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The Magnetic Recording Conference
Chairmen’s Welcome
Welcome to the 24th Magnetic Recording Conference, TMRC 2013. The conference runs
August 20-22 at the Tokyo Institute of Technology in Ookayama. The Magnetic
Recording Conference is an annual forum sponsored by the IEEE Magnetics Society. The
invited oral presentations will be published in the IEEE Transaction on Magnetics. The
success of this conference would not be assured without the generous support of numerous
businesses and organizations throughout the world for which the organizers are most
grateful. The many contributors are listed on a separate page.
The rapid evolution of the internet and the increasing use of cloud computing all demand
storage of massive amounts of information. Magnetic recording, especially in the form of
very high capacity disk or tape drives, provides the highest recording densities and
superior cost per bit and will continue as the preferred storage technology in this age of
“big data". Magnetic Recording, however, is at a critical juncture where conventional
perpendicular technology is running out of steam and the emphasis is now on exploring
new technologies and novel ideas to maintain growth in areal-density. This is an exciting
time for the industry. This year’s conference focuses on the new and varied technology
options that will take us beyond 1 Terabit/inch2. The Program Committee has put together
an excellent technical program of 36 invited presentations spanning the new technology
options as well as probing areas needing more fundamental understanding. There are also
contributed Poster Sessions for late breaking topics (these also include the invited
speakers) alongside exhibitions all intended to foster open discussions lubricated and
animated by the traditional ‘bierstube’.
The contributions of the entirely-volunteer committee must be especially acknowledged.
Even a modest size conference like this requires a huge effort from all the parties involved.
This effort spans all the way from publicizing the conference and developing the website,
arranging the finances and a sound budget, putting together the excellent invited and
poster programs, chairing the sessions and finding reviewers, and finally assembling the
papers into the Transactions on Magnetics conference issue. This year’s conference is
being held in Japan hosted in the excellent facilities of Tokyo Institute of Technology.
You will find that the local chairmen and local administration have done us proud. The
names and roles of all the organizing committee members are listed on the side panel.
Enjoy the conference!

-------------------------Roger Wood
HGST Fellow
HGST, a Western Digital Company
5601 Great Oaks Parkway, C4/50-3
San Jose, California 95119-1003, USA
Tel/Fax: +1-408-717-8411 /-9016
roger.wood@hgst.com
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------------------------------Yoshihiro Shiroishi
Senior Chief Researcher
Hitachi, Ltd., Research & Development Group
Marunouchi Center Building, 1-6-1 Marunouchi,
Chiyoda-ku, Tokyo, 100-8220 Japan
Tel/Fax: +81-3-4235-9539 /-9570
yoshihiro.shiroishi.qp@hitachi.com

Location and Accommodation
Rail access map
Narita Airport

TMRC2013

Haneda Airport
The Ookayama campus is a one-minute walk from Ookayama Station.

http://www.tmrc2013.riec.tohoku.ac.jp/access.php
ATTENTION
There are no hotels within walking distance of the conference
site. So you have to get to Ookayama Station using the Tokyu
rail lines ( Tokyu Oimachi line or Tokyu Meguro line).
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Access to your hotel

For ease of access to the conference site, consider hotels on the southern
side of the Yamanote line e.g. Shibuya, Meguro, Shinagawa,
Hamamatsucho, etc.
From Narita Airport
1. By KEISEI Line & JR Line.
Take a Narita Skyliner to Nippori Station (36 min, ¥2400) and transfer
to the JR Keihin-Tohoku Line (9th track) or the JR Yamanote Line (10th
track). Take a train bound for Shinagawa. Before arriving at Shinagawa
you can get off at every stations between Nippori and Shinagawa (22 min,
¥190).
2. By KEISEI Line
Take an Access Express to Haneda Airport and get off at Shinagawa
Station (76 min, ¥1460). Before arriving at Shinagawa you can get off at
Daimon station, which is 5 minutes walk from Art Hotel (Hamamatsucho
area).
3. By JR.
Take a Narita Express to Shinagawa Station (65 min, ¥3110). Before
arriving at Shinagawa you can get off at Tokyo station.
4. By BUS.

http://www.limousinebus.co.jp/en/

A limousine bus runs from the airport to downtown Tokyo (60-155 min,
¥3000). In the Shinagawa, Shibuya and Shinjuku areas there are some
hotels which can be accessed directly by the limousine bus from Narita
airport.

The time and the fare are approximate values.
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From Haneda Airport
1. By TOKYO MONORAIL.
The monorail trains run between Haneda Airport and Hamamatsucho
Station (13 min, ¥470).
2. By KEIKYU LINE.
Take the Keikyu Line to Shinagawa Station (19 min, ¥400).
TMRC Map

TMRC locations
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Conference Venue
The conference site is a one minute walk from Ookayama station
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Access to Ookayama station from your hotel
Keihin-tohoku line 5

Your Hotel

Yamanote line 7

Oimachi

Meguro

Using Keihin-tohoku line to Oimachi
Station
track / time / fare
Nippori
9th/ 25 min/ ¥210
Ueno
4th/ 21 min/ ¥210
Akihabara
4th/ 18 min/ ¥210
Tokyo
6th/ 14 min/ ¥160
4th/ 8 min/ ¥160
4 Hamamatsucho
3 Tamachi
4th/ 6 min/ ¥150
4th/ 3 min/ ¥130
2 Shinagawa
5 Oimachi
Kawasaki
4th/ 11 min/ ¥160
Yokohama
4th/ 25 min/ ¥280

Oimachi-line
Meguro-line

1
Ookayama
(Conference Venue)

Using Yamanote line to Meguro
Station
track / time / fare
Nippori
10th/ 30 min/ ¥250
Ueno
3rd/ 26 min/ ¥190
Akihabara
3rd/ 23 min/ ¥190
Tokyo
5th/ 19 min/ ¥190
Hamamatsucho
3rd/ 13 min/ ¥160
Tamachi
3rd/ 11 min/ ¥160
Shinagawa
2nd/ 8 min/ ¥150
7 Meguro
2nd/ 5 min/ ¥150
6 Shibuya
Shinjuku
14th/ 11 min/ ¥160

Tokyu Oimachi line
Station
track / time / fare
1,2/ 7 min/ ¥150
5 Oimachi
Destination
1 Ookayama

Tokyu Meguro line
Station
track / time / fare
1st/ 9 min/ ¥150
7 Meguro
Destination
1 Ookayama

Change line at Oimachi station 5
The connection to the Oimachi-line is on the Shinagawa Station side. Go up
stairs and turn to the left. It is best to ride at the back of the train because the
exit at Ookayama station is on the Oimachi side.
You should not use the Keihin-tohoku line from Yokohama and Kawasaki in
the morning as the line is very busy.
Change line at Meguro station 7
The connection to the Meguro-line is on the Shinagawa Station side. Go down
stairs and enter the Meguro-line. Your train will come at 1st track. It is best to
ride at the back of the train because the exit at Ookayama station is on the
Meguro side.
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SIDAX Restaurant
Lunch
1 min on foot
from
Ookayama
station

Kuramae hall
Technical sessions
& Banquet

View
Ookayama STA

Conference Venue
- Kuramae hall -

View from Ookayama station
http://www.titech.ac.jp/english/about/campus/o_map.html
http://www.titech.ac.jp/english/about/campus/o_illust.html?id=01
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Conference Program
TMRC 2013 Time Table

Time
8:00 AM

9:00 AM
10:00 AM
11:00 AM
12:00 PM

1:00 PM

2:00 PM
3:00 PM
4:00 PM

20 August

Coffee with snack

21 August

22 August

Coffee with snack

Coffee with snack

8:50 Opening Address

Session A
Bit Patterned Recording
9:00 AM-12:00 PM

Lunch
12:00-13:15 PM

Session B
Extending Perpendicular
Recording
13:15-16:30 PM
Coffee Break 14:4515:00PM

Posters & Exhibitions
5:00 PM Invited Aug/20 & Contributed
Bierstube
16:30-18:00 PM
6:00 PM
7:00 PM

Session C
HAMR I and Head Disk
Interface
9:00 AM-12:00 PM

Souvenir Group Photo

Lunch
12:10-13:15 PM

Session D
SMR and TDMR
13:15-16:30 PM
Coffee Break 14:4515:00PM

Session E
Advanced Reader and
Recording Concepts
9:00 AM-11:30 PM

Lunch
11:30 AM-12:45 PM

Session F
HAMR II - Media
12:45-16:30 PM
Coffee Break 14:4515:00PM

Posters & Exhibitions
Invited Aug/21 & Aug/22
Bierstube
16:30-18:00 PM
Keynote speech
18:00-18:45 PM
Banquet
18:45-20:15 PM

8:00 PM

Lunch System
Lunch tickets for 3days be provided at your registration. The ticket is only used
at *SHIDAX Restaurant for 3 choice of meals.
*SHIDAX Restaurant: 3 minutes walk from the Kuramae hall as shown at the previous page.

Souvenir Group Photo

Please stay for 10 minutes after the Session C to take a TMRC 2013 souvenir
group photo prior to the lunch.
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TMRC 2013 Technical Program

Oral Sessions for Tuesday, August 20th 2013
Session A: Bit Patterned Recording
Chair: Randy Victora (UMN, USA)
8:50

Opening Address

David Kuo, Philip Steiner, Shuaigang Xiao, Xiaomin Yang, Kim
Bit Patterned Media .
Lee, Koichi Wago, Gene Gauzner, Hongying Wang, Justing
A Promising Technology for Big Data
Hwu, Michael Feldbaum, and Zhaoning Yu
9:00 - 9:30 AM Era
Seagate Technology, USA.
A1

A2
9:30 - 10:00 AM

Michael Grobis, Daniel Bedau, Elizabeth Dobisz, He Gao,
Olav Hellwig, Jordan Katine, Dan Kercher, Jeff Lille, Ernesto
Marinero, Kanaiyanal Patel, Ricardo Ruiz, Manfred Schabes,
Tsai-Weiwu, Lei Wan, Dieter Weller, and Thomas Albrecht
HGST, USA.

BPM Recording at 1 Tb/in2 and
Above

A3

Ion Implantation Challenges for
Patterned Media at Areal Densities
10:00- 10:30AM Over 5 Tbpsi
A4

Orientation and Position Controll of
Self-Assembled Polymer Pattern for
10:30- 11:00AM Bit-Patterned Media
A5

Directed Self-Assembly of Gold
Nanoparticles for High-Density Bit
Patterned
Media
11:00- 11:30AM
Poss-Containing Block Copolymers
A6
11:30- 12:00PM for Ultra-High Density Patterns

Charanjit Singh Bhatia1, S.N.Piramanayagam2, Nikita Gaur1, 2,
Shreya Kundu1, Hyunsoo Yang1, Siegfried Maurer3
1)National University of Singapore ,
2)Data Storage Institute, Singapore. 3)IBM, USA
Ryousuke Yamamoto, Masahiro Kanamaru, Katsuya
Sugawara, Norikatsu Sasao, Yasuaki Ootera, Takeshi Okino,
Naoko Kihara, Yoshiyuki Kamata and Akira Kikitsu
Toshiba Corporation, Japan
Mohamed Asbahi1, Kevin T.P. Lim1, Fuke Wang1, Maria
Y.Lin3, Kheong S.Chan3, Vivian Ng2, and Joel K.W. Yang1
1)Institute of Materials Research and Engineering, 2)National
University of Singapore, 3)DSI, Singapore
Teruaki Hayakawa
Tokyo Institute of Technology, Japan.

Session B: Extending Perpendicular Recording
Chair: Shigeki Nakagawa (TIT, Japan)

A General Energy Barrier Model of
B1
Switching in an External Field and
1:15 - 1:45 PM Decay of Exchange Spring Media
B2
1:45 - 2:15 PM

Byron Lengsfield, Jihoon Park, Terry Olson and Adam Torabi
HGST, USA.

Study of Side Shielded Reader for
Ultra-High TPI Magnetic Recording

Takumi Uesugi, Takahiko Machita, Satoshi Miura, Naomichi
Degawa, Takekazu Yamane, Minoru Ohta, Kenzo Makino,
Shohei Kawasaki, Hitoshi Hatate, Takayuki Nishizawa,
Takayasu Kanaya, Takeo Kagami and Taro Oike
TDK, Japan.

B3

Challenges and Possible Extensibility Huaqing Yin, Jianhua Xue, Mourad Benakli, Yonghua Chen
Seagate Technology, USA.
2:15 - 2:45 PM of Perpendicular Writer Design

Coffee Break
B4
3:00 - 3:30 PM

Contact/Clearance Sensor for HDI
Sub-Nanometer Regime

Junguo Xu1, Yuki Shmizu2, Masaru Furukawa1, Jianhua Li1,
Yuichiro Sano1, Toshiya Shiramatsu1, Yuichi Aoki1, Hiroyuki
Matsumoto1, Kenji Kuroki1 and Hidekazu Kohira1
1)HGST Japan Ltd., 2)Tohoku University, Japan

1
2
2
Thermomechanical Contact Between Sungae Lee , Dipesh Purani , Allison Kim , and Chang-Dong
Magnetic Recording Head And Disk Yeo1
3:30 - 4:00 PM Defect Including Heat Partition Factor 1 Texas Tech University, USA, 2 Seagate Technology, USA
Alternation of Flex Cable Vibration
B6
Jen-Yuan (James) Chang and Ching-Chen Chen
Modes in High Precision Hard Disk
National Tsing Hua University, Taiwan
4:00 - 4:30 PM Drives
4:30 - 6:00 PM
Posters & Exhibitions
Invited Aug./20 ( Session A, B ) & Contributed

B5
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TMRC 2013 Technical Program

Oral Sessions for Wednesday, August 21st 2013

Session C: HAMR I and Head Disk Interface

Chair: Singh Bhatia (NUS, Singapore)

Chris Rea1, Edward Gage2, Kai-Zhong Gao1, Mourad Benakli1,
C1
Julius Holfeld1, Heidi Olson1, Hua Zhou1, Nils Gokemeijer1 ,
HAMR Performance and Integration Mike Seigler1, Tim Rausch2, John W. Dykes2, Alexander Wu3,
Challenges
Jan-Ulrich Thiele3, Ganping Ju3, and Thomas Chang3
9:00 - 9:30 AM
1)Seagate Technology , 2)Twin Cities (Drive) Operations,
3)Recording Media Operations, USA.
Erhard Schreck, Dongbo Li, Sripathi V Canchi, Lidu Huang,
C2
Thermal Aspects and Static/Dynamic
Gurinder P. Singh, Bruno Marchon, H. J. Richter, Barry Stipe,
Protrusion Behaviors in Heat
and Matteo Staffaroni
9:30 - 10:00 AM Assisted Magnetic Recording
HGST, USA.
Impact of Media Roughness and NFT
Coupling Efficiency on The HeadDisc Interface in Heat-Assisted
10:00- 10:30AM Magnetic Recording
C3

James D. Kiely1, Paul M Jones2, Hongbao Wang2, Ruoxi Yang1,
Werner Scholz1, Mourad Benakli1, John L. Brand1, and Sunita
Gangopadhyay1

1)Recording Head , 2)Media, Seagate Technology, USA

The Understanding of Disk Carbon
Loss Kinetics for Heat Assisted
11:00- 11:30AM Magnetic Recording

Bruno Marchon1, Krishna Pathem1, Franck Rose1, Qing
Dai1, Norbert Feliss1, Erhard Schreck1, James Reiner1,
Oleksandr Mosendz1, and Yoko Saito2
1)HGST, San Jose, USA, 2)HGST Japan
Paul M. Jones, Joachim Ahner , Christopher L. Platt , Huan
Tang, and Julius Hohlfeld
Seagate Technology, USA.

Experimental Study of Lubricant and
Overcoat Degradation in Heat Assisted
11:30- 12:00PM Magnetic Recording (HAMR)

Shaomin Xiong and David B. Bogy
University of California, Berkeley, USA.

