mechanisms of data loss and demagneti-

zation under sliding contact are still unclear.

As we know, stress plays an important role in the

magnetic properties of ferromagnetic materials. Experi-

mental and theoretical researches have been devoted to

investigate the influence of stress on magnetization [10–

12]. Micromagnetic simulation is an effective way to study

the magnetic properties under stress. A magnetostriction

model has been developed by Jiles [13] to describe stress

effect on magnetic properties of bulk materials. Based on

this model, a lot of researchers have studied the stress-

induced magnetization changes. Zhu et al. [14] calculated

the magnetization curves of a nickel thin film under applied

stress and found the shape of the hysteresis loop and the

magnetic properties changed systematically. Li et al. [15]

proposed a modified micromagnetic model to investigate

the asymmetrical magnetic properties under tension and

compression. However, the relationship between stress-

induced magnetization changes and tribological failures of

magnetic recording disk was rarely discussed. Therefore,

further study is needed on this subject.

The aim of this paper is to investigate the micromag-

netic mechanism of sliding contact-induced data loss and

demagnetization in the magnetic recording disk. Micro-

magnetic simulation was used to investigate the effect of

stress on the magnetization changes of the recording

medium. Then finite element analysis (FEA) was used to

calculate the critical stresses for the occurrence of data loss

and demagnetization according to our previous experi-

mental results. Finally, the mechanisms of data loss and

demagnetization of perpendicular magnetic recording disk

under sliding contact were discussed on the basis of the

simulation results.

2 Micromagnetic Simulation

2.1 Micromagnetic Model

The magnetic moment in the magnetic material will alter

its magnitude and direction when sliding contact induces a

stress field at the magnetic domain, which is called mag-

netostriction effect. The amount of the changes depends on

the magnetostriction coefficient as well as the stress

induced by sliding contact. Although the magnetostriction

effect is small in most magnetic materials, the existence of

it can have a substantial effect on the magnetic properties,

especially when the stress becomes large enough. In order

to investigate the stress-induced magnetization changes in

the magnetic recording layer, a micromagnetic model was

developed considering the magnetostriction effect.

When the magnetic material is under applied stress, the

magnetostriction energy has to be included in the total

Gibbs free energy E, which can be written as following:

E ¼ Eext þ Eexch þ Eanis þ Edemag þ Ems ð1Þ

where Eext is the energy contribution due to an external

field, which is also called Zeeman energy. Eexch is the

exchange energy, which is the energy for forming a mag-

netic domain wall. Eanis is the magnetocrystalline anisot-

ropy energy, which is the energy barrier preventing the

magnetization deviates from the preferred directions.

Edemag is the demagnetizing energy, which is generated by

long range interactions. Ems is the magnetostriction energy.

When the magnetostriction is isotropic, the magnetostric-

tion energy can be given by:

Ems ¼ �
3

2
krcos2h ð2Þ

where k is the magnetostriction constant, r is the applied

stress, and h is the angle between the magnetic moment and

the applied stress. The equilibrium magnetization config-

uration of the magnetic recording layer under stress can be

found by minimizing the total Gibbs free energy.

Figure 1 shows the three-dimensional micromagnetic

model. The simulation was performed with uniaxial anisot-

ropy energy function. The initial magnetization state

(M) was assumed to be two equal-sized antiparallel domains

along the anisotropy axis separated by a 1808 Bloch wall at

the center line. According to the characteristics of the studied

perpendicular magnetic recording disk, the dimension of the

micromagnetic model was 80 nm 9 40 nm with thickness

of 30 nm. The width of the domain wall was 4 nm. The easy

axis and the initial magnetization were both along the normal

direction of the disk surface (y axis). The compressive

stresses were applied on the film along x axis, y axis and

z axis, respectively. In this study, the micromagnetic simu-

lation was done by using finite element method, in which the

Fig. 1 The three-dimensional micromagnetic model
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model needs to be discretized with finite element. The

magnetization within each element was assumed to be uni-

form and represented by a single magnetic moment. The

finite element mesh of the model was generated by using

Gmsh. The model was composed of four-node regular tet-

rahedron elements. The mesh size was 2 nm, which is larger

than the atomic diameter and smaller than the exchange

length. The material properties of the magnetic recording

medium were given as: Js = 1.5 T, K1 = 0.6 9 106 J/m3,

A = 2.7 9 10-11 J/m, k = 20 9 10-6 [16, 17], where Js is

the saturation magnetic polarization, K1 is the first mag-

netocrystalline anisotropy constant, and A is the exchange

constant. The finite element mesh and the material properties

were then input into the public domain software Magpar, a

parallel finite element micromagnetics package [18]. The

damping constant was assumed to be 0.1 in the simulation,

and the thermal effects were not taken into account.

