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a b s t r a c t 

Combined effects of stress and temperature on magnetic domains and scratch morphology of the ferro- 

magnetic film of a perpendicular magnetic recording media are investigated using nanoscratch, atomic 

force microscope, and magnetic force microscope. The stored magnetic signals in the non-scratched area 

become weak with increasing temperature due to the thermal agitation of magnetic spins. The high local 

stress permanently damages the magnetic signals at the scratch center. However, the weakened magnetic 

signals at lightly stressed regimes recover significantly with increasing temperature up to 300 °C due to 
the partial recovery of ferromagnetism. Regarding the nanoscratch morphology, when the temperature 

increases up to 300 °C, the scratch is healed noticeably due to metal oxides (CoO, Cr 2 O 3 , and PtO 2 ) built- 

up on the scratched surface. Surprisingly, the scratch deepens at 400 - 600 °C. This is attributed to PtO 2 

evaporation and the phase transition of magnetic grains from HCP to FCC. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

By 2025, the billions of Internet of Things (IoT) devices will be

onnected across the globe. More than 90 ZB (1 Zettabyte = 10 21 

ytes) of information data will be created within five years [1] . Fur-

hermore, the novel Coronavirus-19 surge has been rapidly chang-

ng human societal infrastructure and wild nature, i.e., environ-

ent. Our community infrastructure takes online digital commu-

ication, thereby requiring substantial information data storage

ystems. In response to this, commercial sector companies are dili-

ently changing their marketing strategy to wirelessly connected

nd digitized infrastructure, i.e., information technology (IT). Ac-

ordingly, the annual data created worldwide is skyrocketing; thus,

uper high-density hard disk drive (HDD) is demanded ever to

tore digital information. An HDD is composed of magnetic record-

ng media, writing and reading heads, actuators, and accessory

omponents. 

Recording media (made of magnetic thin films) needs to be

hermally stable, capable of writing information with a low mag-
∗ Corresponding authors. 
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etic field, and high signal-to-noise ratio (SNR). The thermal stabil-

ty is determined by K u V / k B T, where K u is the magnetocrystalline

nisotropy constant, V is the volume of magnetic grain, k B is the

oltzmann constant, and T is the temperature. Media reliability

equires K u V / k B T > 60 for 2–4 nm magnetic grains [ 2 , 3 ]; there-

ore, spontaneous reversal via thermal agitation (i.e., superparam-

gnetism) is not allowed to set in. Magnetic grain becomes unsta-

le as the grain size decreases, but the SNR increases. This means

hat the thermal stability refutes SNR. The SNR also increases with

ecreasing head-to-media interface (HDI) spacing. Therefore, future

ecording media requires 4 nm-sized grain and extremely narrow

DI spacing of less than 1.5 nm [ 4 , 5 ]. The latter can create a tribo-

ogical issue caused by HDI contact. 

Current HDD uses the perpendicular recording technology

ased on perpendicular magnetic recording (PMR) media, i.e., a

hin film of CoCrPt-SiO 2 [6–8] . Its areal storage density (AD) is ap-

roaching 1.5 Tb/in 2 with the shingled magnetic recording (SMR)

esign. The magnetic grain size of the media is 7 - 10 nm, and the

rains are perpendicularly magnetized, where the magnetic spin

irection is out-of-plane. The grains are segregated from each other

y the SiO 2 layer precipitated to the grain boundary. The schematic

f the media structure is presented in Fig. S1 (Supplementary

aterial) to help readers understand the structure of magnetic

https://doi.org/10.1016/j.apmt.2020.100825
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:changdong.yeo@ttu.edu
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recording media, where information is stored. The data capacity

of PMR-based HDD could not keep up with demanded digital in-

formation data size due to the low magnetocrystalline anisotropy

energy (i.e., coercivity), the thermal instability of magnetic grain,

and the saturation of writing head. PMR media quality relies on

the degree of decoupling magnetic grains by low surface energy

oxides, which can significantly increase the surface roughness [9] .

The rough surface of magnetic thin film media can result in the

tribological problems for HDI [10–12] . 

Heat-assisted magnetic recording (HAMR) [13–16] and

microwave-assisted magnetization reversal (MAMR) [17] tech-

nologies have been proposed to push the present AD of about

1.5 Tb/in 2 to be higher. The information data storage industry

strives to achieve 32 TB (terabytes) HDD using HAMR or MAMR

technology. The recording media is based on L 10 FePt, which has

much higher magnetocrystalline anisotropy energy than that of

CoCrPt used in PMR. Therefore, the thermal instability of FePt

grain is not an issue, but a large magnetocrystalline anisotropy of

the FePt potentially saturates the writing head. HAMR uses a high-

powered laser source to heat a small local area of the recording

media during the writing process [ 18 , 19 ]. The temperature of the

heated spot in media goes up to 400 - 500 °C. Accordingly, the
media coercivity can be temporarily lowered below the magnetic

write field, which enables high magnetocrystalline anisotropy

and nano-sized grains to be thermally stable. We have studied

Fe-Mn-Pt for HAMR to reduce its magnetocrystalline anisotropy

energy [ 20 , 21 ]. It was found that alloying Fe-Pt with Mn lowered

magnetocrystalline anisotropy energy while maintaining accept-

able magnetization and T c for the HAMR application. The resulting

data meet 100 emu/cm 
3 of saturation magnetization ( M s ), 100 kOe

of magnetocrystalline anisotropy field ( H k ), 600 K - 650 K of T c ,

required to achieve the data storage capacity of 4 Tb/in 2 [4] . 