C4

Thermal Behavior of Head-Disk
Interface Materials in Heat-Assisted
10:30- 11:00AM Magnetic Recording
C5

C6

12:00- TMRC 2013 Souvenir Group Photo
Session D: SMR and TDMR

Chair: Mats Oberg (Marvell, USA)

Michael Salo ,Richard Galbraith2,Richard Brockie1,Terry
Olson1, Byron Lengsfield1,Hiroyuki Katada3, Yasutaka Nishida3
1:15 - 1:45 PM
HGST, 1)San Jose, 2)Rochester, USA, 3)Odawara Japan
Shayan Garani Srinivasa1,2,Yiming Chen2 and Shafa
A Communication-Theoretic
D2
Framework for TDMR Channel
Dahandeh2
Modeling: Performance Evaluation of
1) Indian Institute of Science, INDIA
1:45 - 2:15 PM Coding and Signal Detection Methods
2) Western Digital Corporation, USA
Richard Galbraith1, Weldon Hanson1, Byron Lengsfield2,
D3
Noise Characterization in High Areal
Travis Oenning1, Jihoon Park2, and Michael Salo2
Density PMR and SMR Recording
2:15 - 2:45 PM
HGST, 1)Rochester, 2)San Jose, USA
D1

1

The Structure of Shingled Magnetic
Recording Tracks

Coffee Break

1
1
2
Capacity Advantage of Array-Reader George Mathew , Euiseok Hwang , Glen Garfunkel , David
D4
2
1
Based Magnetic Recording for Next Hu and Jongseung Park
3:00 - 3:30 PM Generation Hard Disk Drives
1)LSI Corporation, 2)Headway Technologies Inc, USA
D5
Study on 2/3 reader head geometry Elidrissi Moulay Rachid, Chan Kheong Sann, Yuan Zhimin
Data Storage Institute, Singapore.
3:30 - 4:00 PM in a TDMR system
Reader Design for Magnetic
R.H.Victora1,Yao Wang1, and M.Fatih Erden2
D6
2
Recording at 10 Tbits/inch User
1)MINT, University of Minnesota, USA
4:00 - 4:30 PM Areal Density
2)Seagate Technology, USA
4:30 - 6:00 PM Posters & Exhibitions

Invited Aug./21 & Aug./22 ( Session C, D, E, and F )

Keynote speech:
Dr. Mitsuo Yokokawa
6:00 - 6:45 PM
Experiences of the Development of the Supercomputers - Earth Simulator and K computer 6:45 - 8:15 PM
Banquet
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TMRC 2013 Technical Program

Oral Sessions for Thursday, August 22nd 2013

Session E: Advanced Reader and Recording Concepts

Chair: Simon Greaves (Tohoku Univ., Japan)
Kenichiro Yamada, Masayuki Takagishi, Katsuhiko Koi, and
Akihiko Takeo
Toshiba Corporation, Japan.

E1

STO Oscillation and Its AC Field in
9:00 - 9:30 AM MAMR Heads
SNR Gain and Area Density
Capability of Microwave Assisted
9:30 - 10:00 AM Magnetic Recording
Frequency and Size Dependent
E3
Microwave Assisted Magnetization
10:00- 10:30AM Switching in Co/Pt Nanodot
E2

Jian-Gang (Jimmy) Zhu
Carnegie Mellon University, USA.
Satoshi Okamoto1, Masaki Furuta1, Nobuaki Kikuchi1,
Osamu Kitakami1, and Takehito Shimatsu2, 3
1)IMRAM , 2)FRIS, 3)RIEC, Tohoku University, Japan
Pallavi Dhagat, Weiyang Li, Benjamin Buford, and Albrecht
Jander
Oregon State University, USA.
Kazuhiro Hono, Yukiko K. Takahashi, Takao Furubayashi,
Songtian Li, and Ye Du
NIMS, Japan.

E4

Acoustic Assisted Magnetic
10:30- 11:00AM Recording
E5

Prospect of MR Sensors Using FM
11:00- 11:30AM Heusler Alloys

Session F: HAMR II - Media
F1
12:45- 1:15 PM

Chair: Tetsuya Kanbe (Showa Denko, Japan)
Matthew Gibbons, Michael Alex, Michael Morelli, Xiao Wu,
Eric Champion, Xuan Wang, Christopher Wolf, Antony Ajan,
and Ram Acharya
Western Digital, USA.

Characterization of Recording
Performance in HAMR

L10-Ordered FeNi With Large
Magnetic Anisotropy for Magnetic
1:15 - 1:45 PM Recording

Masaki Mizuguchi, Takayuki Kojima, Takayuki Tashiro and
Koki Takanashi
Tohoku University, Japan.

Highly (001) Textured L10 FePt-SiO2C Films With Well Isolated Small
Grains By Using TiON Intermediate
1:45 - 2:15 PM Layer

Huihui Li1, Kaifeng Dong1, Yingguo Peng2, Ganping Ju2,
Gan Moog Chow1, and Jing-Sheng Chen1
1)National University of Singapore, Singapore
2)Seagate Technology, USA
Barry Stipe, Richard Brockie, Hans Richter, Takuya
Matsumoto, Thomas Boone, Rehan Zakai, Lidu Huang,
Matteo Staffaroni, Oleksandr Mosendz, Simone Pisana,
Gregory Parker, James Reiner, Tiffany Santos, and Olav
Hellwig
HGST, a Western Digital Company, USA.

F2

F3

F4

2:15 - 2:45 PM

Optimizing Thermally-Assisted
Recording And FePt-Based
Recording Media

Coffee Break

HAMR Media Structure Design and
Its Process for Excellent Thermal
3:00 - 3:30 PM Performance
F5

F6

Stacking Sequence Coherency and
Chemical Ordering in hcp/fcc
Transition Metal Alloys -

Magnetocrystalline Anisotropy for hcp Co
Based Alloys and fcc Non-Ferromagnetic
3:30 - 4:00 PM Materials for Designed Pseudo-hcp
Structure

J. F. Hu, J. Z. Shi, T. J. Zhou, Kelvin. Cher, B. X. Xu, R. Ji and
B. Liu
Data Storage Institute, Singapore.

Shin Saito, Shintaro Hinata and Migaku Takahashi
Tohoku University, Japan.

SNR And BER Comparison Between Hong Tao Wang, Kwaku Eason, Zhimin Yuan, Bao Xi Xu,
Graded-Ku and Graded-Tc HAMR
Moulay Rachid Elidrissi, and Kheong Sann Chan
4:00 - 4:30 PM Recording
Data Storage Institute, Singapore.
F7
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TMRC 2013 Technical Program

Posters for Tuesday, August 20th
P01 Flat-Profile Tape-Head Friction and
Magnetic Spacing

Poster Presentations

J. B. C. Engelen, S. Furrer, H. E. Rothuizen, And M. A. Lantz
IBM Research, Switzerland
P02 Micromagnetic Studies On CoFeB Thin Yi Wang and Dan Wei
Films With Perpendicular Anisotropy
Tsinghua University, China
P03 Control of Switching Field Distribution M. Ranjbar1, 2, S.N. Piramanayagam1, R. Sbiaa1, T.C. Chong3
in Bit Patterned Media
1)Data Storage Institute , 2)National University of Singapore,
3)Singapore University of Technology and Design, Singapore

P04 Head and Media Challenges for 3
Tb/in2 Microwave Assisted Magnetic
Recording

Mike Mallary1, Kumar Srinivasan1, Gerardo Bertero1, Dan Wolfe1, Christian
1

1

1

1

1

Kaiser , Michael Chaplin , Qunwen Leng , Mahendra Pakala , Carl Elliott , Jian2

2

3

3

Gang Zhu , Yiming Wang , T. J. Silva , Justin M. Shaw , Hans T. Nembach3

1)Western Digital Corporation , 2)CMU, 3)NIST, USA

P05 Cross-Track Pulse Shape & Nonlinear
Loss as a Function of Frequency and
Side Track Erasure in Perpendicular
Magnetic Recording Systems.
P06 Hardware Implementation of Partial
Response Equaliser Channel

Orly B. Tarun1, Mark A. Nichols2
1)HGST Philippines Corp , 2)HGST, USA

P09 Head-Media Clearance and Slider Wear on

Hiroshi Tani, N. Hirosumi, S. Koganezawa, and N. Tagawa
Kansai University, Japan
Katsuaki Shirai, R. Tada, T. Kawanami, and S. Hirasawa
Kobe University, Japan

Nadia Awad, Mohammed Zaki Ahmed, and Paul Davey
Plymouth University, UK
P07 Effect of Etching on The Electrical and Hongmei Han, Yang Li, Wencheng Su, Lifan Chen, and Jinqiu Zhang
Magnetic Properties of Writer Shield
Western Digital Corporation, USA
Material
P08 Coding and Detection for ISI Channel Guojun Han1, Yong Liang Guan1, Lingjun Kong1, Kheong Sann Chan2
with Written-In Substitution, Insertion
and Kui Cai2
and Deletion Errors
1)Nanyang Technological University , 2)DSI, Singapore
Disks with Chemically Bonded Lubricant

P10 Visualization of the Flow Bhavior in a Hard
Disk Drive Model with Read-And-Write
Assembly and Large Stagnation Area

P11 Anisotropy Constant Required for High Yosuke Isowaki, T. Kobayashi, and Y. Fujiwara
Areal Density Recording
Mie University, Japan
P12 Synthetic Antiferromagnet
Andrzej Stankiewicz
Characterization in Magnetoresistive
Seagate Technology, USA
Devices Using High-Field Transfer
P13 Curves
Two-dimensional-ISI-optimized LDPC Lingjun J. Kong1, Y.L. Guan1, G.J. Han1, K.S. Chan2, and K. Cai2
Code Design for Bit-Patterned Media
1)Nanyang Technological University , 2)DSI, Singapore
Channels with Media Noise
P14 Joint Viterbi Detector Decoder for a
Grain Flipping Probability Model
P15 Structural Analysis of Highly Efficient
Plasmonic Waveguide for Thermally
Assisted Magnetic Recording
P16 Alternation of Flex Cable Vibration Modes in
High Precision Hard Disk Drives

Sari S.B. Shafi'ee1, K.S. Chan1, M.R. Elidrissi1, and Y.L. Guan2
1)DSI , 2)Nanyang Technological University, Singapore
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TMRC 2013 Banquet
Keynote Speech

Experiences of the Development of the Supercomputers
- Earth Simulator and K computer -

Keynote speaker: Dr. Mitsuo YOKOKAWA

Professor, Kobe University, Graduate School of System Informatics
Professor Yokogawa
Director of the Operations and Computer Technologies Division,
RIKEN Advanced Institute for Computational Science
The Earth Simulator was a distributed memory parallel supercomputer using
vector architecture for processors. The development project was started in 1997 and
completed in 2002. The system was used for promoting research for the global
change prediction by using computer simulations. The target performance was at least
5 tera-flop/s for an atmospheric general circulation model. The system was operated
for 6 years and during its operation many simulation codes were developed and
various results were obtained. It is certain that the Earth Simulator expanded research
level in Geo-science area.
And the K computer project was started in 2006 as a seven-year project in
Japan. Its objectives are to develop the world's most advanced and high-performance
supercomputer to develop and deploy its usage technologies including application
software in various science and engineering fields as one of key technologies of
national importance designated in the Japanese Third Science and Technology Basic
Plan.
The system was officially released as a high-end system for the national High
Performance Computing Infrastructure (HPCI) initiative in the end of last September.
The K computer broke a 10PFLOPS wall for the first time in the world with high
efficiency in LINPACK benchmark in November, 2011. It has also achieved more
than peta-flops sustained performance in real applications. This powerful and stable
computing capability will bring us a big step toward the realization of the sustainable
human society and break-through in research and development we have never had.
Experiences in the development of the systems I was engaged will be
introduced in the talk.
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Bit Patterned Media – A Promising Technology for Big Data Era
David Kuo, Philip Steiner, Shuaigang Xiao, Xiaomin Yang, Kim Lee, Koichi Wago, Gene Gauzner, Hongying
Wang, Justing Hwu, Michael Feldbaum, and Zhaoning Yu
Seagate Technology, Fremont, California, USA

I. INTRODUCTION

Continuing increase of areal density is critical to support big data growth for cloud computing. Without areal
density growth, cloud providers and HDD companies will need to invest billions of dollars in factories and
hardware to meet future demand. As extending perpendicular recording technology becomes increasingly
challenge, new technologies are needed to continue the areal density growth. Heat assisted magnetic recording is
HDD industry’s answer to this challenge as the next technology platform. Beyond that, bit patterned media
together with heat assisted recording will continue to sustain the areal density growth. For bit patterned media to
be viable, it is critical to meet stringent lithography requirements beyond 1Tdpsi and to demonstrate feasibility of
low-cost manufacturing [1]. In addition, many drive system integration issues need to be addressed, e.g. physical
track following, write timing synchronization, skew, tribology, … etc. From lithography perspective,
di-block-copolymer coupled with process techniques to multiply density provides a viable path to achieve the
required size and pitch sigmas beyond 2Tdpsi [2]. It is also shown to be potentially extendible to 10Tdpsi. Pattern
formation from resist mask to magnetic islands for such high-density media remains challenging. In this work,
media fabrication technique is demonstrated to achieve 2Tdpsi magnetic islands with excellent loop shape. In
addition, servo pattern is successfully integrated with data pattern which enables spinstand demonstration of 1Tdpsi
bit patterned media with BER -2.43.
II. RESULTS

Figure 1 demonstrates successful data and servo integration with PS-PDMS block-copolymer system at 1Tdpsi.
Block-copolymer in the servo area is guided by walls and in the data area is guided by chemical contrast for the
bottom. This addresses the issue of real-estate loss, size and pitch non-uniformity of wall guided BCP in the data
zones.
In Figure 2, fabrication of 2Tdpsi template and magnetic islands is shown. From top view SEM, size
and pitch sigmas of the bits are well maintained for quartz template. Pattern transfer to magnetic dots loses some
fidelity in size and pitch sigmas. However, this can be improved with further process adjustment. Magnetic loop
shape for the well formed 2Tdpsi islands is excellent. Figure 3 shows the spinstand demonstration of 1Tdpsi bit
patterned media with BER of -2.43. The integrated servo in the media is used to close loop and provide timing
information.

DAVID KUO
Recording Media Operations
Seagate Technology
Tel: 510-353-4923
47010 Kato Rd, Fremont, CA 94538
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Fig. 1 PS-PDMS BCP system with servo and data integration at 1Tdpsi

Fig. 2 2Tdpsi Magnetic Islands with excellent loop shape
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Fig.3 Spinstand BER -2.43 demonstration at 1Tdpsi
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I. INTRODUCTION
While advances in perpendicular magnetic recording (PMR) media are becoming more difficult to achieve, several
new technologies have shown promise for extending data storage areal densities above 1 Tb/in2. One of these
technologies is bit patterned media (BPM) in which individual bits are composed of single domain magnetic islands
[1]. Creating high density bit patterned media suitable for magnetic recording is challenging. The necessary
lithographic placement tolerances and switching field distributions become increasingly tighter and more difficult to
maintain at smaller lithographic dimensions.
In this paper we present an experimental recording study of high quality 1 Td/in2 and 1.2 Td/in2 patterned media
that highlights the extendibility of BPM to higher areal densities. We demonstrate the fabrication of high density
magnetic island arrays created via nanoimprint lithography (NIL) with rectangular arrays and a bit aspect ratio
greater than one. In addition we show etched CoCrPt media with a 1-sigma switching field distribution as low as 4%
of Hc.
II. RESULTS
The 1 Td/in2 quartz NIL imprint mask was created by using a self assembled PS-b-PMMA block co-polymer to define
the initial hcp array with a lattice pitch of 27 nm [2]. The high pattern quality achieved with NIL is demonstrated in the
SEM image of the finished disk shown in Figure 1a. The CoCrPt magnetic islands show a dot placement distribution of
1.2 nm 1-sigma and a size distribution of ~10%. Magnetic imaging of an AC demagnetized region of the finished disk
performed using a static tester shows good SNR, evidenced by the ability to resolve the magnetic orientations of
individual islands by eye. Recording results at 1 Td/in2 and modeling show that recording performance and resilience
to track misregistration could be further improved by increasing the bit aspect ratio (BAR) [3]
We fabricated a 1.2 Td/in2 template with a rectangular lattice with down track pitch of 20.5 and cross track pitch of 27
nm using a double imprint process using two submaster templates [4]. One submaster template produces the radial
stripes and a second template one produces the circumferential stripes. Figure 1c and 1d show static tester imaging and
SEM images of the finished disk, respectively. The finished 1.2 Td/in2 disk has a higher defect rate than the 1 Td/in2
hcp disk, but magnetic media SNR remains high.
The recording performance of the 1.2 Td/in2 disk was examined by writing random data to the patterned islands at
different down track and cross track head-island registrations. Figure 2a shows the measured on track bit error rate
(OTER) versus write registration. The OTER shows wide margins at 1e-2 error rates and below in both the cross track
and down track direction. As the write width of the head is nearly 4 tracks wide (Fig. 2b), we evaluate the feasibility of
the BPM system for shingle magnetic recording. This is done by including the adjacent track write rate (ATWR) on the
previously written adjacent track in addition to the OTER. The combined ATWR and OTER is shown in Fig. 2c. The
minimum bit error rate achieved is 1e-2, limited by defects.
.
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Fig. 1. (a) SEM image of etched 1 Td/in2 media with hcp lattice. (b) Static tester readback image of a
similar disk after AC demagnetization in an external field. (c) Static tester readback image of AC
demagnetized 1.2 Td/in2 media with bit aspect ratio of 1.3. (d) SEM image of sister disk to (c). The scale is
the same in all images.