Figure 2 gives the simulated hysteresis loop of the

magnetic media based on the above magnetic parameters

used in the micromagnetic model. The external field was

along the y axis, perpendicular to the media surface. The

simulated coercivity of the magnetic recording layer was

around 476.4 kA/m, which was close to the typical coer-

civity value of the perpendicular magnetic recording

media.

2.2 Micromagnetic Simulation Results

Based on this model, the equilibrium magnetization con-

figurations of the magnetic recording layer under different

stresses were obtained. Then the direction and magnitude

changes of the magnetic moment in each domain were

calculated. In this paper, the x, y and z components of the

magnetization moment of each domain were given by

averaging the magnetic moments of all the nodes inside the

domain.

From the simulation results, it was found that the

magnetic moment rotated in the x–y plane under com-

pressive stress. Figure 3 gives the curve in relation to the

rotation angle in x–y plane and the compressive stress in

different directions. It can be seen that the rotation angle

remains 0 as the x axis stress increases, which means that

the magnetic moment does not rotate when the compres-

sive stress is applied along x axis. However, the magnetic

moment begins to rotate at a stress level of 5 GPa when the

applied stresses are in y axis and z axis. In addition, the

rotation angle increases with the increase in the y axis

stress, while it keeps constant around 208 as the z axis

stress increases. These results indicate that the direction of

the stress has effect on the stress-induced magnetization

changes. When the stress is in the same direction with

magnetization, it can cause larger changes of the magne-

tization. This is in accordance with the expectation men-

tioned in Jeong’s work [19]. Thus, in the following of this

paper, the magnetization changes refer to the y axis stress-

induced magnetization changes. For the different effect of

x axis stress and z axis stress on the rotation angle, it is also

caused by the direction relation between stress and mag-

netization. As mentioned above, the domain wall in this

micromagnetic model is 1808 Bloch wall, in which the

magnetization changes gradually from positive y direction

to negative y direction in the y–z plane. Therefore, parts of

the magnetic moments in the domain wall are in the same

direction with the z axis stress. As a result, when the z axis

stress increases large enough, it can cause magnetization

changes in the domain wall, which interacts with other

magnetic moments and leads to magnetization changes in

the whole domain.

From Fig. 3, it is also found that the rotation angle

finally increases to 908 with the increase in the y axis stress.
Fig. 2 Simulated hysteresis loop of the perpendicular magnetic

recording media

Fig. 3 The effect of stress on the magnetic moment rotation angle
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As it is known, the direction of the magnetization moment

is mainly controlled by the magnetocrystalline anisotropy

in the absence of stress. However, when a stress is applied

on the magnetic material, the direction of the magnetiza-

tion moment is controlled by both stress and magneto-

crystalline anisotropy. Therefore, when the stress is less

than 5 GPa, the magnetization moment does not rotate

since the stress-induced anisotropy is not strong enough to

control the magnetization moment. But when the stress

increases high enough, the magnetization moment will be

dominated by the stress-induced anisotropy.

Because the studied disk is a perpendicular recording

disk, the recording data are related to the magnetization

component along the normal direction of the disk surface

(y axis). Thus, the y-component magnetization (My) chan-

ges under compressive stress were calculated. It was

observed that My decreased under the compressive stress.

Figure 4 shows the curve in relation to My reduction and

the applied stress. It can be seen that My reduction

increases with the increase in the applied stress. The

reduction increases abruptly when the stress is above 5

GPa. This is in accordance with the above result as shown

in Fig. 3. Because when the stress increases above 5 GPa,

the magnetization moment begins to rotate, which leads to

the decrease in the magnetization along the y axis. From

the above micromagnetic simulation results, it was found

that when a stress is applied on the perpendicular magnetic

recording disk, the magnetic moment first decreased and

then it began to rotate with the increase in stress.