In HDD industry, the magnetic grain size needs to be smaller

than 5 nm, and the HDI spacing approaches 1.1 nm to achieve

the areal recording density of 4 Tb/in 2 [ 3 , 5 ]. Reduction in both

magnetic grain size and HDI spacing creates two issues. One is

the superparamagnetic behavior of magnetic grain (i.e., demag-

netization), and the other is the possibility of scratching dam-

age on magnetic recording media during HDI interactions. Me-

chanical stress incurred by HDI contact changes magnetocrystalline

anisotropy energy, which accordingly can change the magnetiza-

tion and permeability of magnetic thin film [22–24] . Magnetostric-

tion also sets in PMR thin film during magnetization reversal

with the applied magnetic field. The saturation magnetostriction

of (Co 72 Cr 18 ) 79 Pt 21 /1100 Å Ti bilayer was measured to be about

8 × 10 −5 [25] . The existence of magnetostriction implies that ap-

plied mechanical stress can alter the domain structure by chang-

ing the magnetocrystalline anisotropy [26] . Therefore, the magne-

tostriction is one of the subject issues in recording media design,

but out of this study. 

In this paper, we report the magnetic and morphological re-

sponse of the magnetic layer (Co-Cr-Pt) of PMR media to the

mechanical contact stress and heat. Physical phenomena and

stress/heat-induced magnetism changes in the scratched and sur-

rounding areas are quantified and explained. The outcomes of this

study will provide the fundamental design rules for HAMR-based

HDD to secure its long-term reliability. 

2. Material and methods 

2.1. 2T magnetic pattern written on PMR media 

A PMR media was prepared by Seagate Technology (Minnesota,

USA). Fig. 1 a shows a cross-sectional high-resolution transmission

electron microscope (HRTEM) image for PMR media. The media is

a layered structure, containing a surface protective diamond-like
arbon (DLC) film, a magnetic layer (made of CoCrPt and additives),

nterlayers, a soft magnetic underlayer, and a substrate. The epi-

axial growth of the magnetic layer forms a column-like structure

HCP structure of CoCrPt), enabling efficient magnetic exchange in

 vertical direction. In this research, 2T magnetic patterns (‘T’ is the

undamental bit interval) were written on the PMR media so that

 change in magnetic signals with combined mechanical stress and

emperature is measured quantitatively. Fig. 1 b shows the mag-

etic force microscopy (MFM) image and magnetic phase angle

ata of 2T patterns. The array of black and white spots (similar to a

hessboard) is the magnetic domains with upward and downward

agnetizations, which generate a sine wave curve of the magnetic

hase angle with a uniform amplitude. The rectangular magnetic

omain size is 80 nm × 100 nm, and their magnetic strength is

valuated using the peak-to-peak amplitude of magnetic phase an-

les. 

.2. Nanoscratch experiment 

Fig. S2 (Supplementary Material) shows the schematics of nano-

cratch process including load-displacement profiles. A lithography

FM probe (i.e., HQ:NSC16/Hard/AI BS made by MikroMasch® with

he tip radius smaller than 8 nm) that is coated with a layer of

ardened DLC was used in this experiment. Using the lithography

unction of Asylum Research® MFP-3D AFM, the probe was posi-

ioned on the 2T patterned area, and then constant-load (Figs. S2b

nd S2c, Supplementary Material) and ramp-load (Figs. S2d and

2e, Supplementary Material) nanoscratch were performed. First,

he constant-load nanoscratch experiments were conducted under

hree different normal forces (10.6 mN, 17.7 mN, and 31.9 mN)

o examine the relationship between mechanical stress and mag-

etic property change. Next, the ramp-load nanoscratch experi-

ent was carried out by increasing the normal contact load lin-

arly from 0 mN to 31.9 mN. The tip sliding velocity and the slid-

ng distance (or scratch length) were 1 μm/s and 5 μm, respec-

ively, for both constant- and ramp-load nanoscratch experiments.

ig. S3 (Supplementary Material) shows the AFM and MFM images

f the four nanoscratches produced by three constant-load and one

amp-load profiles. It was ascertained that the probe tip was ex-

ctly located within the 2T magnetic patterned area, and the re-

ults showed that the higher normal forces produced the deeper

nd wider scratches with more magnetic damage. Since the root-

ean-square (RMS) roughness of the PMR media was 0.22 nm

i.e., a mirror-like smooth surface) and the monolayer thick PFPE

ubricant on the surface is much softer than the underlying DLC

nd magnetic layers, its effect on the nanoscratch experiment was

eemed negligible. 