Fig. 2. Log10 bit error rate versus write head registration to BPM islands for the 1.2 Td/in2 BAR = 1.3
sample (a) On-track error rate. (b) Overall write rate. (c) Combined on-track and adjacent track actual
error rate.
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I. INTRODUCTION
Ion implantation is a technique that has been well exploited for commercial application by the
semiconductor industry. The hard disk industry has considered it in the past few years for its potential in
the fabrication of patterned media. After a resist-pattern is formed on patterned media, ion milling is one
way to transfer the patterns in the magnetic layer. However, in this method, the surface of the recording
media has topographical features which, if not planarized, cause fly height modulation. As an alternative
method, ion implantation may be carried out through the resist holes to selectively form non-magnetic
regions. In this case, magnetic nano-patterning could be achieved without the need for planarization.
Until now, ion-implantation in magnetic media has been carried out using ions such as argon and nitrogen.
There has been no systematic study on the type of ions and the rationale behind them. Moreover, there
have been no systematic studies that look at issues such as lateral straggle – the displacement of atoms that
hinder controlled patterning – which play a significant role at high areal densities. We have undertaken
extensive work to understand the challenges of ion implantation in forming patterned media. Various types
of ions and their effects on lateral straggle and magnetization reduction have been studied systematically.
This paper will describe these results in detail.
II. RESULTS
For areal densities much higher than 5 Tbpsi, the spacing between two magnetic islands is expected to be 5
nm or below. As of now, it is very difficult to fabricate features of such sizes. Therefore, we used an
innovative approach to understand the implantation-related effects, particularly the lateral straggle of the
implant species or the lateral diffusion of the host atoms at such small spacings. For this purpose, we used
granular CoCrPt:Oxide-based media and the implantation in such media to study the changes that take
place through the grain boundaries. As the grain boundaries are 2 nm thick, such media provide
information that is relevant even for areal densities above 10 Tbpsi. First order reversal curves (FORC)
were used to understand the changes in the exchange interaction that occur due to implantation.
Various species, such as He, C, Ar and Sb, based on a desired range atomic mass were used for
implantation. Our studies indicated that the lateral straggle is less when ions with heavier mass are used.
However, the heavier ions cause movements of host atoms such Pt and Co, leading to an increased
exchange coupling. Figure 1 shows the FORC curves to illustrate this point. The interaction field ('Hu),
which is an indicator of increased exchange coupling, is the largest for Sb+ ions compared to the other
lighter ions. It can also be observed that the Sb+ ions are desired from the lateral straggle perspective.
We also carried out ion implantation studies on patterned FePt media only at a pitch of 80 nm. Even
though this density is not high, the understanding that we have gained from this study highlights a serious
bottleneck in preparing patterned media for areal density > 5 Tbpsi using ion implantation. The magnetic
force microscopy, X-ray diffraction and magnetization study of the implanted dots indicated that the
implantation of Sb+ caused lateral movement of Fe and Pt atoms into the regions that were not ion
implanted, causing damage to the ordered L10 phase and resulting in a lower anisotropy. As a result, the
magnetic dots showed a much lower out-of-plane coercivity (Fig. 2a) and in-plane hysteresis loops (Fig.
2b). This is a serious bottleneck that needs to be investigated if high-density patterned media were to be
fabricated using ion implantation. Details of these studies will be presented.
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Fig. 1 (a) First order reversal curves of CoCrPt:SiO2 media implanted with He+ and Sb+ ions. The
implantation with Sb+ ions leads to a larger exchange interaction. (b) The interaction field (indication of
increase in exchange coupling) and the lateral range of the implant species for various ion species. The
heavier atom such as Sb+ do not move much, but they displace and move the host atoms such as Co+,
causing a larger increase of exchange coupling (as shown by 'Hu).

Fig. 2 (a) Out-of plane and (b) in-plane hysteresis loops of patterned and unpatterned FePt samples with
Sb+ ions at a fluence of 5×1016 ions/cm2. It can be seen that the patterned dots maintain a significant
magnetization (corresponding to the region that were protected by the resist).
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I. INTRODUCTION
The continuous evolution of magnetic recording density towards 10Tbit/in2 has involved many enabling
technologies in the fabrication of the hard disk drive (HDD). As we approach the superparamagnetic limit, further
increase in the storage density may require the transition from continuous media to bit patterned media (BPM). The
latter consists of ordered arrays of individual magnetic islands physically defined by patterning techniques. However,
BPM faces many challenges: In addition to the cost and throughput issues, there are currently few methods with the
resolution requirements for patterning at such high densities [1]. Therefore, to keep up with the evolution of the
storage density, new patterning approaches are needed. With this objective, we present a newly emerging route for
nano-fabrication based on the combination of top-down lithography and bottom-up self-assembly to fabricate
densely-packed arrays of nanostructures [2]. This approach relies on the use of sparsely-patterned templates to guide
the self-assembly of colloidal nanoparticles. These nanoparticles synthesized by wet chemistry method with
sub-10-nm dimensions and good size uniformity [3], hence allowing us to achieve dense and uniform packing, with
promise for ordering and pattern registration across large length scales afforded by top-down lithography.
II. RESULTS
We will present our results on directed self-assembly of nanoparticles (DSA-n) achieved by a template fabricated by
electron-beam lithography in hydrogen silsesquioxane (HSQ) resist. While DSA of block copolymers has previously
been demonstrated [4], the dense packing of sub-10-nm nanoparticles onto pre-patterned templates has not been
demonstrated yet. Templates consisting of either nanoposts or grating lines are used to guide 8 nm gold nanoparticles
(AuNPs) into ordered arrays as shown in Fig.1. Both template geometries consisted of structures with ~10 nm lateral
dimension, but are sparsely interspaced so as to increase the throughput of the lithography process. When a
self-assembled monolayer of nanoparticles is deposited onto these templates, the particles were observed to
rearrange into different configurations to maintain commensuration with the template. Our experiments showed that
compared to grating lines, nanopost arrays afford greater control of the positioning, directionality, and ordering of
the nanoparticle lattice. On the other hand, grating templates achieve a larger range of strain tolerance in the
self-assembled film (-10% to 35%) at the expense of substituting for entire rows of particles. These results
demonstrate the utility of surface topography in controlling the assembly of AuNPs to produce complex arrays of
highly-packed nanostructures.
In the context of BPM, one of the most pertinent questions in DSA-n would be its effectiveness in reducing the
position jitter [5] of the closely-packed nanoparticles compared to BPM achieved by other techniques. We hereby
perform a comparison with (1) naturally self-assembled nanoparticles (i.e. without a template) and (2)
densely-patterned dots completely by top-down lithography. The challenges in DSA-n are not only in the ordering
and orientation of the particle arrays, but are complicated by particle size distribution and jitter introduced by the
template itself. The analysis and control of such effects is crucial for BPM, because their influence will be reflected
in the performance of the media in terms of noise and read/write errors.
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In the present work we have performed a quantitative study of the fabricated media based on image analysis of SEM
images. This analysis allowed us to estimate the position jitter and size jitter of the assembled media with and
without template. The results will help us understand areas where improvements can be made to eventually achieve
DSA-n over large areas with minimum defects.
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Fig.1: Scanning electron micrographs showing 8 nm Au nanoparticles (bright dots) close-packed in a 2-D film and
ordered between HSQ nanoposts (dark dots) of 40 nm pitch (a) and gratings of 50 nm pitch (b).
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POSS-CONTAINING BLOCK COPOLYMERS
FOR ULTRA-HIGH DENSITY PATTERNS
Teruaki HAYAKAWA
Department of Organic and Polymeric Materials, Tokyo Institute of Technology, Meguro-ku, Tokyo, JAPAN

I. INTRODUCTION
The use of block copolymer (BCP) materials in thin film that form to create dense, periodic arrays of small features
termed “block copolymer lithography” has inspired the synthesis of a rich array of new BCPs. Extensive works with
directed self-assembly have been reported by applying poly(styrene-block-methyl methacrylate) (PS-b-PMMA) as a
phase segregating material.1 However, because low molecular weight PS-b-PMMA is a weakly segregating system, i.e.
a material with low Flory-Huggins parameter F, the minimum dimension achievable is about 20 ~ 25 nm in full pitch.
Although, various higher segregating block copolymer systems have been proposed to overcome this size limitation,
multiple challenges still exist in fabricating high-density patterns with sufficient uniformity and placement accuracy.
Here, we report a new series of high FBCPs, polyhedral oligomeric silsesquioxane (POSS)-containing BCPs2-5,
especially for the synthesis and directed self-assembly of hexagonally arranged spheres for bit-patterned media
applications.
II. RESULTS
Poly(methyl methacrylate-b-POSS methacrylate), PMMA-b-PMAPOSS (Figure 1), was synthesized by living
anionic polymerization manner. The resulting BCPs showed very narrow polydispersity index of less than 1.08 in all of
the different molecular weights and compositions.
The PMMA-b-PMAPOSSs were self-assembled on sparse chemically pre-patterned templates following the
process. The chemical templates were prepared by electron beam lithography on a polystyrene layer grafted to a Si
wafer. PMMA-b-PMAPOSS thin films were spin-coated on the templates with a lattice plane spacing, dsub = 26.0 nm.
The samples were self-assembled by thermal annealing at 150°C or by solvent annealing in a neutral solvent
atmosphere, namely a vapor of carbon disulfide/acetone mixture, 9/1 (v/v). The PMMA-b-PMAPOSSs were
self-assembled into a hexagonally close packed array of spheres composed with PMMA in PMAPOSS matrix with
lattice plane spacing of d0 = 12.4 nm.
Figure 2a shows the SEM image of e-beam resist mask employed to prepare the chemical template with dsub = 26
nm, which is about 2 times of d0 = 12.4 nm. Figure 2b presents the pattern of PMMA-b-PMAPOSS assembled on the
template. The lattice plane spacing of the assembled PMMA-b-PMAPOSS d was measured to be 13.0 nm, which is a
half of dsub, demonstrating areal density of the pattern was multiplied by a factor of 4 compared to that of the
underlying chemical template. Further comparison of the SEM images revealed that the larger size variation in e-beam
resist was successfully rectified by the self-assembly.
To further minimize the pattern dimension, molecular weight (Mw) of the block copolymer should be lowered.
However, when the molecular weight was decreased to assemble sub 10 nm features, it was found that thermal
annealing resulted in the better ordering than solvent annealing. For films on the Si substrate, the thermally annealed
sample resulted in well-defined hcp crystallites with a relatively long lateral correlation length, whereas the solvent
annealed sample exhibited a much shorter correlation length with a more disordered pattern. These results suggest that
thermal annealing might be more appropriate for PMMA-b-PMAPOSS with lower Mw than solvent annealing. We
successfully obtained the results that the thermally annealed film showed a well-defined single crystal structure with d
= 9.7 nm, which corresponds to 5.9 Tdpsi in areal density, achieving a 9× density multiplication factor with respect to
the underlying chemical template with dsub = 29 nm. On the other hand, the solvent annealed sample resulted in an
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imperfect pattern with no significant influence from the chemical contrast pattern.
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Fig. 1 Synthetic Scheme of poly(methyl methacrylate-b-POSS methacrylate), PMMA-b-PMAPOSS.

Fig. 2 Directed self-assembly of PMMA-b-PMAPOSS with 4x density multiplication of a hexagonally closed-packed
pattern with lattice spacing d=13.0 nm corresponding to 3.3 Tera-dots/inch2.
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A General Energy Barrier Model of Switching in an External Field and Decay of
Exchange Spring Media
Byron LENGSFIELD, Terry OLSON, Jihoon PARK, and Adam TORABI
HGST, A Western Digital Company, San Jose, California, USA
I. INTRODUCTION
In this work we will study thermal decay, M-H loops and track interference, xTI, in multi-layer exchange spring
media. A general energy expression is developed for a cluster of multi-layer exchange spring grains. We expand the
rotation of the magnetization vectors to second order in elements of an exponential unitary transformation. The first
and second derivatives of the energy are determined and a damped optimization procedure is used to efficiently
locate minima and transition states on the potential energy surface. The lowest energy barrier is used to construct a
rate constant. We then determine rate constants [1-4] for an ensemble of interacting grains from which M-H loops
and decay are simulated as a function of applied field. Both Kinetic Monte Carlo and direct integration of the rate
equations are used to study the kinetics of these systems. .
II. DETERMINATION OF THE RATE OF SWITCHING
In this method, both the first and second derivatives of the energy are obtained as a means to efficiently locate the
stable points on the energy surface for a cluster of interacting grains. The transition path [1] connecting the transition
state and the minima are determined to insure that complete switching of all layers of the grain occurs and to identify
when clusters of grain switch together. The effect of inter-granular exchange is explicitly taken into account as the
magnetization of neighboring grains are included in the energy expression. Thus neighboring grains respond to the
orientation of the central grain in the cluster as it moves along the transition path. The energy barrier of the media is
characterized by fitting the simulated barrier to the following analytic form:
N

Eb = (KV)eff*(1-Ha/Ho)

(1)

where Eb is the energy barrier, (KV)eff is a fitting parameter which converges to the sum of (KV) in each layer
plus the shape energy in the limit of very large vertical exchange in the media, N is a fitting parameter, Ha is the
applied field and Ho is the field at which the energy barrier vanishes. We find that this expression provides a good fit
of the computed energy barriers in the macro-spin approximation as long as no meta-stable intermediate states are
present on the transition path. However, (KV)eff may differ significantly from the sum of KV of the individual
layers plus a shape term. A simple realization of this method is discussed below where the nucleation field
determined from an M-H loop is correlated with the Rate of Decay for a series exchange spring media structures.
Kinetic Monte Carlo simulations using realistic grain distributions and inter-granular exchange will be discussed at
the meeting.
III. SIMULATED THERMAL DECAY AND M-H LOOPS: CORRELATION OF Hn AND DECAY
Using a four layer exchange spring structure, see Fig. 1, we determine the magnetization configuration at the
minima and the transition state is as a function of field. These magnetization configurations at zero field are shown in
Fig. 2. A two dimensional distribution of grain volume and anisotropy is used to generate an ensemble of interacting
grains which interact through a mean field in this example. An M-H loop and the decay of a DC magnetized
ensemble are then computed as a function of media parameters. As seen in Fig. 2, the magnetization of all of the
layers at the transition state will not, in general, be oriented in plane (at 90 degrees). The fit of the energy barrier
versus a perpendicular applied field to an exponential form is shown in Fig. 3 for a grain near the mean of the
volume-anisotropy distribution.
By varying the thickness of one layer, G1, and one vertical exchange interaction, ECL1 we generate a series of
M-H loops and Magnetization Decay curves, Figs. 4 and 5. The change in sensitivity of thermal decay and
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nucleation field, Hn, to these two media parameters is clearly evident in the contour plot shown in Figure 6. This
differing sensitivity generates a band structure, (a range of Hn values lead to the same Decay) when one attempts to
correlate the nucleation field with the Rate of Decay.
At the meeting, the same energy barrier methodology will be used with a Kinetic Monte Carlo algorithm to discuss
xTI for realistic grain structures, volume distributions and exchange interactions.
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Figure 4.

Simulated energy M-H Loop

Figure 5.

Simulated Thermal Decay

Fig.1 A four-layer exchange spring media

Figure 2: Magnetization configuration in zero applied
field at the two minimum and the transition state of
a four layer exchange spring.