3 Mechanism of Data Loss and Demagnetization

The above micromagnetic simulation results suggest that

contact stress can lead to magnetization rotation and

reduction in the recording layer. In order to further corre-

late such micromagnetic behavior with tribological failures

of magnetic disk, the critical stresses for data loss and

demagnetization under sliding contact were calculated, and

the magnetization changes under the critical stress were

discussed.

3.1 Finite Element Model

According to our previous experimental results on PMR

disk with areal recording density of 329 Gb/in2, the critical

normal force (W) for data loss was 0.02 mN under sliding

velocity (V) of 20.36 m/s, and the critical normal force for

demagnetization was 8 mN under sliding velocity of

20.36 m/s. To obtain the critical stresses for the data loss

and demagnetization of PMR under sliding contact, finite

element model using thermomechanical coupling was

developed to calculate the stress distribution in the disk.

Two different FEA models were utilized: data loss model

and demagnetization model.

In the data loss model, both surfaces of the diamond tip

and the magnetic disk were rough. Due to the Greenwood and

Williamson model, the contact between the diamond tip and

the magnetic disk can be converted to the contact between a

smooth disk surface and a tip surface with spherically shaped

asperities with a uniform mean radius, as shown in Fig. 5.

The combined roughness parameters were given as [20]:

r = 5.452 lm, g = 7.177 lm-2, r = 1.245 nm, where r is

the mean radius of curvature of asperity, g is the areal density

of asperities, and r is the standard deviation of surface

heights. Then the contact state can be determined by calcu-

lating the plasticity index w:

w ¼ E0

H

ffiffiffi

r
r

r

ð3Þ

E0 ¼ ð1� m2
bÞ

Eb

þ ð1� m2
dÞ

Ed

� ��1

ð4Þ

where E0 is the composite Young’s modulus; Eb and Ed are

the Young’s modulus of the diamond tip and the magnetic

disk, respectively; mb and md are the Poisson ratio of the

diamond tip and the magnetic disk, respectively; and H is

the hardness of the softer material. If w\ 0.6, the contact

is elastic; if w[ 1.0, the contact is plastic. In this paper,

the following values were used to obtain the plasticity

index: Eb = 1,000 GPa, Ed = 180 GPa, mb = 0.2,

md = 0.3, H = 7.9 GPa [21]. The calculated value of w was

0.32, suggesting that the contact between the diamond tip

and the disk is elastic. Based on this model, the contact

parameters for the development of the finite element model

were calculated. The details of the calculation have been

introduced in our previous paper [22]. Meanwhile, since

the contact is elastic, the asperity on the tip surface can be

Fig. 4 The effect of stress on the magnetization reduction
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changed from micrometer scale (r) to nanometer scale (R)

with the equivalent pressure distribution according to Hertz

elastic contact theory. The respective normal force loaded

on the nanometer scale asperity (WR) can be given:

WR ¼ Wr

R

r

� �2

ð5Þ

where Wr is the respective normal force loaded on the

micrometer scale asperity.

In the demagnetization model, the equivalent roughness

was not considered since plastic deformation occurred

during the demagnetization test. The contact pair was

formed between the diamond tip surface and the magnetic

disk surface.

Figure 6 shows the three-dimensional finite element

model of an analytical rigid sphere surface loading against

a layered magnetic disk. In the data loss model, the radius

of the sphere was assumed to be 80 nm, representing the

asperity on the tip. The layered disk structure was assumed

to be a deformable and semi-infinite half-space with

dimensions of 800 nm (x direction) 9 34 nm (y direc-

tion) 9 40 nm (z direction). The demagnetization model

also consisted of an analytical rigid surface and a layered

magnetic disk. The radius of the rigid surface was 5 lm,

representing the diamond tip. The dimension of the layered

magnetic disk was 2,000 nm (x direction) 9 34 nm

(y direction) 9 600 nm (z direction). As the stress distri-

bution in the magnetic recording layer (MAG) is mainly

concerned in this paper, the layered disk model was only

composed of 4 nm DLC protective layer and 30 nm CoP-

tCr magnetic layer. The deformable mesh was composed of

eight-node trilinear hexahedral elements with full integra-

tion and thermomechanical coupling. The mesh was finest

close to the contact region and coarsest away from the

region of interest. Since the problem is symmetric with

respect to the plane, we consider only one half of the disk

as shown in Fig. 6. The spherical slider was modeled as a

rigid body using an analytical rigid surface to ensure a

smooth contact surface as well as to reduce the computa-

tional time.