.3. Heat processing to PMR media 

After finishing the nanoscratch experiments at room temper-

ture, we investigated the effect of temperature on the change

n physical morphology and magnetic properties near the scratch

egime (i.e., mechanically stressed area). This experiment enabled

s to investigate the individual and coupled effects of stress and

emperature on the mechanical and magnetic behavior of ferro-

agnetic materials. The sample was heated up to 600 °C (i.e., heat-
ng to 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, and 600 °C). Upon
eaching the elevated target temperature with the duration time of

0 min, the sample was cooled down to room temperature. After-

ards, AFM and MFM measurements were carried out at the same

ocation of nanoscratch. The mechanical degradation was evaluated

sing the topography data of AFM measurement, while the mag-

etic degradation was analyzed using the phase angle signal of

FM measurement. 
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Fig. 1. PMR media written with 2T magnetic patterns. a Focused ion beam (FIB) to prepare a thin vertical film for TEM measurement. The measured TEM image provides 

the layered structure of PMR media composed of DLC coating, magnetic layers, and substrate. b MFM image of PMR media showing 2T magnetic patterns with repeated 

upward (white rectangular spot) and downward (black rectangular spot) arrays of magnetic spins. 1 ©−2T patterns, 2 ©-DC servo patterns, and 3 ©-Non-magnetized area. The 

magnetic phase angle across the 2T patterned area (red-dotted line) have a sinewave form with uniform amplitude. 
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.4. Nanoindentation experiment 

The mechanical properties (i.e., hardness and reduced elastic

odulus) of PMR media were measured through the nanoinden-

ation technique. With the nanoindentation system of Hystron TI

80 by Bruker® and xProbe ( = indenter), the standard quasi-static

rapezoid load function was used for the quasi static tests. Fig. S4a

Supplementary Material) shows a standard quasi-static trapezoid

oad function that was used for the quasi static tests. To measure

nd analyze the mechanical properties of magnetic layer in Fig. 1 a,

he peak load gradually increased to 350 μN so that the contact

epth could reach up to 40 nm. Figs. S4b and S4c (Supplemen-

ary Material) show the actual load-displacement curves used in

anoindentation experiment for unheated and 600 °C heated PMR

edia samples, respectively. Based on the method developed by

liver and Pharr [ 27 , 28 ], hardness of the PMR media could be ob-

ained as a function of contact depth. 

. Results 

.1. Numerical simulation co calculate contact stress during 

anoscratch experiment 

Contact stress causes a PMR media to experience its mechanical

i.e., permanent deformation and wear) and magnetic (i.e., the ag-

tation of magnetic spins) damage. Numerical simulation of a slid-

ng contact was conducted to estimate the contact stress during

he nanoscratch experiment. The input material properties and ge-

metric parameters are based on the nanoscratch tip and the PMR

edia in experiment. The detailed procedures are described in Ap-

endix. Fig. 2 shows the schematic of the sliding contact model
nd the resulting von Mises stress around the contact area on PMR

edia caused by the nanoscratch tip. Under the constant load of

 = 31.9 mN, the contact stress is high enough to initiate the plas-

ic deformation, thereby producing physical scratches on the PMR

edia surface. From the stress contour in Fig. 2 b, the maximum

on Mises stress ( = 415 GPa) occurs at the trailing edge of the cir-

ular contact spot. This suggests that the high contact stress at the

railing edge can generate a deep scratch valley (i.e., 1 © in the inlet

f Fig. 2 b). Outside of the scratch wedge (i.e., locations 2 © and 3 ©
n Fig. 2 b), the von Mises stress is relatively low, i.e., 90 GPa. The

igh stress around the contact zone can cause the magnetic grains

o be deformed and tilted along the sliding direction, which re-

ults in demagnetization of the magnetic domains [29] . It is noted

hat the actual scratch width after the nanoscratch experiment is

maller than the contact spot size in Fig. 2 b because of the elastic

ecovery during tip unloading. 

.2. Critical loads for mechanical and magnetic degradation 

During the nanoscratch experiments, the magnetic properties of

MR media are changed by mechanical contact stress. The critical

tress to initiate magnetic degradation is not the same as the me-

hanical yield stress but depends on the ferromagnetic film’s de-

ign parameters. Fig. 3 shows the ramp-load nanoscratch exper-

ment results, indicating the mechanical and magnetic degrada-

ion of PMR media. The nanoscratch is 5 μm long, and the nor-

al load linearly increases from 0 mN (at x = 0.0 μm) to 31.9

N (at x = 5.0 μm) in this experiment. As shown in the atomic

orce microscope (AFM) image of Fig. 3 a and the surface topogra-

hy (a blue-solid line) of Fig. 3 b, the media surface did not show

ny scratch marks at the early stage of sliding contact, indicating
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Fig. 2. Calculation of mechanical contact stress during nanoscratch experiment. a Schematic (side view) of the sliding contact between a spherical tip and media surface 

( R = radius of scratch tip, P = contact load, a = semi-contact width). The nanoscratch tip was assumed to be hemispherical with the radius of 30 nm. b The resulting von Mises 

stress distribution around contact area under the normal contact load of 31.9 mN (top view). The inlet is the actual scratch profile from the constant load nanoscratch with 

31.9 mN, where 1 © is the scratch center having the maximum stress of 415 GPa and 2 ©& 3 © are outside of the scratch wedge with relatively lower stress of 90 GPa. 