Figure 6: Contour plot of the nucleation field
and the rate as a function of the

Figure 3. Simulated energy barrier as a function of
the applied field and the fit to the analytic form.

two variables in the problem.
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STUDY OF SIDE SHIELDED READER FOR ULTRA-HIGH TPI MAGNETIC
RECORDING.
Takumi Uesugi, Takahiko Machita, Satoshi Miura, Naomichi Degawa, Takekazu Yamane, Minoru Ohta,
Kenzo Makino, Shohei Kawasaki, Hitoshi Hatate, Takayuki Nishizawa, Takayasu Kanaya, Takeo
Kagami and Taro Oike
Data Storage & Thin Film Technology Components Business Group, TDK CORPORATION

Introduction
Hard disk drives (HDD) are still a major device for data storage, which is one of the key fields
supporting information technology. To achieve 1 Tb/in2 and beyond, there are several candidates [1].
Shingle Magnetic Recording (SMR)[2][3] is the most promising candidate due to the advantage of
strong writer-ability even in the ultra-high TPI region of over 500 kTPI. An encouraging modeling study[4],
a good performance verification study[5] and ADC demonstration of ~800 Gb/in2 [6][7] were reported by
several groups. These previous works indicate that SMR can improve ADC by 20~30 % at least comparing
to conventional magnetic recording (CMR). Previously we indicated that (a) erase band (EB) reduction, (b)
higher write field gradient in down track direction at the main pole (MP) edge, and (c) side reading
reduction are essential for further improvement of ADC, and showed over 1.2Tbpsi performance of write
and read heads improved from these points. [8][9]
This time we explain the details of the reader design to obtain side reading reduction as (c).

Design concepts
Schematic diagram of the design is shown in Fig.1. In this design, soft magnetic materials are
arranged at the side of the junction instead of bias hard magnet. These materials are magnetically coupled
with upper shield, and the upper shield is weakly pinned at longitudinal direction by antiferromagnetic
(AFM) layer. Therefore, the magnetic materials at the side of the junction have fixed direction at no/weak
external field and apply bias field to free layer. While their energy of anisotropy is much weaker than that
of hard magnet, so they absorb the flux nearby. In other words, they work as side shield. We call this design
“Junction shield (JS)”. In this JS structure, we expect side shield effect and bias effect at the same time.
LLG simulation results predicted the concepts. Fig.2 shows LLG simulation of MT50 vs
MT10/MT50 for conventional reader and JS. Here MT50 and MT10 are defined as 50 % and 10 % of the
amplitude widths of a micro-track profile, respectively. We also define micro track sharpness (MTS) =
MT10/MT50. JS shows smaller MTS under same MT50 comparing to the conventional reader. Also LLG
simulation of read waveform shown in Fig.3 has no unstable jump, asymmetry. It is expected that this new
reader brings side shielding effect with keeping stable reader performance.

Experimental Results and Discussion
Fig.4 shows experimental results of MT10 & MT50 calculated from micro track profiles of
spinstand dynamic performance measurement. As simulation results predicted, smaller MTS is found on
new reader.
Fig.5 is amplitude vs sigma of asymmetry results of bar level Quasi-static test. It is found that new
reader has less variation of asymmetry than conventional reader at the same level of amplitude. It
indicates that soft magnetic bias of our suggestion can bring even more stable and uniform bias field than
conventional hard magnet.
In summary, Junction shield structure we suggested here brought good side shielding effect and
also good stability. It is good design of reader for ultra-high TPI generation.
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Fig. 1 Schematic diagram of side shielded reader of our suggestion (Junction shield).

Fig. 2 LLG Simulation results (MT50 vs MTS.).
(FLW=free layer width. FS=free to side shield spacing)

Fig. 3 LLG Simulation

Fig. 3 Experimental results (MT50 vs MTS).

results (Read waveform).

Fig. 4 QST asymmetry.
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Challenges and Possible Extensibility of Perpendicular Writer Design
Huaqing YIN, Jianhua XUE, Mourad BENAKLI, Yonghua CHEN
Transducer Development Team, Seagate Technology, Bloomington, Minnesota 55435
I. INTRODUCTION
Perpendicular magnetic recording (PMR) has been used in HDD industry for years. Taking into consideration media's
super-paramagnetic limit, the theoretical areal density limit of about 1Tb/in2 has been proposed for conventional PMR
technology [1]. With ADC approaching this limit, the annual ADC growth rate substantially slowed down. Prior to the
replacement by a new storage technology, HAMR for instance, keeping conventional PMR technology moving forward and
continuing to support the increasing demand of high HDD capacity become a big challenge to the whole HDD industry.
In this paper, we will discuss the challenges and possible extensibility of the writer design in PMR. We will briefly
review major PMR writer technology migration, discuss the roles of different trailing shields and side shields to BPI and TPI.
With respect to reliability, we will talk about how we have been handling adjacent track interference (ATI) and side track
erasure (STE) issues. In the end, we will provide prospect of alternative solutions to extend PMR, such as shingled magnetic
recording (SMR), and “two dimensional magnetic recording” (TDMR) for further ADC increase.
II. BASIC DESIGN REQUIREMENT AND CHALLENGES
The advantage of perpendicular recording to improve bit stability through magnetostatic interaction between adjacent
bits makes it possible for high linear density application. In PMR system, grains with vertical crystalline anisotropy switch
under the effective write field generated by write pole together with soft under layer. The effect of media's angular dependent
coercivity helps transition form at pole tip's trailing edge.
The basic requirements to writer design include strong writeability, confining field in down-track and cross-track
direction with optimal field gradients, and reducing fringing field. These are related to accurate switching of grains,
transition sharpness, and control of the erasure field. For example, to achieve a 10% increase in linear density, based on
current product design point, a ~13% field gradient improvement is needed, if only counting gain from writer. As it is known,
without head-media spacing (HMS) reduction, it is hard to maintain scaling rule by scaling the write pole dimension, and
generate same level of write field. With write pole dimension decreasing for high TPI, the HMS limitation directly causes
write field reduction and field gradient degradation. Additional impacts could be worse transition curvature and larger jitter.
At very high track density, writeability and BPI will get significant loss, and impact of writer's fringing field on ATI will be
large (see Fig. 1).
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Figure 1. Writeability becomes worse (a) and BPI degrades when track is narrower (b); ATI field becomes larger for narrower track width (c).

Writer's dynamic performance becomes critical when recording at high data rate (DR). From design perspective, how to
improve efficiency of writer response to driving current? How to control the domain patterns in paddle and yoke? How to
improve writer's dynamic response speed? and at the same time to control the unwanted erasure field are the big challenges in
writer design for high DR recording.
Up to date, many efforts have been applied to improve writer reliability in conventional PMR design. With track density
increasing and the pole dimension scaling down, inflation and fringing field induced by the write pole are also increasing.
ATI is directly related to the write pole field. It impacts field gradient in cross-track direction, erase band, and TPI capability.
Use of side shield could help reduce ATI field very effectively.
STE is another primary failure mode in conventional PMR. The mechanisms of STE occurrence could be complex,
especially after introduction of side shields in the design. In no side shield design, STE is normally caused by returning flux
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at trailing shield edge or return pole edge. It could also be related to the stress-induced domain walls in return poles. In side
shield designs, write pole field could saturate part of the SS, causing direct erasure field on side tracks. STE could also be
enhanced by magnetization domains generated in SS (Fig. 2). Overall, writer design, head/media matching, and write current
waveform can impact STE. Of the failure modes, STE is the major challenge to writer reliability.

\
Figure 2. Proximal STE related to write field induced domains in SS (a,b) and related to Letterbox over hang (c,d).

III. DESIGN FEATURES AND THEIR IMPACTS TO WRITE PERFORMANCE
Writeability has been substantially improved by top bevel and bottom bevel structures (Fig. 3). Meanwhile, field angle
can be adjusted by the bevels optimization.
With introduction of trailing shields in PMR, field gradient and therefore linear density got pronouncedly improved
comparing to the single pole design [2]. In the new design, the field from write pole is confined in down track direction. The
magnetic potential drops rapidly from the write pole to the trailing shield within a very short distance (gap length). With the
same reasoning, side shield was also applied in PMR for improving track density.
The use of trailing shield and side shield can greatly decrease write field. For example, introducing trailing shield lead to
a loss of 25% or more field compared with single pole. Also, introduction of side shield could lose 15% or more field
comparing with non side shield design. Trailing shield with notch was proposed to compensate the field loss. This works by
the notch concentrating the flux from write pole to trailing shield. With a notch as showed below (Fig.3), we can get 3~4%
peak field gain and 3% peak gradient gain. This advantage can be transferred to better BER and total SNR when pole width is
wide. With the pole width narrow down, the gradient gain at track center will be rolled off much faster than non-notch design
when moving along cross track. The averaged jitter actually gets degraded for high TPI.
With the flux concentration in notch design, magnetization in the notch could be easily switched to the down track
direction. Its final gradient is improved purely by field increase. Actually its effective magnetic gap length becomes larger
because of the notch saturation. The use of trailing shield gap overhang between trailing shield and side shield, as showed in
Fig. 3 below, tends to sustain the permeability of trailing shield right above write pole. In addition, the overhang will also
help reduce flux leaking into trailing shield. In contrast, this is a better design than others to improve field gradient.
A tapered geometry (Fig. 3) was introduced to the writer side shield. The tapered geometry enables positive trade-off
between ATI and BPI. It also helps STE through reducing magnetic charges on side shield edge.

Figure 3. From left to right, bevels, single pole, trailing shield, notched trailing shield with side shield, trailing shield overhang, tapered side shield.

IV. DISCUSSION ON FUTURE PMR TECHNOLOGY
SMR starts being adopted in HDD industry. It boosts ADC by more than 10% without major head technology changes.
In SMR, bit aspect ratio (BAR) is much smaller than conventional recording technology. What is media’s intrinsic limitation
as function of BAR? If the average field gradient is important for BPI in conventional recording, then edge field gradient will
be more important in SMR. Design for edge field gradient will be an ADC improvement opportunity. While SMR enable the
use of wider WPE for a given track pitch (TP), its TPI is still limited by the reader width. To enable lower TP than both
reader MT10 and writer WPE, TDMR technology can be used. Other writer technology improvement includes faster write
dynamics and improvement in writer field. Some new PMR technology options, for example, MAMR, BPM and TMDR are
on the table. However, these technologies are associated with a large investment, long lead time and high technology risk. At
current time, people probably have more confidence to achieve 1Tb/in2 and strive to look for opportunities for 1.5Tb/in2.
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CONTACT/CLEARANCE SENSOR FOR HDI SUB-NANOMETER REGIME
Junguo XU1), Yuki SHMIZU2), Masaru FURUKAWA1), Jianhua LI1), Yuichiro SANO1), Toshiya
SHIRAMATSU1), Yuichi AOKI1), Hiroyuki MATSUMOTO1), Kenji KUROKI1) and Hidekazu KOHIRA1)
1) HGST Japan Ltd., Fujisawa, Japan
2) Tohoku University, Sendai, Japan
I. INTRODUCTION
Energy assisted magnetic recording, such as heat assisted magnetic recording and microwave assisted magnetic
recording, is considered to be next generation HDD products. However, the request on narrow magnetic spacing including
physical spacing, i.e. the clearance, is not changed at all. The clearance of a current commercial HDD is already closing to
about 1 nm, and the regime of sub-nanometer is coming for sure. At such a narrow spacing, to maintain a stable head-disk
clearance at drive operation is critical in both HDD read/write performance and reliability.
Thermal flying height control (TFC) technology has been implemented in HDD since 2005. This technology uses a
micro-heater, which is embedded in the head structure. The TFC is normally switched off at idle time and only switched
on at read/write operation, for obtaining a narrow clearance. For maintain such a low clearance using TFC, many efforts,
such as minimizing slider vibration and quantitative spacing measurements, are made [1-2]. And one of key technologies
is a touch-down and back-off method, which is normally used in a HDD for setting the clearance. Most of current HDDs
are utilizing head disk contact induced off-track or down-track forces, or slider vibration for the contact detection.
However, the big effort was making to develop a better sensor for contact detection and HDD reliability [3-6]
Our previous researches have reported that a thermal contact sensor (namely embedded contact sensor, ECS) could be
potentially used for not only contact detection but also disk asperity/pit mapping. In this paper, after reviewing the
fundamental mechanisms for detection of head-disk contact and clearance, and disk defects of asperities and pits, we
further report the sensor capability of detecting lube mogul and disk micro-waviness. The advanced application of the
sensor certainly opens new regime for sub-nanometer HDI spacing.

II. RESULTS
Figure 1 shows the schematic view of the sensor. The sensor is usually located between the reader and writer, which is
near the narrowest clearance point, when the TFC is on, for better sensitivity in contact detection. The sensor is made of
thermally sensitive materials, which detects temperature change on the sensor by resistance change. When a contact
happened between the sensor and an asperity, the resistance of sensor increases due to friction heating and hence the
contact could be detected by monitoring sensor resistance. Figure 2 shows the typical touch-down curves of the ECS
sensor. Figure 2(a) shows the sensor DC resistance changes as the function of TFC power. The resistance increases with
increasing TFC power at first due to thermal effect from TFC heater, then drops due to the domination of air cooling at
narrow clearance, and finally increases due to friction heating at head/disk contact. Figure 2(b) shows the typical ECS AC
output at touch-down operation. The signal stayed stable at head flying when the clearance is large, followed by the signal
increase at narrowing spacing due to spacing modulation by disk micro-waviness, and significantly increase due to mostly
head contact vibration. The detail discussion such as disk micro-waviness effect will be carried out in the full paper.
Figure 3 shows the typical waveforms when the ECS contacts an asperity, flies over a pit or a lube mogul. The
mechanism for ECS output in asperity detection is friction heating due to the sensor/asperity contact. But the mechanism
for pit detection is less cooling due to large spacing when the sensor is flying above the pit. Since the sensor is heated by
the bias current, less cooling causes the higher sensor temperature and thus the higher resistance. Furthermore, the
mechanism for lube mogul detection is the larger cooling due to the narrow spacing. The detail discussion on defect
detection will be carried out in the full paper.
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THERMOMECHANICAL CONTACT BETWEEN MAGNETIC RECORDING
HEAD AND DISK DEFECT INCLUDING HEAT PARTITION FACTOR
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I. INTRODUCTION
When a head slider makes contact with a disk defect, the contacting surfaces usually develop high contact stress.
Depending on the defect size and surface interference value, the contact stress can exceed the yield strength of the
head DLC film, thereby causing severe scratch and wear failures. Interestingly, even if the contact stress is
relatively low within elastic regime, the head DLC film can experience critical wear behavior due to the
thermomechanical degradation of carbon atoms [1]. It is known that the frictional heat flux is generated by contact
pressure and sliding velocity with the coefficient of friction. The resulting change in surface temperature is
determined from the thermal properties of two contacting materials and the Peclet number. When the two
contacting bodies have different material properties, the total frictional heat should be divided into two different
amounts with a certain fraction called heat partition factor. Furthermore, as each of the contacting bodies is heated
by different heat sources (i.e. one is from moving heat source and the other is from stationary heat source), the
corresponding surface temperature can have different distribution profile. In this talk, the surface temperature rise
and distribution during the sliding contact between a head slider and a disk defect are examined by extending the
Francis heat partition factor [2]. For the three different disk defects (i.e., Al2O3, SiO2, and AlTiC), the mechanical
contact stress and surface temperature on a head slider are systematically investigated by taking account of
thermal/mechanical material properties and system operation parameters.
II. RESULTS
Figure 1 shows the resulting temperature distribution on the surfaces of head carbon film (i.e., moving heat source)
and disk defect (i.e., stationary heat source). The corresponding temperature rise and the heat partition factor are
summarized in Table 1. Examining the Fig. 1 and Table 1, firstly, it could be observed that the surface temperature
profile of the disk defect is symmetrical within the contacting regime but the temperature on the head DLC film is
shifted toward the sliding direction (positive x-axis). This non-symmetrical temperature distribution on the head
DLC film is attributed to the heat generation by the moving heat source. Next, comparing the results of the three
disk defects, it can also be found that the Al2O3 defect shows the highest temperature rise on the contacting surface,
whereas the AlTiC defect shows the lowest temperature rise. For the AlTiC defect, the smaller change in surface
temperature can be explained by the lower heat partition factor. Considering that thin DLC coatings can initiate the
material phase change at a critical temperature of 250 ~ 300 °C, it is indicative that the head DLC film contacting
with the Al2O3 defect can develop material softening (or graphitization) and surface damage because its maximum
surface temperature increases up to 490.4 °C. Figure 2 shows the temperature rise of head DLC film with the
control parameter (ψ=EVδ/kTi : E=Young’s modulus, V=Velocity, δ=surface interference, k=thermal conductivity,
Ti=initial temperature ), where the defect shape factor (rb /R : rb = radial size, R = radius of curvature) is varied from
0.025 to 0.2. It is observed that the surface temperature rise is very proportional to the ψ value. In other words,
the surface temperature during sliding contact becomes higher as the E, δ, and V values increase, whereas the
temperature becomes lower as the k value increases. Moreover, examining the change in surface temperature with
the defect shape factor values in Fig. 2, it is found that the slope of temperature rise becomes higher as rb / R value
increases. This implies that the sharper disk defect can cause higher surface temperature thus be more critical to the
HDI reliability.
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Table 1 Thermomechanical contact behaviors from three different disk defects.
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0.263
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0.0239
Heat partition factor
9.7
3.7
17.4
Po (GPa)
339.8
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ALTERNATION OF FLEX CABLE VIBRATION MODES IN HIGH
PRECISION HARD DISK DRIVES
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I. INTRODUCTION
As the demand of raising recording density for hard disk drives (HDDs) to achieve higher storage capacity has
increased these years, track size in magnetic disk has been narrowed down to hundreds of nanometer level. Owing to
smaller track size on magnetic disk, more precisely-operated and robust actuation system for read/write heads in
HDDs has been the research and development focus. Among mechanical contributors, dynamics of flexible circuit in
HDDs has been found to be a problematic source that can interfere and reduce the operation accuracy of read/write
arm. Among mechanical contributors, Chang [1] indicated that flexible circuit in HDDs has been found to be a
problematic vibration source that can interfere and reduce the operation accuracy of read/write arm. To perfectly
eliminate the dynamic responses of flex cable, piezo-electric (PZT) film was adopted by embedding it into or
attaching it onto flex cable to achieve the goal of vibration control. When an external electric field is applied to this
PZT film, piezoelectricity effect is then taken place which results in induction of mechanical shear force in flex cable.
With the embedded PZT film in the flex cable, the cable’s vibrations can then be controlled by the mentioned
mechanism. With energized PZT film, this means that flex cable will turn harder and its stiffness will become larger,
which makes the dynamic behavior of flex cable becomes an uncertainty. The mechanical model built in previous
work [2] then fails to predict the dynamic response of the flex cable. Due to the problems mentioned above,
modification for the mechanical model is imperative and it was elaborated by considering the shear effects produced
by PZT in this paper. As reported by Henno Allik [4] and many other researchers [5-7], finite element methods have
been applied to many piezoelectric applications. As piezoelectricity includes electrical and mechanical behaviors of a
material, in this paper, piezoelectric constitutive equations are examined and considered to include electroelastic
effects from PZT film.
II. RESULTS
Define aspect ratio r to be the length of PZT layer l over flex cable’s free length L, five mock cables with
different aspect ratios were attached to arm-flex cable assemblies. As an illustrative examples, two assemblies with
aspect ratios r = 0 and 1/4 are shown in Figure 1. The assembly was then installed into a commercial flexible
interconnect platform as shown in Figure 2(a), of which cable static profile was detected by the vision system as
shown in Figure 2(b). Through the profile detection system, it was found that non-uniformity [2] due to addition of
the PZT layer on to underlying cable flayer can passively alter cable’s static profile to the first order. When the PZT
layer is energized, it was found that the cable’s static shape can be further altered. As exampled in Figure 3, when the
r =1/4 cable is subjected to electric field, due to piezoelectric effect from which localized stress is created, the cable’s
static profile can be further altered. This change in static shape leads to change in the cable’s vibration modes. In the
present investigation, modal analysis was executed through the finite element model. Figure 5 shows the first three
bending mode shapes of r = 1/4 cable. In the case with electric current, the cable’s mode shapes evidently twist near
J-block joint, which is marked by 0 at the horizontal axis. Especially in the second and the third modes, mode
shape’s amplitude goes downward a little bit near the J-block joint, which demonstrate that an imposed electric field
can alter the flex cable’s dynamic behavior. To further consider the piezoelectric or electroelastic effect from PZT so
as to precisely predict the cable dynamics, the electromechanical constitutive equations were constructed and
validated in the present work. Through our investigation, one can conclude that addition of PZT layer can
significantly alter the static profile of flex cable in hard disk drive. With this feature, the ultimate goal of controlling
flex cable vibrations can be achieved by appropriately controlling the input electric field to the PZT.
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I. INTRODUCTION
2