Table 1 shows the detailed physical and material prop-

erties of the finite element model [21, 23]. In the data loss

model, an elastic material constructive law was used. In the

demagnetization model, a bilinear elastic–plastic material

constructive law with a tangent modulus was used for

MAG [24], with the value as listed in Table 1.

For the boundary conditions, the rigid surface was

constrained from rotating. The nodes on the left and right

sides of the disk were constrained from moving along the

x direction. The nodes at the bottom of the disk were

constrained from moving along the y direction. The back

side of the disk was constrained from moving along the

z direction, and symmetric constrain was applied on the

front side of the disk. Moreover, all the above surfaces

were thermally insulated.

In the analysis, the respective critical normal forces and

sliding velocities were applied on the rigid surface. Sliding

was taken along the positive x direction. The heat gener-

ated during a contact was assumed to be equal to the dis-

sipated frictional energy and was divided between the

sphere and the disk. The friction coefficient was 0.24 in the

data loss test and 0.06 in the demagnetization test.

3.2 Analysis of Stress-Induced Data Loss

and Demagnetization

According to the micromagnetic simulation results, the

contact stress can lead to magnetization changes of the

magnetic recording disk, and the same directions of the

stress and magnetization can cause larger magnetization

changes. So the y axis stress was taken to evaluate the

critical stresses for data loss and demagnetization in this

paper.

Figure 7a gives the contours of the y axis stress in the

recording layer of the magnetic disk under critical condi-

tion for data loss (W = 0.02 mN, V = 20.36 m/s). The

Fig. 5 Data loss contact model
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position of the maximum stress is at the end of the sliding

track. Figure 7b shows the cross-sectional view of stress

distribution at the position of the maximum stress, and the

maximum stress occurs at the top of the recording layer,

which is a compressive stress with the value of 0.218 GPa.

Thus, the critical stress for data loss is defined here as the

maximum compressive stress in the magnetic recording

layer, rData loss = 0.218 GPa. In Jiang’s study [22], the

critical stress for data loss of PMR disk with areal

recording density of 101 Gb/in2 was 0.517 GPa. In com-

parison with Jiang’s result, it suggests that the critical stress

for data loss decreases with the increase in the areal

recording density of the PMR disk.

Figure 8a gives the contours of the equivalent plastic

strain in the recording layer of the magnetic disk under

critical condition for demagnetization (W = 8 mN,

V = 20.36 m/s). It shows that plastic deformation occurs in

the recording layer under the critical condition. The posi-

tion of the maximum strain is at the end of the sliding track.

The value of the maximum strain is 31.9 %. According to

our previous experimental results, the plastic strain in the

recording layer is about 30.7 % under normal force of 8

mN with sliding velocity of 20.36 m/s, indicating that the

FEA result compares well with the experimental results.

Figure 8b shows the contours of y axis stress in the

recording layer under the critical condition. The maximum

stress also occurs at the end of the sliding track, which is a

Fig. 6 Illustration of finite element model

Table 1 Material properties used in the finite element analysis

Properties DLC MAG

Poisson’s rate 0.3 0.3

Young’s modulus (E/GPa) 180 210

Yield stress (ry/GPa) 13 3.4

Tangent modulus (ET/GPa) – 20

Thermal expansion coefficient (b/10-6 K-1) 6.95 12.50

Thermal conductivity [k/W(m K)-1] 1.24 6.03

Specific heat [c/J(kg K)-1] 950 340

Density (q/103 kg m-3) 2.10 12.67

Fig. 7 a Contours of the y axis stress in the magnetic recording layer;

b cross-sectional view at the position of the maximum stress
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compressive stress with the value of 12.34 GPa. Thus, the

critical stress for demagnetization is defined here as the

maximum compressive stress in the magnetic recording

layer, rDemagnetization = 12.34 GPa.