Fig. 3. AFM and MFM measurements after the ramp-load nanoscratch experiment. 

a MFM and AFM images on the scratched area (top view). b Surface profiles from 

MFM and AFM data, which were measured along the scratch center line. The points 

of a and e are the start and finish of the scratch, respectively. The plastic deforma- 

tion of DLC film initiates at b , the damage of magnetic signal initiates at c , and the 

DLC film is completely removed at d . 
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the regime a − b is an elastic contact. Permanent deformation ini-

tiated at the sliding distance of x = 0.25 μm (point b , normal con-

tact load = 1.6 mN). Then, the scratch depth gradually deepened

until the DLC film (thickness = 2 nm) was completely removed at

x = 1.74 μm (point d , normal contact load = 11.1 mN). Beyond

the point d , the scratch depth steeply deepened because the un-

derlying magnetic layer is softer than the DLC film. It is noted that

the blue-dashed line in Fig. 3 b represents wear particles (white-

colored along with the scratch in the AFM image of Fig. 3 a) lo-

cated in the middle of wear track. The MFM image of Fig. 3 a and

the magnetic phase profile (a red-dashed line) of Fig. 3 b reveal

that the magnetic signal (i.e., the baseline and amplitude of the

MFM phase angle) did not change significantly at the beginning

of the ramp-load scratch. However, it was abnormally deteriorated

beyond the sliding distance of ~ 1.65 μm (point c , normal contact

load = 10.5 mN). At point c , the scratch depth is ~ 1.0 nm, indicat-

ing that the DLC film still covers the underlying magnetic layer. Af-

terward, the magnetic signal became significantly weakened at the
ontact regime c − e due to the high contact stress. By comparing

he AFM to MFM results, we realize that although the DLC film de-

eloped permanent deformation and wear in the beginning of slid-

ng contact (regime a − c ), the magnetic signal was not affected

uch. This observation supports that the DLC film functioned to

rotect the PMR media from magnetic degradation. It was also ob-

erved that the initiation of magnetic degradation (point c , nor-

al contact load = 10.5 mN) occurred before the DLC film was

emoved entirely (point d , normal contact load = 11.1 mN). This

s attributed to the high local stress beneath the nanoscratch tip,

hich was high enough to distort the underlying magnetic grains’

rystalline structure. 

.3. Quantitative comparison of mechanical and magnetic 

egradation of PMR 

The constant-load nanoscratch experiment was performed with

hree different loads of 10.6 mN, 17.7 mN, and 31.9 mN to inves-

igate the consequent relationship between mechanical and mag-

etic degradations of PMR media. After the nanoscratch on the

MR media surface, the scratch widths measured from AFM and

FM data were used to evaluate the mechanical and magnetic

egradations. Fig. 4 describes the schemes to quantify the phys-

cal and magnetic scratch widths using the 31.9 mN constant-

oad nanoscratch results. The scratch profile and magnetic signal

n Fig. 4 c and d were obtained along the red-line in the AFM and

FM images of Fig. 4 a and b, respectively. The nanoscratch exper-

ment has generated pile-ups on both sides of the scratch track

ue to material displacements and wear particles (white-colored

ine along with the scratch in Fig. 4 a). The physical scratch width

as calculated from the AFM data as depicted in Fig. 4 c; the width

ased on the center-line-average (CLA), w 1 , and the peak-to-peak

idth, w 2 . The scratch depth, d , was measured by the vertical dis-

ance from the CLA line to the scratch valley. In Fig. 4 a and c, the

ile-up on the right side of the scratch track was taller than that

n the left side. This is attributed to the tilted tip engagement an-

le. During the nanoscratch experiment, the scratch tip was slanted

o the right, which caused the right face of the tip to develop

igher contact stress, thereby leading to more pile-up and wear

ebris on the right wedge area. The scratch width from MFM data,

 m , was measured by the width of collapsed sign wave signal, as

epicted in Fig. 4 d. The collapse of the pseudo sign wave indicates

he degradation of the magnetic signal or disturbance of magnetic

pins. The scratch widths and depth are summarized in Table 1 . It
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Fig. 4. Quantification of the scratch width based on AFM and MFM data. The schemes were explained using the results of the 31.9 mN constant-load nanoscratch. a AFM 

image including the 5 μm scratch. b The zoomed-in MFM image of the black square area to show the magnetic patterns clearly. c Using the AFM scratch profile along the 

red line in a , the physical scratch width was measured by the center-line-average (CLA), i.e., w 1 , and the peak-to-peak distance between the piled-up wedges, i.e., w 2 . The 

scratch depth ( d ) was calculated by the vertical distance from the CLA to the scratch valley. d Using the MFM scratch profile along the red line in b , the magnetic scratch 

width, i.e., w m , was determined by the interval, in which the baseline and amplitude of the magnetic signal was disrupted. The red-dashed line is the expected non-damaged 

magnetic signal. 