WITH the recent 1.0 Tb/inch basic technology demonstration (BTD) [1], and drive level demonstration [2] HAMR has
proven to be a viable and promising technology for future magnetic data-storage products. At this point, it is important to
examine HAMR limitations and extendibility.
The working principle of HAMR technology is to elevate media temperature during writing [3]. The reduced media
coercivity at elevated temperature provides a solution to the fundamental constraint of “writability versus thermal stability”
as magnetic recording scales down. Once the “writability versus thermal stability” constraint is broken, the magnetic
recording density is expected to grow if grain size can be scaled down continuously.
The media material must provide anisotropy strong enough for stable storage at room temperature. At the same time, the
HAMR head must provide an efficient heating mechanism and a sufficiently small writing spot size. Emerging near-field
plasmonics technology [3] provides a viable solution for HAMR head design and energy transfer. Near-field transducer
(NFT)-based recording not only achieves a writing resolution far below the diffraction limit, but also efficiently heats up
media.
The application of HAMR principles to storage products faces many practical technology challenges. Besides challenges
already existing in conventional recording (such as controlling media grain and anisotropy distributions, High magnetic
write fields etc.), there are HAMR-specific technology challenges. As previously [4] discussed, compared to conventional
recording, additional switching field distribution (SFD) unique to HAMR recording exists, contributing to HAMR jitter,
saturation noise, and achievable recording density.

II. RESULTS
One additional effect that appears strongly within the HAMR recording process is the on-track or self-erasure. In Section II
we will explore 2 heads and 2 media systems that illustrate the strong head/media interactions present this effect. Using
combined simulation and measurement we are able to provide guidelines on the operational space. Figure 1a, illustrates
modeled noise to signal ratio for 2 head designs on the same media type, one head (A) shows increased
saturation of the media in the long transition region, yet worse noise around the transition. The other Head (B) shows poorer
saturation of the media in the DC background, yet reduced noise in the transition region. Figure 1B shows the consequence
of the additional noise due to down track erasure for the head A, resulting in a steeper linear density roll-off
In section III we explore the nature of erasure in adjacent tracks that may provide bounds to TPI capability, or usage in a
shingled recording environment. Figure 2 shows the modeled crosstrack profile of a written transition at low frequency, in
the presence of adjacent tracks illustrating a high erasure design space.
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In section IV we explore the current status of drive level demonstration, Areal density demonstration, and comment on the
bounding constraints of increased performance, between Jitter, saturation, electronic noise, and the relative contribution of
the erasure mechanisms.
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Figure 1A: noise profile for recording process

Figure 1B: SNR roll-off for PRBS pattern for the 2 designs

Figure 2, cross track scans of readback amplitude as a function of linear density, illustrating for this head/media combination
erasure in the adjacent tracks.
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IN HEAT ASSISTED MAGNETIC RECORDING
Erhard SCHRECK, Dongbo LI, Sripathi V CANCHI, Lidu HUANG, Gurinder P. SINGH,
Bruno MARCHON, H. J. RICHTER, Barry STIPE, Matteo STAFFARONI
HGST, a Western Digital Company, San Jose, California, USA

I. INTRODUCTION
With PMR technology reaching its limit in areal density Heat-Assisted Magnetic Recording (HAMR) [1] is one of the
new promising recording technologies which could allow continued areal density growth up to 4 Tb/in2. Due to
dramatic changes like extreme heat [2], completely new media materials and media structures plus the addition of
complex optical elements like near-field transducer (NFT), wave guide and laser diode (LD), HAMR posts enormous
challenges for the head-disk interface (HDI) and component reliability. Besides newly upcoming failure mechanisms
one key requirement remains the same: maintain clearance as small as possible but not mechanically stressing the
head-disk interface. For this purpose it is paramount to understand all protrusions that are added as consequence of the
HAMR technology. Here we will report on the current understanding of these protrusions and their evaluation by a
variety of methods during flying and non-flying conditions.
All thermal requirements are driven by the need to achieve magnetic media recording temperatures in the proximity of
its Curie temperature around 770 K. This starting condition dictates the required power in the near-field and from
there-on based on the NFT, waveguide and laser diode LD efficiency the thermal conditions within the recording head
are determined.
II. RESULTS
1. Protrusion Types
With the introduction of the newly required optical components like laser diode, waveguide and NFT comes along a
new set of heat sources and their related static and dynamic protrusion behaviors. Figure 1 summarizes the
conventional protrusions and newly added HAMR related protrusions. Shown is their approximate protrusion amount
as well as their transient performance. Various protrusions will have different impact on topography change and flying
height variations [3]. As shown, the transient range spans from nanoseconds to seconds and protrusion range from
Angstrom to a few nanometers. Through evolution the TFC and (writer pole-tip-protrusion) w-PTP are matched well
in their transient behavior. However, the HAMR related protrusions, mainly NFT and laser diode related ones, deviate
dramatically and require special attention. Though confirmed through modeling the disk protrusion exists and exhibits
extremely fast dynamics it is considered less important due to its very small amplitude of < 1nm. Great emphasis is put
on the reduction of the NFT protrusion because it is critical for consistent recording performance and in parallel with
smaller NFT protrusion goes the reduction of NFT temperature.
2. NFT Protrusion Characterization and Thermal Aspects
Under the assumption that HAMR recording does not lead to a relief in head media spacing (HMS) over current PMR
recording conditions the protrusion and with it the thermal management becomes an important task. Table 1 lists the
most dominant protrusion types and the currently available techniques for their characterization. As usual one of the
main challenges is to find a good correlation between static or non-flying and actual in-situ or flying techniques. For
example for NFT protrusion shape analysis only the AFM with its very high lateral resolution (Figure 2) is suitable [4]
but at the same time this can only be applied in the non-flying case. Measurements during flying conditions were
carried out with an optical interference tester as shown in Figure 3. The lack of lateral resolution is obvious but very
accurate clearance data during flying can be collected. The rather speedy actuation of a few microseconds makes the
dynamic analysis non-suitable for AFM based techniques and actual recording experiments during flying were used
for dynamic characterizations.
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Fig. 1: Overview of protrusion magnitudes and
dynamics relevant for HAMR recording. The circled
protrusions are new additions due to HAMR.

Fig. 2: Non-steady-state (10 kHz 10% duty cycle)
NFT Protrusion measured with AFM at 30mA laser
diode currents. Submicron sized protrusion
structures are visible.

Table 1: Active and passive slider and media protrusion
types and possible measurement techniques.

Fig. 3: comparison of modeling (dotted) and optical
clearance (solid line) measurements during flying
on a glass disk at varying laser diode currents.
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I. INTRODUCTION
The most promising pathway to increased areal density in magnetic recording is Heat-Assisted Magnetic Recording
(HAMR) [1,2]. Most embodiments of HAMR involve near-field heating of the magnetic media using a plasmonic
near-field transducer (NFT), which transfers energy into the recording medium. Since the transfer of energy in
plasmonic NFT devices is highly sensitive to the separation between the NFT and media [3], attaining and
controlling the separation is a significant challenge for HAMR. Lowering the NFT-to-media spacing (HMS)
increases the coupling efficiency and reduces laser power requirements, so lower HMS is desirable. An additional
challenge in HAMR is media roughness [4]. One of the challenges in fabricating the recording medium is
engineering the surface roughness [1]. Larger surface roughness impacts several characteristics of the head-disc
interface, including head wear and head-media spacing. Additionally, with a distribution of surface heights, the
efficiency of coupling from the NFT to the media will necessarily have a distribution. We explore the impact that
surface roughness has on the local NFT coupling efficiency, media temperature and the thermal stability of the
interface.
II. RESULTS
Figure 1a illustrates an idealized surface height distribution for HAMR media. Surface heights have a normal
distribution with a standard deviation of 0.4 nm. The mean of the distribution is equal to the HMS, which for this
case is 10 nm. Figure 1b illustrates the dependence of media temperature rise (Tmed) on HMS for several
hypothetical NFT and media designs. One has an exponential dependence on spacing (red), similar to that modeled
for a ridge waveguide transducer (RWT) [3], and another has a linear dependence (blue). The effect of recording
layer roughness on coupling is modeled by convolving the surface height distribution with the Tmed vs. HMS
dependence. Since different NFT Tmed vs. HMS curves result in different average power delivered to the media,
we normalize the applied power such that 90% of the surface distribution reaches the writing temperature. This
normalization approximates the practice of increasing or reducing the laser power delivered by the recording head to
optimize recording metrics. For each of the two NFT designs, we predict the distribution of Tmed at 10 nm HMS.
The results are plotted in Fig 2, which shows that media surface heights have a strong effect on local energy transfer.
For the case of the NFT with the non-linear Tmed vs. HMS curve (red), the distribution is relatively narrow, while
for the linear case (blue), the distribution is wider. If we define the maximum media temperature as that for the
highest 1% of the surface, then the maximum temperatures for the linear and nonlinear cases are 1.14 and 1.21 times
the nominal power, respectively. Thus, if the nominal media temperature is equal to the Curie temperature (Tc), the
maximum temperatures would correspond to 1.14 Tc and 1.21Tc for the two different NFT/media designs. Thus,
NFT design has a significant impact on the peak media temperature and interface reliability.
The characteristic of the Tmed vs. HMS curve that dominates the response is the local slope at the nominal HMS.
In the two curves illustrated, the linear curve has a larger slope at 10 nm of HMS, and thus gives a higher range of
temperatures for a given height distribution. Since the Tmed vs. HMS relationship is dependent upon the NFT and
media designs, a range of slopes can be expected. We have explored the relationship between the maximum media
temperature (Tmed at the top 1% of the media) and a range of Tmed vs. HMS relationships in Fig. 3. Fig. 3
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illustrates the relationship between maximum media temperature and the Tmed vs. HMS slope for different media
roughness. At higher media roughness, the maximum media temperature is more sensitive to the slope of the NFT
vs. HMS relationship than it is at low roughness. Moreover, at high Tmed vs. HMS slopes (> 0.15 K/mW/nm), the
maximum media temperature is very sensitive to roughness and even relatively smooth media give high media peak
temperatures.
If one imposes temperature limits due to media overcoat or lubricant thermal stability (for example, 10% greater
than the nominal Tmed) then the system can be optimized by balancing the NFT and media design (via the Tmed vs.
HMS slope) with media roughness. We discuss the impact of interface materials on these relationships and how the
HAMR interface may be engineered for optimal performance and reliability.

a

b

Fig. 1(a) Illustration of a typical distribution of media surface heights and (b) example media temperature (Tmed) vs.
HMS relationships for linear behavior (blue) and non-linear (red).

Fig 3 Dependence of the maximum Tmed on the
slope of the Tmed vs. HMS function for media
with different surface Ra roughness values.