Through the finite element analysis, the critical stresses

for the occurrence of data loss and demagnetization of

PMR disk under sliding contact were obtained. And based

on the above micromagnetic simulation results, it was

found that the magnetization reduced by 8.9 % under the

critical stress for data loss, and it rotated 55.78 under the

critical stress for demagnetization. In order to further study

how the magnetic domains change when data loss and

demagnetization occur, the static magnetic domain struc-

tures under the critical stresses of data loss and demagne-

tization were obtained through the above micromagnetic

simulation. Figure 9a, b shows the simulation results of the

static magnetic domain structures under the critical stresses

of data loss and demagnetization. As shown in the figure,

the two antiparallel domain structures can be clearly

observed under the critical stress of data loss while it looks

blurry under the critical stress of demagnetization. In our

previously reported experimental work, it was found that

the magnetic domains did not change in the sliding contact

area when data loss occurred, while the magnetic domains

could not be clearly observed when demagnetization

occurred (as shown in Fig. 9c, d). This suggests that the

simulation results are in accordance with the experimental

results. Therefore, based on the above simulation results,

the tribological failures observed in the previous experi-

ments are correlated with the contact stress-induced mag-

netization changes. To be specific, data loss is mainly

caused by the magnetization reduction, and demagnetiza-

tion is mainly caused by the magnetization rotation.

4 Discussion

In the present study, the mechanisms for data loss and

demagnetization have been clarified to be caused by the

stress-induced magnetization changes using micromagnetic

simulation. In addition, there is an interesting point in

which we found the critical stress for data loss decreased as

the areal recording density increased compared with the

previous study. It is known that the domain size and the

thickness of the magnetic recording layer need to be

reduced as the demands of areal recording density are

higher [25]. This could probably affect the occurrence of

data loss and demagnetization under sliding contact.

Therefore, the effects of domain size and the recording

layer thickness on the stress-induced magnetization chan-

ges were discussed.

Figure 10 shows the effect of domain size in the mag-

netic recording layer on the rotation angle and My reduction

(under 12.34 GPa). As shown in the figure, when the

domain size is below 30 nm, the rotation angle and My

reduction decrease with the increase in the domain size.

But when the domain size increases up to 30 nm, the

rotation angle and My reduction increase with the increase

in domain size. This indicates that the stress-induced

magnetization changes will be worse as the domain size

decreases below 30 nm, which could increase the proba-

bility for the occurrence of data loss and demagnetization.

Figure 11 shows the effect of magnetic recording layer

thickness on the rotation angle and My reduction (under

12.34 GPa). It can be found that the rotation angle and My

reduction decrease with the increase in the magnetic

recording layer thickness. This indicates that data loss and

demagnetization could more easily occur under sliding

contact as the thickness of the magnetic recording layer

decreases.

Fig. 8 a Contours of the equivalent plastic strain in the magnetic

recording layer; b contours of y axis stress in the magnetic recording

layer
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5 Conclusion

In conclusion, micromagnetic simulations have been per-

formed to study the contact stress-induced micromagnetic

behavior in perpendicular magnetic recording disk under

sliding contact. The magnetization changes under different

stresses were calculated. The results showed that the same

directions of the applied stress and magnetization could

cause larger magnetization changes. Then the critical

stresses for the occurrence of data loss and demagnetiza-

tion were evaluated by using finite element analysis based

on the previous experimental results. Thereafter, the cor-

relation between stress-induced magnetization changes and

the tribological failures in perpendicular magnetic record-

ing disk was discussed. It was found that the magnetization

reduced by 8.9 % under the critical stress for data loss, and

it rotated 55.78 under the critical stress for demagnetiza-

tion. Furthermore, the simulated static magnetic domain

structures when data loss and demagnetization occur

agreed with the previous experimental results. Finally,

tribological failures of magnetic disk under sliding contact

were correlated with the contact stress-induced micro-

magnetic behavior. It was proposed that data loss is caused

by the magnetization reduction, and demagnetization is

caused by the magnetization rotation.

Fig. 9 a Simulated static

magnetic domain structure

under critical stress of data loss;

b simulated static magnetic

domain structure under critical

stress of demagnetization;

c MFM image in the data loss

area; d MFM image in the

demagnetization area (c, d from

Ref. [9])

Fig. 10 The effect of domain size on the stress-induced magnetiza-

tion changes (under 12.34 GPa)

Fig. 11 The effect of film thickness on the stress-induced magneti-

zation changes (under 12.34 GPa)
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