Table. 1 

Quantitative comparison of mechanical and magnetic degradation at 

room temperature. The magnitude of mechanical and magnetic degra- 

dation was measured by the scratch width from AFM and MFM data, 

respectively. 

31.9 mN 17.7 mN 10.6 mN 

w 1 106.7 ± 37.4 nm 106.2 ± 11.7 nm 55.1 ± 18.0 nm 

w 2 176.2 ± 30.5 nm 149.5 ± 13.4 nm 86.6 ± 27.2 nm 

d 7.9 ± 2.0 nm 4.5 ± 1.1 nm 1.2 ± 0.3 nm 

w m 152.7 ± 36.7 nm 121.7 ± 24.4 nm No damage 

i  

(  

t  

m  

i  

3  

s  

n  

a  

c  

c  

s  

m  

i  

o  

c  

r  

a

3

p

 

a  

T  

a  

e

f  

2  
s noted that, for the constant load of 10.6 mN, the scratch depth

 d = 1.2 nm) was smaller than the DLC thickness ( = 2.0 nm), and

he contact stress was not high enough to degrade the underlying

agnetic domains significantly. Therefore, the w m value is mean-

ngless for such a low load of 10.6 mN. The results of 17.7 mN and

1.9 mN contact loads found that the w m is larger than w 1 but

maller than w 2 . As schematically described in Fig. 5 , during the

anoscratch experiment, magnetic grains near the scratch center

re physically distorted by the high contact stress. This distortion
an decrease the magnetocrystalline anisotropy energy, thereby

hanging the magnetic spins’ direction or weakening the magnetic

ignals [30–32] . Therefore, it is suggested that the magnetic do-

ains within the scratch track are damaged significantly, disturb-

ng their spin directions. In contrast, the effect of contact stress

n the magnetic domains outside the scratch track is not signifi-

ant; therefore, their original magnetic spin directions are mostly

etained, indicating a limited reduction of magnetic phase angle

mplitude, as seen in Fig. 4 d. 

.4. Combined effect of stress and temperature on magnetic 

roperties 

The scratched (i.e., stressed) and non-scratched (i.e., unstressed)

reas respond differently to temperature for magnetic properties.

he nanoscratched sample with a constant load of 31.9 mN was

nalyzed with increasing temperature to investigate the combined

ffects of stress and temperature on magnetic properties. Fig. 6 a–

 provide the MFM images, showing the 5 μm long scratch and

T magnetic patterns. The magnetic domains in the non-scratched
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Fig. 5. Schematic of magnetic degradation near the contact region during nanoscratch experiment. a Initial magnetic spins before the scratch contact. All magnetic spins 

are directed upward with the same magnetic strength. b During the nanoscratch, magnetic spins near the scratch center are shrinking or rotated significantly by the high 

contact stress. c Compared to the inner side of the wedge, the outer side develops relatively lower contact stress not enough to degrade the magnetic spin significantly, 

which can make w m be larger than w 1 but smaller than w 2 . 

Table. 2 

Magnetic signal loss in non-scratched region with temperature. The magnetic phase 

angle (peak-to-peak amplitude) were estimated from the data in Fig. 6 g. 

Temperature Magnetic phase angle ( °) (pk to pk amplitude) Percentage loss 

Unheated 0.39 0% 

100 °C 0.35 10.3% 

300 °C 0.20 48.6% 

400 °C 0.13 66.8% 

500 °C 0.065 83.4% 

600 °C N/A ~ 100% 
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area exhibit a very clear contrast (i.e., the large magnetic phase

angle amplitude) and shape of 2T patterns at room temperature.

However, the amplitude became weak with increasing tempera-

ture, indicating the thermal degradation of magnetization. Fig. 6 g

shows the change in the magnetic signal strength with the tem-

perature, and the magnetic signal loss is summarized in Table 2 .

At each temperature, the magnetic phase angle data were obtained

along the red straight line between two red triangles in the MFM

images. The peak-to-peak amplitude of the magnetic phase angle

was about 0.39 ° for the unheated sample. When the PMR media

sample was heated to 100 °C, the magnetic signal of the 2T pat-

terns did not change noticeably, and its amplitude decreased by

10.3% compared to the unheated sample. This result is well ex-

plained by the MFM images of the unheated and 100 °C heated
samples in Fig. 6 a and b, respectively. However, when the sam-

ple was heated to the temperature higher than 300 °C, the mag-

netic signal was significantly reduced. Even though the contrast

and shape of the 2T patterns were still well defined at 300 °C,
the magnetic signal decreased by 48.6% in the signal amplitude.