Fig 2 Cumulative fraction of surface at a given
temperature vs. media temp rise (normalized to
give 90% of the surface =1) for linear (blue) and
nonlinear (red)
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I. INTRODUCTION
In the past few years, advances in Heat-Assisted Magnetic Recording technology has offered a potential avenue
to keeping up with the HDD areal density growth rate [1]. However, this technology, which relies on high
temperature transient thermal heating, suffers from a number of reliability challenges that will need to be addressed
before it can be made into a robust, high volume commercial product [2, 3]. In this paper, the thermal behavior of
carbon overcoat and disk lubricant films is reviewed both experimentally, as well as theoretically using Molecular
Dynamics (MD) and Density Functional Theory (DFT). The carbon overcoat can undergo graphitization and
oxidation, both of which can be minimized when the diamond-like character of the film (as quantified by the sp3
content) is enhanced. The lubricant film, on the other hand, can be subjected to thermo-diffusion, evaporation and
oxidation. In addition to overcoat and lubricant discussion, the full paper will also address the issue of HAMR media
grain growth and its resulting nanostructure and surface roughness. A simple roughness model, based on interfacial
energies, will be proposed that can quantitatively predict media grain structure and roughness.
II. RESULTS
1. Overcoat
Oxidation and graphitization of the carbon film (both disks and heads) are two potential issues to address during
HAMR recording. MD is proving very useful in the understanding and quantification of these structural changes. On
Figure 1 are shown MD results performed on a 2 nm thick carbon films of various initial sp2 content, at 600 °C. It is
interesting to note that graphitization, as quantified by the increase in sp 2 content, happens fairly quickly (~20 ps) in
the time scale of HAMR recording (~ ns), and that it is largely suppressed for carbon films of high diamond-like
characters. Also, we observe that surface carbon bonding has a higher propensity for graphitization compared to bulk
carbon. This behavior is important as the need to lower head-media spacing is becoming ever more critical. Overcoat
graphitization during HAMR can be characterized using Raman spectroscopy mapping. On Figure 2, a Raman
G-peak position map of a small disk section (20 x 100 μm) that was HAMR-recorded over multiple adjacent tracks,
clearly demonstrates a small but significant change in the bonding character, indicating that some structural change
has happened. In this experiment, the disk and recording parameters were adjusted to purposely enhance this effect.
2. Lubricant
Lubricant evaporation, degradation, and thermo-diffusion under thermal exposure have already been reported and
discussed. To predict lubricant film behavior under actual HAMR time and length scales, studies have relied on bulk
thermo-gravimetric studies, thermal evaporation/decomposition, far field laser exposure on disks, molecular
dynamics, and continuum fluid dynamics modeling. As far as bulk evaporation properties are concerned, it should be
stressed that they only probe cohesive interactions at long time scales, and it is not clear how this relates to adhesive
interactions on carbon-coated thin film media. The time and length scale of far field exposure has also little
relevance to actual HAMR conditions, not to mention temperature which is also difficult to control. Until solid
experimental data using a near-field flying transducer is shown, little can therefore be said about lubricant
optimization for HAMR. In the meantime, molecular dynamics (MD), ideally suited for the nanosecond/nanometer
time and length scales, is arguably the most relevant guiding tool for the understanding of lubricant behavior under
HAMR conditions. Figure 3 shows desorption probability for a single Zdol molecule from a graphite surface as a
function of 1/temperature, as predicted from MD simulation. The results agree very well with experimental data
obtained using Temperature Programmed Desorption [4]. Also of interest is the effect of end group chemistry as
shown in Figure 4, which clearly highlights the importance of adhesive interactions with the carbon surface, as
BRUNO MARCHON
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determined by hydrogen bonding through the hydroxyl end-groups. In this simulation, short chain lubricant
molecules where used to make simulation time more tractable.
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UNDERSTANDING OF DISK CARBON LOSS KINETICS FOR HEAT
ASSISTED MAGNETIC RECORDING
Paul M. JONES, Joachim AHNER , Christopher L. PLATT , Huan TANG
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Julius HOHLFELD
Seagate Technology LLC, Normandale, Minnesota, USA

I. INTRODUCTION
Heat Assisted Magnetic Recording (HAMR) technology will advance the areal recording density beyond
1Tbit/in2 by making use of temperature dependent changes in the magnetic properties of the hard disk storage layer.
During the process of writing, the individual bits on the HAMR disk will undergo ultra-rapid heating beyond 3500C
(heating rate >1010 K/sec). Thus the carbon thin film (COC) typically used to protect the surface of storage disks
from corrosion and to impart durability will also undergo these rapid and repetitive temperature excursions. Under
these conditions, high peak temperature and repetitive temperature excursions, COC films can transform to
unwanted forms and lead to eventual film loss. In this talk we will focus on our efforts to measure the extent of
change in the COC layer using an optical pump-probe technique that directly detects the temperature dependent
changes in the magnetization of the storage layer due to the irradiation of the pump laser (heating rate greater than
~106 K/sec) and allows both the peak temperature in the magnetic film and the total duration of the temperature
transient to be reliably set. A clearer picture of the possible sensitivity and kinetics of the loss of COC on the HAMR
media surface was obtained by measuring its loss over a range of irradiation temperatures and durations.

II. Results
Figure 1 presents a schematic of the optical pump-probe set up containing the pump (527 nm) and probe
(476 nm) lasers and optical detection of the temperature dependent Kerr signal. The results of the irradiation of
carbon over-coated FePt media at temperatures pertinent to a (HAMR) device [1] are presented in Figures 2A and 2B.
Important structural changes in the COC are observed after the irradiation, specifically, AFM of the surface
topography (see Figure 2A) reveals significant changes that are consistent with COC loss and a change in the Raman
D-peak, within the irradiated zone, is observed with micro-spot Raman (see Figure 2B). The loss of the carbon
overcoat becomes significant at incrementally higher temperatures. In an effort to probe the mechanism(s) of this
change and loss, their kinetics were measured by altering the irradiation temperatures and durations. The obtained
activation energy and loss rate are in reasonable agreement with previous thermal stability studies of carbon films.
The possible failure modes leading to COC loss are discussed with respect to the present measurements and used to
understand their impact on an operating HAMR device [2].
References:
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M. F. Erden, Proceedings of the IEEE, vol. 96, no. 11, 2008, pg. 1810
[2] S. Zhang, X. Bui, X. Li, Diamond and Related Materials, 15, 2006, 972

48

C5

Mirror

Verdi (CW 527nm)
Mechanical
Chopper

O/2 plate
z

Mirror

x

Periscope
Mirrors

Photo-diode
detector
polarization
lens

Aperture Aperture

Mirror

Beam Splitter
Cube

Beam Splitter
Cube

y

lens

Beam Splitter
Cube

z
z

x

Photo-diode
detector

polarization

x

Aperture

Lens

Slide
Beam Splitter

y
x

x

T

Lens

Laser Power Detector
Photodiode

Microscope
Objective

Mirror
Piezo Driven

Laser Power Meter

e-magnet

Mechanical
Chopper

Laser Diode
(473nm)

Media

Figure 1 Schematic of the optical pump-probe experimental set-up used to irradiate the HAMR media
surface at targeted temperatures and durations.

G

D

Out

G
D

In

Figure 2: A) AFM of the HAMR media surface irradiated with laser power sufficient to obtain
a peak temperature at the Curie point (TC), of the media, upper panel is a three dimensional
view and the lower is the cross section height at the noted red line B) Large panel is AFM of
the irradiated (Tc) surface. Micro-Raman spectra are superimposed on the AFM image and
indicate position of each spectrum. Raman data taken within the irradiated zone (In) show an
enhanced D-band.

49

C6
Experimental Study of Lubricant and Overcoat Degradation in Heat Assisted
Magnetic Recording (HAMR)
Shaomin Xiong and David B. Bogy
Computer Mechanics Laboratory, Department of Mechanical Engineering, University of California, Berkeley, CA,
94720, USA
I. INTRODUCTION
Heat assisted magnetic recording (HAMR) has been proposed to achieve 4 Tb/in2 magnetic recording density.
In HAMR a laser is used to locally heat the disk to the Curie temperature, which is about 600 to 800 K, depending on
the magnetic material used. At this Curie point, the coercivity of the magnetic material drops sharply thereby
allowing the magnetic transducer to write information onto the disk. However, the high temperature working
condition brings many new challenges for the HAMR system, especially for the head-disk interface (HDI).
Conventional perfluoropolyether (PFPE) lubricants such as Z-Dol or Z-Tetroal that are currently used to reduce the
friction and wear during head-disk contact cannot survive under such high temperature. Some studies [1] have shown
that the lubricant failure under HAMR conditions can be attributed to thermal desorption, decomposition and
evaporation. In addition, the carbon overcoats, which are used to protect the magnetic layer can be graphitized and
oxidized under such high temperature [2]. Once the diamond like carbon is graphitized, the surface roughness
topography degrades and the mechanical properties degrade as well, and thus the overcoat loses its ability to protect
the other layers underneath it. So it is necessary to study the thermal behavior of the HDI under actual HAMR
conditions especially when the temperature is close to the Curie point.
In this work, we experimentally investigate the change of the HDI due to this heating for HAMR. A laser power
calibration method based on the magnetization decay is used to calibrate the laser power for the HAMR condition [3].
The relationship between the laser power input and temperature increase is further quantified by simulation using the
finite element method of analysis. The lubricate depletion is measured by use of the optical surface analyzer (OSA)
and the overcoat surface roughness change is measured by the atomic force microscope (AFM).
II. EXPERIMENTS
An experimental HAMR test bed is employed in this study. The laser beam intensity is assumed to be Gaussian
and the radius is close to 400 nm. The wavelength is 355 nm. The lubricant used in the tests is Z-Tetraol. The
thickness is 15 Å with 65% bonding ratio. The experimental procedure for the laser heating was carried out as
follows: the laser beam was focused onto the disk surface while the disk was rotated at 1500 RPM. The laser beam
was moved radially at 10 um/s toward the inner disk radius. Thus the pitch of the spiral laser heating track was 400
nm. Five areas at different radii were exposed once by the laser with different powers. Another different 3 locations
were exposed at the fixed power of 30 mW for different repetitions, 5, 25, 50 times. For a nominal 25 by 100 nm
magnetic bit area, the corresponding heating cycles are 1280, 6400 and 12800 respectively.
After the exposure, the disk was scanned by the OSA to study the lubricant depletion. The disk was delubed to
remove the mobile lubricant, and then its surface roughness was measured by AFM for different exposure conditions.
III. RESULTS
The lubricant does not show any observable change when the laser power input is 20 mW but it starts to deplete
when the laser power is 25 mW, as shown in fig 1. The depletion amount increases as the laser power increases. The
depletion becomes more pronounced for more exposure repetitions, which indicates that the lubricant depletion is an
accumulation process.
Figure 2 shows the disk carbon overcoat surface roughness changes with respect to the laser power. The surface
starts to change at about 36 mW. At 50 mW, obvious surface changes can be observed, as shown by Fig. 2.b. Three
laser power conditions have been marked in Fig.2.a. The first one is 25 mW, which is the lubricant depletion
threshold. The second one is 30 mW, which is the start point of the magnetization decay. The temperature of the local
Shaomin Xiong
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heating area on the disk is close to the Curie point of the magnetic material. The laser power of 36 mW is the
threshold for the disk carbon overcoat change. As expected the lubricant is more vulnerable to heating damage than
the carbon overcoat.

Fig. 1 Lubricant depletion under different laser heating conditions. (a) one time laser heating at different
powers. (b) different laser heating repetitions for fixed 30 mW power .

Fig. 2 Disk surface change after laser exposure at different laser powers. (a) disk surface roughness (b) disk
topography scanned by the AFM when the laser power is 50 mW. The scale bar is 1 μm.
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The Structure of Shingled Magnetic Recording Tracks
1
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I. INTRODUCTION
The dramatic increase of areal density in hard disk drives has been driven, largely, by shrinking the head-disk
recording system. Scaling this system to smaller and smaller dimensions has been very successful, resulting in a
60%/year growth in areal density. However, we have reached a point where scaling can no longer sustain this trend.
Magnetic fields from the shrinking write head are becoming unable to effectually magnetize the recording medium.
To continue the increase in areal density Shingled Magnetic Recording (SMR) has been proposed as a method to
extend conventional Perpendicular Magnetic Recording (PMR). In SMR, a relatively wide write head lays down
successive tracks strictly sequentially in a tightly-packed overlapping fashion. The narrow tracks that result from
shingled writing represent just a small portion of the original full write-width and, in particular, the characteristics of
each track vary dramatically from one side of the track to the other.
In this paper we present the results of spinstand experiments which show how the signal, noise and interference vary
across the SMR track. The different sides of the track are referred to as the untrimmed 'curved side' and the 'trimmed
side.' To be precise, the 'curved side' is the side closest to the prior or 'N-1' track and the 'trimmed side' is closest to
the subsequent or 'N+1' track. In Figure 1, a shingled track is shown divided into three regions: A) The trimmed
'attenuated' region where the signal has been partially erased by the subsequent track, B) a 'Best' region where a
reasonably good quality signal is available, and C) a 'Curved' region which suffers pronounced resolution loss.
Figure 1 illustrates how the signal, interference, and noise, change as a function of position across track and also as a
function of the down-track recording density.
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II. RESULTS & DISCUSSION
Data from a typical shingled recording configuration are seen in figures 2 through 5. Here a 95nm Mww
track was written (centered at 0nm) and then trimmed by moving the head 52nm to the disk’s OD and
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writing an AC erase pattern. The right sides of the figures 2 and 3 correspond to the untrimmed curved
edge of the track. Here the situation is very similar to PMR recording, with higher curvature and lower write
field gradients than at the track center. This causes narrower write widths, increased noise and lower
resolution as the linear density increases. Additionally, in SMR (as opposed to PMR) the curved edge is
always trimming another track and the trimming track edge is modulated by the track it has trimmed.
The left sides of the figures 2 and 3 correspond to the trimmed side of the track. Here, at low linear
densities, demagnetization fields from the home track N are strong and assist the head fields. They narrow
the trimmed track and increase noise as linear density decreases. The resulting attenuation of low
frequencies causes an effective increase in resolution as one reads closer to the trimmed track edge. The
demagnetization fields also modulate the trimming track edge and generate a thin, out of phase, copy of
the home track which we call the “negative sliver” (similar to the down track hard transition effect). This can
be seen as a “bump” on the trimmed edge of the track profile. Control of trimmed edge erasure and the
curvature on the untrimmed side are very important to improving SMR areal density. More details will follow
in our subsequent paper.
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A COMMUNICATION-THEORETIC FRAMEWORK FOR TDMR CHANNEL
MODELING: PERFORMANCE EVALUATION OF CODING AND SIGNAL
DETECTION METHODS
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I. INTRODUCTION
TDMR is a promising and pragmatic signal processing based solution for boosting the areal density and
reliability of hard disk drives without changing the underlying perpendicular recording technological framework.
The key challenges in TDMR technology will be to overcome adjacent track interference and high media noise along
with the usual signal impairments along the track. We develop an amenable communication-theoretic framework for
the TDMR channel model with an eye towards a comprehensive definition of the signal-to-noise ratio. Unlike the
existing Voronoi model that is more empirical, our method takes into account various noise and interference effects
based on the definitions of channel and user bit densities as applicable to a two-dimensional setting. The extent of the
2-D intersymbol-interference (ISI) span is thus directly linked to the channel bit densities (cbd). We evaluate the
performance of the system using a near optimal 2-D maximum a-posteriori (MAP) based signal detection and
equalization algorithm along with error correction codes over an equivalent additive white Gaussian noise channel.
Simulation results confirm at least 15-20% increase in areal densities over the conventional PMR system. In this talk,
we will first discuss various signal, interference, and noise sources, and couple them together within a signal-to-noise
ratio (SNR) model. By discretizing the continuous read sensitivity function along with perturbation approximations
in the position of the PW50 parameter in two-dimensions, we account for the 2-D ISI shape, span and media
noise/jitter. With an appropriate SNR definition for the channel model, we evaluate the performance of a coded
TDMR system using novel signal processing methods.
II. RESULTS
Figure 1 shows a schematic diagram of the read back channel model. 2-D data X is filtered through an ISI
channel H 2 D corresponding to a read head sensitivity function [1]. The channel bit density parameter in 2-D is
directly folded within the description of the head sensitivity function. The noise path is composed of two sources: (a)
readback/electronics noise component ne which is typically Gaussian distributed N 0, σ e2 , and (b) media noise/

(

)