With the heat processed to 600 °C, the magnetic signal was almost

lost. Accordingly, the 2T magnetic patterns in the MFM image were

completely deteriorated, and thus the magnetic signal was not de-

tectable at 600 °C by the MFM measurement. It is noted that when

the PMR media sample is exposed to the controlled temperature,

each magnetic grain in the magnetic layer may have different tem-

perature responses. Some magnetic grains of magnetic recording

thin film may have higher thermal instability than others due to

the smaller volume ( V ) or lower magnetocrystalline anisotropy ( K ).

Accordingly, these magnetic grains can trigger the thermal agi-

tation (or superparamagnetism) of magnetic spins (moments) at

a relatively lower temperature. This is called ‘thermal degrada-

tion of magnetization’ in this manuscript: the higher temperature,

the more magnetic grains with thermal degradation. Therefore,

considering the magnetization is obtained by M s = 

∑ 

M si , the 2T
atterns’ magnetic amplitude decreases with increasing tempera-

ure due to the thermal degradation of magnetization. 

The influence of temperature on the magnetic properties in

he scratched area was also investigated. The scratched areas in

ig. 6 were zoomed-in to better visualize the border of scratched

nd non-scratched areas, as shown in Fig. S5 (Supplementary Ma-

erial). At each heat-processed condition, the MFM data (i.e., mag-

etic phase angle) were obtained at the same location along the

ed straight line crossing the scratch track, as illustrated in Figs.

5a – S5f (Supplementary Material). The results are plotted in

ig. 7 . Examining the magnetic signals near the scratch center ( x -

pan = 0.34 μm) in Fig. 7 a, the baseline amplitude and magnetic

hase were lost completely due to the high local contact stress,

.e., the peak-to-peak amplitude was smaller than 0.1 ° without a

ine waveform. These magnetic signals were permanently dam-

ged and did not change during the heating process. However, the

agnetic signals adjacent to the scratch track exhibited different

esponses to the temperature, as evidenced by the magnetic sig-

als near the right wedge area ( x -span = 0.48 μm) of the scratch

rack in Fig. 7 a. As discussed in Fig. 5 , since the wedge area de-

elops the relatively lower contact stress than the scratch center

rea, the magnetic signals are weakened without permanent dam-

ge. When the sample was heated to 100 °C – 300 °C ( Fig. 7 a, or-
nge and yellow curves), the weakened magnetic signals near the

ight wedge area recovered dramatically, i.e., the peak-to-peak am-

litude recovered to about 0.3 ° with a sine waveform. The thermal-

nduced realignment of magnetic spins can explain the magnetic

ecovery mechanism through the thermal excitations and energy

quilibration process in magnetic domains. When the sample was

urther heated above 400 °C, the recovered magnetic signals near

he right wedge area were degraded as shown in Fig. 7 b, which

ould be caused by the higher thermal energy than the stress en-

rgy. It is noted that the left side of the scratch track developed

he lower contact stress and, thus, the less magnetic damage due
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Fig. 6. Effect of tem perature on magnetic domains and signals of PMR media. MFM measurements were performed on the media sample with 31.9 mN nanoscratch test. 

The MFM images were obtained after heating the sample to a room temperature (Unheated), b 100 °C, c 300 °C, d 400 °C, e 500 °C, and f 600 °C. g Change in magnetic 

phase angle along the 2T magnetic patterns in non-scratched region with temperature. At each temperature, the phase angle data were obtained along the red straight 

line between two red triangle in the MFM images. The non-scratched area shows clear 2T magnetic domains at room temperature, but they are tarnished with increasing 

temperature due to the weakened magnetic strength. 
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o the tip slating to the right during the nanoscratch experiment.

ccordingly, the magnetic signals on the left wedge of the scratch

n Fig. 7 a showed similar responses to the applied heat as those of

he non-scratched area. 

.5. Change in physical morphology of scratch with heat treatment 

At each temperature, the scratch profile was investigated using

FM data. As shown in Fig. 8 a, the 31.9 mN constant-load nano-

cratch produced a scratch depth of 7.9 ± 2.0 nm at room tem-

erature. When the sample temperature increased to 300 °C, the
cratch depth decreased significantly to about 1.4 nm. The reduc-

ion of scratch depth can be explained by the formation of metal

xides on the scratch surface. At the temperature of 400 °C and
bove, surprisingly the scratch became deeper again, as shown
n Fig. 8 b. This unexpected scratch deepening process can be ex-

lained by a) the evaporation of platinum oxide at high temper-

ture and b) the phase transition of Co-based magnetic materials

rom hexagonal close packed (HCP) to face centered cubic (FCC)

tructures by the combined effects of stress and temperature near

he scratch center. The scratch recovery and deepening mecha-

isms are further discussed in Section 4 . 