'
jitter nm which is data dependent. The media noise is obtained by filtering the data through H 2D
corresponding to
a first-order 2-D perturbation in the position of the channel impulse response H 2 D . The random parameter Δ 2 D is
normalized to the dimensions of the 2-D cell. Using a 2-D whitening filter, the media noise is first de-colored. The
read back signal post whitening is approximately equivalent to a 2-D ISI channel with additive Gaussian noise.
Signal recovery procedure begins by equalizing the readback signal using a soft-input soft-output self-iterating
equalizer (SISE) coupled to a near optimal 2-D MAP detector operating across rows and columns [2]. Figure 2
shows the schematic of the joint two-dimensional self-iterating equalizer detector (JTED) system configured to
operate within a turbo framework. Information bits are coded through a low density parity check (LDPC) array code
of rate 0.71 and column weight 4. The encoded bits are fed through the read channel model. The JTED system and
the LPDC decoder further exchange soft-information towards reliable soft decision decoding. Figure 3 shows the
performance of the coded JTED system over an equivalent 2-D ISI channel. It is interesting to note that nearly 8 dB
of SNR gain can be realized by using coding along with the JTED signal recovery algorithm.
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Noise Characterization in High Areal Density PMR and SMR Recording
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I. INTRODUCTION
No stone is being left unturned in the quest to achieve higher areal densities in magnetic storage. With current
magnetic designs in the 1 Tb/in2 range, sophisticated two-dimensional signal processing and new recording and
storage architectures are all being looked at [1]. As part of this effort, it is quite worthwhile to further understand the
noises and interferences that are present in the recording system, such that effort can be directed to the most relevant
recording issues. Noise sources can be classified into two general categories, referred to here as electronic noise and
media noise. Electronic noise is that which is non-repeatable from read to read with a generally flat spectrum as
observed at the output of the head. Media noise is that which is repeatable from read to read, emanating from the
written media and with a noise spectrum that is colored by the head response. A portion of the apparent media noise,
that of which has correlation to the adjacent track data patterns, is better described as Inter-Track Interference.
II. NOISE BREAKDOWN TOOLS
A straightforward process of separating the signal from the noises is by using the difference of re-reads and
re-writes. The difference of re-reads cancels the signal and media noise, leaving only the electronic noise at a level
3dB over that of a single read. The difference of re-writes cancels the signal, leaving the electronic and media noises
at a level 3dB over that of a single read. A significant advantage of this simple technique is that non-linear signal
effects are cancelled as well and thus cause no detrimental effect to the noise analysis. Media noise variance is easily
derived from these measurements since the electronic and media noises are independent. Figure 1 illustrates the
spectral response of the electronic and media noises using this approach. The normalized frequency crossover point,
where the electronic noise becomes dominant over the media noise, can serve as a useful indicator of the relative
importance of the electronic vs. media noise.
There exist many approaches to the breakdown of media noise into various components. The approach described
here is variance/power centric and is referred to as Transition Variance Deconvolution (TVD). Figure 2 graphs the
media noise variance vs. bit index with a backdrop image of the written data pattern. In this un-squeezed
experimental example, it can be seen that the lowest noise variance tends to occur in the ‘long magnet’ areas where
there are many consecutive bits of the same polarity. This is in line with conventional wisdom, that media noise
variance is higher around transitions and lower around non-transitions where the medium is saturated.
Transition-noise is sometimes broken into transition position jitter and transition width variation. Although the media
noise variance vs. bit index is a power signal, it is possible to use the concept of linear deconvolution to deconvolve
the power signal into a type of isolated pulse response [2], which here is called a Transition Noise Variance Response
(TNVR). This TNVR response, when convolved with the data pattern transition sequence and along with the
addition of a constant, will reproduce the original noise variance waveform having least power-squared error.
III. EXPERIMENTAL RESULTS
Figure 3 shows three TNVR responses under various track squeeze conditions. The leftmost graph for a nominal
track-pitch shows a positive TNVR response, indicating an increase in noise variance in the vicinity of a transition.
Progressing to the rightmost graph, the TNVR becomes a negative pulse at high squeeze, indicating the noise
variance decreases in the vicinity of a transition. These results along with other measurements highlight that under
high squeeze, additional media noise arises in the long magnets (associated with non-transitions) that can be even
larger than the transition noise.
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I. INTRODUCTION
In recent years, the magnetic disk drive recording industry has been doing intense investigations to identify a
technology that will sustain continued enhancements in recording density in a cost-effective manner. The most
investigated candidates have been bit patterned media recording (BPMR) [1] and heat assisted magnetic recording
(HAMR) [2]. These approaches aim to tackle the challenges posed by the super-paramagnetic limit that imposes a
trade-off among three fundamentally competing recording parameters: media signal-to-noise ratio (SNR), writability
and thermal stability. While BPMR & HAMR demand significant changes in media and heads, another technology
known as ‘two dimensional magnetic recording’ (TDMR) [3], using conventional media and new heads, was
proposed to take the recording density to 10 Tbits/sq.in by approaching one bit/grain and relying on very powerful
signal processing. In this paper, we propose an approach that can be seen as an intermediate mile-stone between
current perpendicular magnetic recording (PMR) approach and TDMR with a potential to provide significant
enhancement in capacity compared to PMR while not having to worry about the challenges posed by BPMR &
HAMR. We call this ‘array-reader based magnetic recording’ (ARMR), and it uses conventional media and an array
of readers (with single write-head) in conjunction with modest changes in readback signal processing. Main purpose
of the array-reader in ARMR is to enhance SNR of the track that is being read rather than to sense data from multiple
tracks. Further, the capacity envelopes of BPMR & HAMR can be enhanced by using array-reader.
II. RESULTS
Figure 1 shows a schematic of the signal processing blocks, namely, preamplifier and read channel, for a 3-reader
system. In this work, the array-reader based recording system is emulated as follows. Tracks are written with
single-side squeeze of 0%, 10%, 20%, 30%, 40% and 50%, with the track-pitch for 0% squeeze being T=58.3nm.
Using a single-reader, the tracks are read at various cross-track positions in steps of 10% of the track-pitch. By
selecting readback streams from different cross-track positions, an array-reader system is emulated. Each readback
stream is passed through associated preamplifier and read-channel analog front-end. The 2-dimensional joint
equalizer is dynamically adapted using minimum mean-square error criterion to equalize multiple input streams to a
single output stream based on a specified partial response target. Figure 2 shows an example of offtrack (bath-tub)
performance obtained with array-reader for 20% squeeze. Also shown is the bath-tub width as fraction of track-pitch
for noise-predictive Viterbi bit-error-rate (BER) of 1e-2. As expected, use of array-reader helps to enhance offtrack
capability (OTC) as well as on-track error rate (OTER). Figure 3 shows ‘747’ curves [4] obtained using the multiple
squeeze cases considered in the experiment. The table included with Figure 3 shows the areal density (ADC) gains
predicted by these 747 curves for 25% OTC criterion, calculated with respect to 0% squeeze track-pitch. Observe
that use of array-reader points to capacity gains in the order of 30% compared to single-head in this experiment.
REFERENCES
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Fig. 1. Schematic of readback signal processing blocks (preamplifier and read channel) for a 3-reader system.

OTC [nm], Half of bath-tub width @BER=10

-1.45

Fig. 2. Offtrack performance with 1, 2 and 3 readers for 20% squeezed track. Spacing between read-elements is
indicated in brackets as fraction of un-squeezed track-pitch T.
35
30
25
20

1 Read
2 Reads (0.1T)
2 Reads (0.2T)
2 Reads (0.3T)
3 Reads (0.1T)
3 Reads (0.2T)
3 Reads (0.3T)
25.0% SQTP

15
10
5
0
20

30
40
50
Squeeze track pitch (SQTP) [nm]

60

Fig. 3. ‘747’ curves and associated capacity (ADC) gains with 1, 2 and 3 readers, for OTC=25% and BER=1e-1.45.
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Study on 2/3 reader head geometry in a TDMR system
Elidrissi Moulay Rachid, Chan Kheong Sann, Yuan Zhimin
Data Storage Institute, Agency for Science, Technology and Research, Singapore.
I. INTRODUCTION
Two Dimensional Magnetic Recording (TDMR) [1] is a new recording scheme proposed to extend the densities
of the current granular magnetic recording technology. TDMR combines with Shingled Magnetic Recording (SMR)
that is currently being implemented by the recording industry today. In previous work on TDMR, it was examined in
the ultra-high density regime towards 10Tbpsi and towards just a few grains per bit. In this scenario, using standard
2D detectors the raw error rates were found to be quite high.
One of the questions on TDMR, was how the 2D-readback would be obtained. In previous work it was assumed
that it would be accomplished either with a single reader head rotating over multiple revolutions of the media, or
with a multiple reader head producing several tracks of readback in parallel at a time. The former method would
likely result in an unacceptably long latency to the user on readback.
Recent developments have shown the fabrication feasibility of 2/3 reader head structures, one of the enabling
technologies for TDMR. As such, the work in the current paper is targeting the study and optimization of the 2/3
reader head geometry for TDMR. The study is performed using micromagnetic simulations to train the grain flipping
probability (GFP) model described in [2]. Channel simulations firstly over uncoded channels are performed to
optimize the raw BER for different reader geometries at various track pitches. After the reader geometry has been
optimized, coded channel simulations are subsequently to be performed using random LDPC codes at different code
rates to determine what areal density is achievable in the single, double and triple reader scenarios.
II. SIMULATION SETUP

Figure 1. Simulation setup in the study. 4 reader orientations are tested labeled 1A, 2A, 2B and 3A as shown.
Variable parameters include the track pitch (TP), reader width (RW), reader pitch (RP) and reader offset (RO).
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The study performed is described pictorially in Figure 1, together with the parameters that are being varied and
their geometric descriptions. The single reader 1A is used as a benchmark. The double reader is examined in 2
scenarios, one where it uses the last (fat) track (2B) and one where it doesn’t (2A). The triple reader is examined in
the case where it covers all three tracks of the simulation. RP, TP, RO and RW are also varied as shown in Figure 1.
II. RESULTS

Figure 2. BER vs TP and RP results for the 1A, 2A, 2B and 3A scenarios. RW=30nm and RO was optimized to
minimize the BER in this set of experiments.
Contour plots of the four scenarios are depicted in Figure 2 for a constant RW=30nm and optimizing over RO for
each case. Assuming a raw BER of 1e-2, the results suggest that the 4 cases can support track pitches of about 35nm
for 1A, 30nm for 2A, 27nm for 2B and 26nm for 3A respectively. The corresponding RP for the best TP can be read
off the graph in each case. It is also of interest to note that RP=TP is close to, but not necessarily the optimal choice
of reader pitch for each track pitch. In most scenarios, the 2D detector seemed to perform a little better when the
reader pitch was slightly smaller than the track pitch for this particular simulation set.
In this work, we use micromagnetic simulations and the GFP channel model to evaluate the error rates over
TDMR channels and optimize the reader geometrical properties for a 2 and 3 reader head.
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Reader Design for Magnetic Recording at 10 Tbits/inch2User Areal Density
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I.INTRODUCTION
Various schemes for magnetic recording at user areal densities of 10 Tbit/in2 have been proposed including twodimensional magnetic recording (TDMR) [1], shingled Bit Patterned Magnetic Recording (BPMR), and Heat Assisted
Magnetic Recording (HAMR), possibly in combination with BPMR. In TDMR systems, extremely low signal-to-noise
ratio(SNR) and the presence of both severe inter-symbol interference (ISI) and inter-track interference (ITI) present
severe challenges for read-back. Various 1-D and 2-D sub-optimal detector have been used: even with a 2D maximum a
posteriori (MAP) detector[2], the RAW BER is about 20% when the grains per bit are about 2.Such performance makes
the achievement of 10 Tbits/in2 user arealdensity impossible. In an effort toreach such a goal, we propose a novel system
design for sensing very high density magnetic recording data, such as that envisioned for TDMR. The key idea is a
rotated sense head, so that the tightly placed shields are used to guarantee the resolution (for sufficient ratio of track pitch
to head media spacing) in the cross-track direction, combined with oversampled signal processing to regain the lost
down-track resolution. We find that this rotated single head significantly outperforms a normallyoriented head array for
both TDMR and BPMR.
II. RESULTS
The premise of the rotated head design (Fig.1) is that ITI is a worse problem than ISI, because they are treated
differently in the channel owing to the inability to adequately sample in the cross-track direction. For a TDMR system,
based on a random Voronoi grain model, simulation indicates that for bits with dimension of 8nm×6nm, 5.5nm grains,
and a reader with 4nm x 18nm x18nm free layer and 11 nm shield-shield spacing, the bit error rate (BER) can drop from
20.9% for a normally oriented head array (NHA), to 4.2% for a single rotated single head(RSH) with sampling period of
2nm, a minimum mean squared error (MMSE) equalizer and pattern-dependent noise prediction detector (PDNPD) [3],
as indicated in Table I. The user density computed using the Shannon capacity limit, is greatly increased to 10.1
Tbits/in2.This appears to be the highest user density ever demonstrated by simulation.The results indicate that the BER is
reduced with a PDNPD compared to a Viterbi algorithm (VA) owing to the embedding of the data dependent prediction
of the noise into the branch metrics. We also find that, when the bit size is comparable to the shield to shield spacing, the
ITI is insignificant compared to the media noise.The tradeoff between oversampling and increased target length is
examined in Table II. We have extended our simulation to include an array of rotated heads (RHA) with oversampled
signals, this approach greatly reduces BER compared with a normal head array, but there is only small overall
improvement of user density compared to a single rotated head, as shown in Table III. Furthermore, the new reader
design can be applied to BPMR at 10 Tbits/in2density: we find the new design showsmore than a 20 dB gain compared
to a normally oriented head array, as shown in Fig.2 [4].
III. CONCLUSION
In conclusion, a novel system for sensing very high density magnetic recording data is investigated. For a TDMR system,
the rotated single head with oversampled signals, MMSE equalizers and PDNPD shows large BER improvement
compared with a normally oriented head array, increasing density to 10 Tbits/inch2. For a BPMR system, more than
20dB gain is obtained with the new design compared to a normally oriented head array.
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TABLE II BER FOR VARIOUS TARGET LENGTHS
AND SAMPLING PERIODS IN TDMR SYSTEM.
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STO OSCILLATION AND ITS AC FIELD IN MAMR HEADS
Kenichiro YAMADA, Masayuki TAKAGISHI, Katsuhiko KOI, and Akihiko TAKEO
Toshiba Corporation, Kawasaki, Japan

I. INTRODUCTION
Cloud computing for smart phones and tablets, and other information technologies recently boost demand on
information storage and such a boost is expected to continue. HDDs store most part of information now and in future,
and capacity increase is a key factor for HDDs. Microwave-assisted magnetic recording (MAMR) is one of
promising candidates for energy assisted magnetic recording scheme to increase areal density of HDD. Concept of
MAMR is to irradiate resonance frequency microwave to media only on writing to improve writability, and to utilize
spin torque oscillator (STO) as a strong microwave source. Several fundamental studies are achieved to investigate
recording mechanism of MAMR [1, 2]. Also it is proposed that mag-flip STO inside write gap is a suitable
microwave generator, because it is capable of generating high magnetic field at microwave frequency and mag-flip
STO can keep generating ac field on both polarity of writing directions [3, 4]. In this talk, we will discuss simulation
result of STO oscillation, its interaction with magnetic materials, and ac field generation for MAMR application.
II. MODELING RESULTS AND DISCUSSIONS
STO oscillation and its interaction with magnetic material are investigated using FDM micromagnetic simulation
with GPU. Figure 1 shows a model of STO and magnetic film. Magnetic and non-magnetic domains are discretized
into 6.25nm cubes. The STO size is 50x50nm, and the STO has laminated structure of a 12.5nm-thicnk spin injection
layer (SIL) with perpendicular magnetic anisotropy (PMA) and a 12.5nm-thick soft field generation layer (FGL).
SIL PMA is 12kOe and FGL Ms is 15kOe. The magnetic film is 10kG, 800x800nm in size and 37.5nm in thickness.
To avoid singularity, STO is offset from center of the magnetic film. Separation between FGL and the magnetic film
is 18.75nm. All material has the same damping parameter, 0.02. The applied field is perpendicular to the film plane
with 10% in-plane component. STO current is applied from SIL to FGL. Polarity of SIL and FGL is assumed to be
0.24. Figure 2 shows bias curve of STO with and without magnetic film, and excited spin wave in the magnetic film.
Bias is calculated as  ൌ ሺͳ െ  ߠிீିௌூ ሻȀʹ, i.e. and bias is 0 when FGL and SIL magnetization are parallel,
and 1 when FGL and SIL is anti-parallel. So bias curve is similar to RH curve. When STO current increases, STO
resistance increases. We call such a STO resistance increase as dR-rise. Such a dR-rise indicates that there is
reasonable angle between FGL and SIL magnetization, and that FGL magnetization oscillates out-of-plane by spin
transfer torque, because SIL and external field is perpendicular to film. While STO current is still in manageable
range, it is found that higher STO current is required to oscillate FGL with magnetic film. This is because spin wave
is excited in the magnetic film, and additional energy dissipation occurs in the magnetic film as long with that in
FGL.
Figure 3 shows a shrunk MAMR writer model with STO inside write gap. Coil current is used to magnetize the
main pole and to generate gap field. STO current is applied to generate ac field by FGL oscillation. Figure 4 shows
ac field amplitude contour map at media. Sharp ac field peak appears close to FGL. The sharp ac field peak
amplitude is almost the same as that caused by STO with no other magnetic material and it is concluded that the
sharp ac field peak is generated by FGL. Such a large ac field is enough to boost writability of MAMR heads. Along
with the sharp ac field, there are small several peaks on main pole and trailing shield, which correspond to spin wave
excitation by STO. They are very low compared with the sharp ac field. It is concluded that MAMR writer is
complex system of STO and magnetic material, and that spin transfer torque and spin wave are new key physics for
understanding MAMR writer. On the conference, other configuration and details analysis will be discussed.
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Fig. 1 A model of STO and magnetic film.
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Fig. 2 RH curve of STO without magnetic film (left), RH curve of STO with magnetic film (center). The same color
represents the same current density. Excited spin wave distribution in magnetic film at applied field of 6kOe (right)