. Discussion 

.1. Scratch deepening by evaporation of metal oxides 

During the nanoscratch experiment, the magnetic layer beneath

he DLC coating is exposed to the air, forming metal oxides on

he scratch surface. The magnetic layer of the tested PMR media



8 C.-D. Yeo, M. He and J. Lee et al. / Applied Materials Today 21 (2020) 100825 

Fig. 7. Change in magnetic phase angle at the contact stressed area with temperature. a Magnetic phase angles at the temperatures up to 300 °C. Magnetic signals near 

the scratch center (the high stressed zone, 1 ©) were permanently damaged, whereas the lightly stressed zone at the right wedge side ( 3 ©) showed significant recovery of 

magnetic signals by the applied heat. The inlet is the actual scratch profile from the constant load nanoscratch with 31.9 mN at unheated condition. b Magnetic phase angles 

at the temperature of 400 °C ~ 600 °C. Most of magnetic signals were thermally degraded at the escalated temperature. The MFM data were obtained along the red straight 

line between points A to B crossing the scratch track in supplementary Fig. 2. 
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is oxidized to CoO, Cr 2 O 3 , and PtO 2 on the scratched area at ele-

vated temperatures. These metal oxides grow with increasing tem-

perature [33–35] , filling up the scratch valley as schematically de-

scribed in Fig. 9 a and b. However, it is known that platinum oxide

(PtO 2 ) on heating in the air starts to evaporate at 400 °C – 500 °C
[35] . Due to the increasing vapor pressure at the higher tempera-

ture, the volatile PtO 2 changes into the gaseous phase, thereby be-

ing emitted from the scratched surface as shown in Fig. 9 c [36–38] .

At the escalated temperatures up to 600 °C, the scratch deepens
due to the further evaporation of PtO 2 , as shown in Fig. 9 d. HAMR

technology (as a potential candidate to make a breakthrough of

data storage capacity in the HDD industry) uses a thermal excita-

tion of magnetic thin films at about 500 °C to lower the coercivity,

and it also increases the probability of HDI contacts, resulting in

scratch damages on the media surfaces. Therefore, this discovery

of a scratch deepening mechanism can contribute to designing fu-

ture HAMR media to secure HDD’s long-term reliability. 

4.2. Change in mechanical property of PMR media after heat 

treatment 

The hardness of unheated and 600 °C heated PMR media sam-

ples was measured using the nanoindentation technique. Fig. 10

provides the resulting hardness values with respect to the contact

depth. When the nanoindentation experiment is performed on a

multilayered sample, the measured hardness at a higher contact

depth reflects the mechanical properties of underlying layers and

substrate [39–41] . Since we are interested in the hardness of the

magnetic layer (CoCrPt + α) of PMR media in Fig. 1 a, we mostly

focused on the measured hardness values at a shallow contact

depth < 15 nm. From Fig. 10 , it is found that the hardness of the
00 °C heated sample ( H heated = ~12.3 GPa) was lower than that of

he unheated sample ( H unheated = ~13.3 GPa) at the shallow contact

epth. For cobalt or cobalt-rich compounds with HCP structure, it

s known that their crystal structure transforms into a FCC struc-

ure at a temperature of 400 °C – 500 °C [42–44] . It is also re-
orted that HCP cobalt has higher yield strength and stiffness than

CC cobalt [ 45 , 46 ]. Considering that the 600 °C heated PMR media

ad a lower hardness in Fig. 10 , it is suggested that the magnetic

ayer has experienced the heat-induced phase (structure) transfor-

ation, and thus its structure becomes a mixture of HCP and FCC

hases. This phase transformation of the PMR media can explain

he thermal degradation of magnetic properties and the scratch

eepening phenomenon at the high temperature in Fig. 8 b. The

rystal structure of PMR media related to stress and temperature

s further discussed in the following Section 4.3 . 

.3. Thermo-magneto-mechanical material behavior 

Cobalt undergoes a phase transition from HCP to FCC when

ompressive stress or heat is applied. Non-hydrostatic compres-

ive stress induces a phase transition from a low-pressure mag-

etic HCP structure to a high-pressure nonmagnetic FCC through

he mixture of HCP-FCC [47] . Torchio et al. [48] have reported that

hen HCP and FCC phases coexist under non-hydrostatic com-

ression, its ferromagnetism disappears. The ionic lattice vibration

ainly causes a phase change from a low-temperature ferromag-

etic HCP to a high-temperature nonmagnetic FCC around 700 K

49] . 

In this study, the nanoscratch experiment produces compressive

nd shear stresses in the magnetic layer of PMR media. Notably,

he magnetic grains beneath the scratch center experience high
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Fig. 8. Variations of physical morphology of scratch with temperature. a AFM topographical scratch profile at room temperature ~ 300 °C. The scratch was recovered by the 

formation of metal oxides. b and (b) AFM topographical scratch profile at 400 °C ~ 600 °C. The AFM data were obtained along the red straight line from A to B crossing the 

scratch track in supplementary Fig. 2. 

Fig. 9. Mechanism of scratch healing and deepening by heat treatment. a Original scratch profile at unheated condition. b Scratch track is filled up by metal oxide formation 

when the temperature increased up to 300 °C. c Evaporation of platinum oxide (PtO 2 ) initiates the deepening process of scratch at 400 °C. d The scratch is further deepened 
by the continuous evaporation of PtO 2 at 600 °C. 
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Fig. 10. Comparison of measured hardness between unheated and 600 °C heated 
PMR media with respect to the contact depth. The hardness of CoCrPt magnetic 

layer of the 600 °C heated sample is lower than that of the unheated sample. 
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compressive stress which is the source for the HCP-to-FCC phase

transition and decreases the c / a ratio of HCP crystal [48] . Accord-

ingly, the unheated scratched sample showed the permanent dam-

age of magnetic signals at the scratch center (area 1 © in Figs. 2 b

and 7 a). This is attributed to the stress-induced phase transforma-

tion from HCP to HCP-FCC mixture. For the area outside the scratch

track (area 3 © in Figs. 2 b and 7 a), the magnetic layer retained the

ferromagnetic HCP phase due to the relatively low contact stress.

When the temperature increased up to 300 °C, the magnetic sig-

nals showed significant recovery. This confirms that the magnetic

grains outside the scratch track are still in the ferromagnetic HCP

phase, enabling the magnetic signal recovery by the heat treat-

ment. However, when the temperature increased to 400 °C and
above, no further improvement of magnetic signals was found, in-

dicating that the ferromagnetism disappeared. 

The scratch deepening with the heat treatment in Fig. 8 b can

also be explained by the phase transition of PMR media caused

by stress and temperature. During the nanoscratch, HCP and FCC

crystal structures coexist near the scratch center due to the high

non-hydrostatic compressive stress. The HCP-FCC mixed phase has

a lower transition temperature to the FCC phase than the un-

stressed HCP structure outside the scratch [ 47 , 48 ]. Therefore, when

the temperature increases to 400 °C and above, the HCP-FCC mixed

grains underneath the scratch center become a single FCC phase,

resulting in the reduction of grain height, thus deepening the

scratch, whereas the grains outside the scratch retain their HCP or

HCP-FCC mixed structure. 

5. Conclusions 

The magnetic and morphological responses of the ferromag-

netic thin film of the magnetic recording media to the stress

and temperature were investigated. The 2T-patterned magnetic do-

mains in the unscratched area were gradually destroyed with in-

creasing temperature due to the thermal agitation of magnetic

spins, and the magnetic signals disappeared completely at 600 °C.
On the other hand, the magnetic domains in the scratched area

exhibited a different response to temperature. The high local stress

permanently damaged the magnetic signals at the scratch center

so that the magnetic signals were not recovered by the heat treat-

ment. Interestingly, the magnetic signals adjacent to the scratch

center were initially damaged by stress but were significantly re-

covered when heated to 300 °C retaining the ferromagnetism. The

combined stress-temperature helps with the reorientation of mag-

netic spins to be aligned with each other. The scratch healing and

deepening behaviors of the magnetic layer were observed in re-

sponse to temperature. When the nanoscratched PMR media was

heated to 300 °C, the scratch depth decreased from 7.9 nm to
.4 nm due to the formation of metal oxides, such as CoO, Cr 2 O 3 ,

nd PtO 2 . It is discovered that the scratch deepened above 400 °C,
s PtO 2 evaporates and the phase changed to FCC from HCP. The

esearch outcomes in this study help design robust and reliable

agnetic devices, including HDD, magnetic sensors, and actuators

perated under combined stress and thermal condition. 
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ppendix: Surface sliding contact model 

The von Mises stress contour on the PMR media during

he nanoscratch experiment ( Fig. 2 b) was obtained from the

amilton’s sliding contact solution [50] , where the semi-contact

idth ( a ) was calculated by the Hertzian solution [51] , i.e.,

 = (3 PR /4 E ∗) 1/3 . E ∗ is the reduced elastic modulus given by

/ E ∗ = (1- νd 
2 )/ E d + (1- ν i 

2 )/ E i , where the subscripts i = inden-

er (or scratch tip) and d = PMR media. Table S1 (Supplementary

aterial) summarizes the material properties and geometrical pa-

ameters used for the numerical simulation of contact stress [52] .

irst, the surface stress components within the contact area ( r ≤ a;

 = [ x 2 + y 2 ] 1/2 ) are calculated by 

x = 
3 P 

2 πa 3 

[ 
1 
r 2 

{ 
y 2 −x 2 

r 2 

(
1 −2 ν
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{ (
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−
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)(
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) 1 
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+ 

3 Q 
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(
ν
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y = 
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2 πa 3 
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−
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yz = 0 , (5) 
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−
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)1 / 2 ] 
, (6) 

Second, the surface stress components outside the contact area

 r > a ) are obtained by 

x = 
3 P 

2 πa 3 
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z = τyz = τzx = 0 , (10)

here M 0 = ( r 2 - a 2 ) 1/2 and φ = tan −1 ( a 2 - r 2 ) 1/2 . 

To deliver explicit explanation of material degradation of PMR

edia during nanoscratch experiment, the surface contact stresses

re mapped using the von Mises stress ( σ v ): 

v = 

√ 

1 

2 

{
( σx − σy ) 

2 + ( σy − σz ) 
2 + ( σz − σx ) 

2 + 6 
(
τxy 2 + τyz 2 + τzx 2 

)
(11) 
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