Main pole

STO

Fig. 3 Shrunk MAMR writer model

Fig. 4 AC field amplitude contour map at media. Perpendicular
component to media film is shown. Separation to ABS is 15nm.
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SNR Gain and Area Density Capability of Microwave Assisted Magnetic Recording
Jian-Gang (Jimmy) Zhu
Data Storage Systems Center, Carnegie Mellon University, Pittsburgh, U.S. A., jzhu@ece.cmu.edu
I. INTRODUCTION
Microwave assisted magnetic recording (MAMR) utilizing perpendicular spin torque oscillator to
generate high frequency ac magnetic field has been proposed as one of the candidates for future hard disk
drive technology [1]. Reported experiment has shown the predicted writability gain with the ac field [2]. At
this stage, spin stand recording experiments demonstration on the intended SNR gain over the conventional
perpendicular magnetic recording (CPMR) becomes crucial for the technology development to move
forward. In this paper, we focus on the understanding of the SNR gain and, more importantly, the medium
designs and the necessary recording conditions for obtaining the SNR gain, hence the gain of area density
capability (ADC).
II. MODEL, RESULTS AND DISCUSSION
For setting the PMR reference point, the micromagnetic analysis begins with the conventional
perpendicular recording with segmented medium design, optimized to result in maximum SNR with only
the recording head field. For MAMR, a perpendicular spin torque oscillator with saturation magnetization
Ms = 1800 emu/cc and thickness G= 15 nm for the field generating layer (FGL) is added in the write gap
between the main pole and trailing shield to provide circular ac field in the media. The recording head field
switches its direction at a data rate of 1Gbits/second, unless mentioned otherwise, with a rise time ofW =
0.2 ns. A magnetic head-medium-spacing of 6nm is assumed. The grain boundary is always assumed to be
10% of the grain pitch except top segment where the grain size is the same as the grain pitch without
non-magnetic grain boundaries. For the segmented recording media, a Ms = 600 emu/cm3 is assumed for
all the designs presented here. The anisotropy field is assumed to vary from grain to grain following a
Gaussian distribution with VHk = 5% for the top segment and VHk = 10% for the rest. The STO width in the
cross-track direction is 50nm and the read track width is 40nm.
Figure 1 shows the obtained medium SNR (@linear density 1.7MFCI) as a function of the frequency of
the ac field and the optimal SNR value for the reference CPMR at this grain pitch of 7nm. The medium
grain consists of three segments, each of 4nm thickness. The anisotropy energy constant for each segment
is identical at Ku=5x106 erg/cm3. Micromagnetic simulation shows that the effective energy barrier of the
grains is 62kBT at room temperature. At the optimal ac field frequency, f = 27GHz, the SNR gain over that
achieved in PMR is about 1.3dB. It is important to note that over a 3GHz frequency region, the SNR gain
is above 1dB. The gain mainly arises from resulted transition sharpness increase and reduced transition
jitter and can be attributed to the enhancement of the effective write field gradient. Figure 2 shows the
dependence of SNR gain on the FGL location. Although it shows that the location of the FGL is important,
there is a relatively broader range for the location for all practical purposes. For a medium design with two
exchange breaking layers and each segment 5 nm thick at 7nm grain pitch, similar SNR value can be
obtained for various anisotropy strength when ac field frequency is optimized (Fig. 3). The combination of
the STO ac field and recording field results in significant enhancement of the effective recording field
gradient and the created transitions are significantly sharper than that in CPMR, especially at small grain
pitches. Figure 5 shows the SNR as a function of grain pitch. The effective grain energy barrier calculated
based on micromagnetic simulation is labeled for each data point (in the unit of k BT). For grain pitch
beyond 8nm, MAMR shows no advantage since SNR is limited by grain pitch. The SNR gain becomes
very significant as grain pitch reduces. Since reducing grain size will reduce energy barrier, grain
anisotropy needs to be increased accordingly. Figure 6 shows the corresponding medium designs and
anisotropy strength at different grain pitches and its optimal ac field frequency for the obtained SNR value
in Fig. 5. In conclusion, MAMR appears to be a viable technology to enable SNR gain for media with
grain pitch as small as 4 nm of sufficient thermal stability. If we assume 10 grains for the smallest bit in the
media, the estimated area recording density capability can be extended to 3.5 Tbits/in 2 and beyond.
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G.P. = 7nm

Fig. 1. Calculated SNR as a function of ac field frequency
for MAMR. The results of PMR are plotted for comparison.

Fig. 3. SNR for various anisotropy strength of a design with
two exchange breaking layers. The blue line shows the SNR
for PMR with optimized segment anisotropy distribution.

Fig. 5. SNR as a function of grain pitch for MAMR and
PMR. The numbers labeled indicates the calculated
energy barrier. The actual segmented medium design is
shown in Fig. 6.
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Fig. 2. SNR as a function of FGL position relative to
the trailing edge of the write pole. Grain pitch is 6nm.

Fig. 4. MAMR recording patterns at two different
linear densities with 7nm grain pitch. In each group:
left: individual case and right: averaged many cases.

Fig. 6. Optimum ac field frequency in MAMR for the
medium designs at different grain pitches,
corresponding to the SNR data shown in Fig. 5.
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I. INTRODUCTION
Microwave assisted magnetization switching (MAS) is one of the key technologies to extend the areal recording
density of the hard disk drive. Recently, the experimental verifications of MAS have been clearly demonstrated in
perpendicular magnetic granular media [1,2] and perpendicular magnetic nanodots [4-6]. MAS is the newly
proposed technology based on the large angle magnetization precession dynamics, thus the switching behavior is
quite different from the conventional ones. Therefore, it is essentially important to understand the detailed switching
behaviors and its background physics. For this purpose, we have elaborately carried out the analytical calculation of
MAS [3] and the experiments on the perpendicular magnetic Co/Pt multilayer nanodots [4-6]. In this talk, we will
discuss the frequency and size dependencies of MAS in Co/Pt nanodots.
II. RESULTS
The nanostructured perpendicular magnetic samples used in this study were fabricated from a Co/Pt multilayer
film deposited on a glass substrate by using electron beam lithography and Ar ion etching. After covering with an
insulating layer on the Co/Pt nanodots, a Cu stripe line was fabricated just above the dots. An rf field is generated by
feeding a microwave into the Cu stripe line. Figures 1(a) and 1(b) show contour plots of MAS behavior of Co/Pt
nanodot array with the diameter D of 330 and 50 nm, respectively. An amplitude of rf field hrf was fixed at 500 Oe,
which corresponds to 5 ~ 7 % of the effective anisotropy field of the dots. Both Co/Pt dot arrays exhibit almost
similar MAS behavior, that is, the switching field Hsw linearly decreases with the rf frequency frf until the critical
frequency fc. When the frf exceeds the fc, Hsw steeply increases and coincides with the one for no rf field. However, it
is clearly found that the larger dots exhibits larger MAS effect, that is, significantly reduced Hsw and higher fc. It
should be also addressed that the calculated MAS behavior based on the macrospin model shown in Fig. 1(c) seems
to be very similar to that for D = 50 nm as shown in Fig, 1(b). From these results, we can conclude that the MAS
behavior for D = 50 nm almost follows the theoretical prediction derived from the simple macrospin model, which is
well described as the Stoner–Wohlfarth (S-W) model in the rotating frame with the same frequency of the rf field
[3,6]. On the other hand, the dot with D = 330 nm exhibits largely extended MAS behavior far beyond the S-W
switching limit [4,5]. According to the computer simulation based on the finite cell model, the non-uniform
magnetization precession is excited inside the dot, and this non-uniform magnetization precession promotes the
magnetization switching [5]. Thus, the magnetization precession mode depending on the dot size significantly affects
the MAS behavior. However, it is very interesting that the slope of Hsw against frf exhibits the very little dependence
on the dot size. This result may indicate that the frequency dependent MAS effect is less affected by the
magnetization precession mode.
This work was partially supported by Grant-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT), the Management Expenses Grants for
National Universities Corporations from MEXT, Strategic Promotion of Innovative Research and
Development from Japan Science and Technology Agency (JST), and the Storage Research Consortium in
Japan.
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Fig. 1 Contour plots of switching behavior of Co/Pt nanodot array with diameter of (a) 330 nm and (b) 50 nm,
respectively, as functions of dc field Hdc and rf frequency frf under the assistance of rf field of 500 Oe. (c) is the
calculated switching field derived from macrospin model as a function of rf frequency.
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ACOUSTICALLY ASSISTED MAGNETIC RECORDING
Pallavi DHAGAT, Weiyang LI, Benjamin BUFORD, Albrecht JANDER,
Oregon State University, Corvallis, Oregon, USA

I. INTRODUCTION
Areal densities of modern magnetic recording systems are near the limit where thermal decay will
result in data loss. Further reduction in media grain size to support greater densities will require that
higher anisotropy material be used to ensure stability. Conventional recording heads will not be able to
write on such media without additional energy input by, for example, heat assisted or
microwave-assisted recording techniques [1, 2]. Here we present a new approach, acoustically assisted
magnetic recording, which uses the strain of an acoustic wave to temporarily and locally reduce the
coercivity of the medium for writing.
We have demonstrated the possibility of this approach in a model system using magnetostrictive
FeGa (galfenol) as the recording medium. A schematic of our experimental device is illustrated in Fig. 1a.
It consists of an interdigitated transducer (IDT) and an unpatterned magnetostrictive thin film deposited
on a piezoelectric substrate. When excited by an ac signal, the IDT generates a mechanical stress wave
known as a surface acoustic wave (SAW) in the piezoelectric substrate [3]. The travelling acoustic wave
results in propagating strain in the magnetostrictive film, lowering its coercivity by the Villari effect
[4-6]. Thus, a magnetic field lower than the coercivity of the unstrained film can be used to record data.
II. RESULTS
We demonstrate the principle of acoustically assisted magnetic recording using a floppy-disk head to
record on the magnetostrictive film while simultaneously applying acoustic waves as illustrated in Fig.
1b. Proof of this principle is seen in Figs. 1c and d. which show that recording is accomplished at lower
write currents when acoustic power is applied. Successively higher acoustic wave power results in
successively lower write current requirements. A 50% reduction in coercive field is easily achieved.
In our experiments, the acoustic waves were generated over the entire medium using transducers
attached to the substrate. In a hard disk recording system, the acoustic waves could conceivably be
generated using transducers mounted on the recording head slider and focused to a point directly
underneath the write pole (Fig 2a). The ability to focus acoustic waves is shown in Fig 2b. The
converging acoustic waves, imaged by scanning laser vibrometry, were generated using arc-shaped
interdigitated transducers.
In these proof-of-principle experiments, galfenol was chosen for its high magnetostriction
coefficient, ease of sputtering and low coercivity. Preliminary analysis shows that similar effects should
be seen in high-coercivity recoding materials such as FePt and experiments are currently under way to
demonstrate acoustically assisted recording on more technologically relevant media. Fundamentally, the
strain energy required for acoustically assisted magnetic recording on FePt is 100 times lower than the
heat energy needed for thermally assisted magnetic recording.
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(a)

(b)

(c)

(d)

Fig. 1. (a) Schematic of experimental surface acoustic wave device. (b) Illustration of contact recording test
setup. (c),(d) Magnetic recording at varying write current and acoustic power, imaged using a scanning
magnetoresistance microscope.

(a)

(b)

Fig. 2. (a) Concept for integrating acoustic transducer with a recording head. (b) Focused surface acoustic
waves imaged with a scanning laser vibrometer.
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PROSPECT OF MR SENSORS USING FM HEUSLER ALLOYS
Kazuhiro HONO, Yukiko K. TAKAHASHI, Takao FURUBAYASHI, Songtian LI, Ye DU
National Institute for Materials Science, Tsukuba 305-0047, Japan
The usage of high spin-polarization ferromagnetic (FM) layers in current-perpendicular-to-plane spin valve
(CPP-SV) is a promising approach for realizing a high magnetoresistance (MR) output (ΔRA>15 mΩμm2 at 300K)
in low resistance area product (RA<0.1 :Pm2) for the ultrahigh density magnetic recording exceeding 2 Tbit/in 2 [1].
Through our systematic research, we found the quaternary Co-based Heusler alloy, Co2Fe(Ga0.5Ge0.5) (CFGG), is of
particular interest for FM layers of CPP-GMR as well as lateral spin valves (LSV) [2]. In this talk, we will update
our systematic studies on low resistance MR devices using these quaternary Heusler alloys and discuss the issues to
be resolved for future applications as read sensors. We will also discuss the prospect of lateral spin valves using
Heusler alloys based on our results on CFGG/Cu LSVs.
To understand the major contributing factors for high MR outputs of CPP-SVs using a FM Heusler alloy, we first
investigated the spin-dependent scattering asymmetries in pseudo spin valves (PSVs) Co2Fe(Ge0.5Ga0.5) Heusler
alloys epitaxially grown on (001)MgO. Bulk and interfacial spin scattering asymmetries, E and J, were deduced by
fitting the ΔRA dependence on FM layer thickness to the Valet-Fert model. The results are summarized in Table 1.
This indicates that both E and J contribute to the large ΔRA. Figure 1 shows the best MR curve observed from
optimally annealed CFGG/Ag/CFGG PSVs measured at 10K and the temperature dependence of the 'RA value. The
MR output at room temperature (RT) is substantially degraded compared to those at low temperatures, which is
attributed the decrease in both E and J. This indicates that it is of utmost importance to find a way to suppress the
degradation of spin polarization of FM Heusler alloys at RT. Note that the Curie temperature of CFGG is 1080K, and
there is no change in the Ms value at RT compared to that at 10K. In combination with CFGG, we tested Ag and Cu
layers as spacer materials, and so far the Ag spacer has led to the largest MR output for the PSVs with all Co-based
Heusler alloys. This suggests that the band matching between the Co-based Heusler alloys and Ag is relatively good;
therefore, even thin Heusler alloy FM layers of 2.5 nm provide large MR outputs.
In order to explore the industrial viability of the Heusler/Ag CPP-GMR, we extended the work on fully epitaxial
films to polycrystalline film devices. Fig. 2 summarizes the ΔRA values for epitaxial and polycrystalline devices for
various annealing temperatures. Polycrystalline multi-layered structure is unstable against high temperature
annealing, so the upper limit of annealing is 350°C; nevertheless the MR output obtained from the polycrystalline
CPP-PSV is relatively high. We also found (001) CFGG texture gives higher MR output compared to that of (011) CFGG
textured film.
To explore the possibility of the Heusler alloy CPP-SVs as a narrow reader, we explored two possible devices: one is
an antiferromagnetically interlayer exchange coupled (AFM-IEC) tri-layer CPP-GMR sensor [3] and the other is a
lateral spin valve (LSV) [4]. The LSV using a CFGG wire connected with a Cu wire showed a large spin signal of
ΔRs=12.8 mΩ for all metallic LSV, which is 17 times higher than that for permalloy/Cu [3]. The estimated bulk and
interfacial spin scattering anisotropies were 0.79 and 0.27, respectively. The latter is substantially lower than that
estimated for the CFGG/Ag CPP-PSV shown in Table 1, indicating that the LSV using CFGG/Ag would give much
higher spin signals. Based on this consideration, we have been trying to fabricate CFGG/Ag LSV; however, due to
the unstable nature of the Ag/Heusler interface, we have not succeeded to obtain the spin signal exceeding that of
CFGG/Ag LSV. We will discuss the issues to be overcome to obtain higher spin signals using Heusler/Ag LSVs.
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0.74
0.74
0.6
0.84
0.63
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Table 1 Resistance area product change, ΔRA, and bulk and interfacial spin asymmetries, βandγ, recorded from
CPP-PSVs using CFGG and CMGG Heusler alloys.

Fig. 1 MR curve measured at 10 K and the temperature dependence of ΔRA values of an optimally processed
CFGG/Ag/CFGG PSVs.

Fig. 2 ΔRA of the epitaxial Heusler/Ag/Heusler PSVs as functions of the annealing temperature of the devices.
Although CFGG gives rise to a large ΔRA value, high temperature annealing is required. However, CMGG tends to
show a higher ΔRA with low temperature annealing.

Fig. 3 Experimentally measured spin signal ΔRsof CFGG/Cu LSV and the expected spin signal for CFGG/Ag with
the J value deduced from CPP-GMR.
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CHARACTERIZATION OF RECORDING PERFORMANCE IN HAMR
Matthew Gibbons, Michael Alex, Michael Morelli, Xiao Wu, Eric Champion, Xuan Wang, Christopher Wolf,
Antony Ajan, Ram Acharya
Western Digital Corporation, Fremont, CA USA
I.

Introduction

We present results from modeling and experiment of how head / media intrinsic and operating characteristics affect
performance in Heat Assisted Magnetic Recording (HAMR). We explore the unique challenges that must be overcome before
HAMR can be commercialized. Achieving high recording density requires a smooth, small grain size, high signal-to-noise
ratio storage medium with heat-sinking properties that maximize thermal gradient during the writing process. Data must be
written to the medium with a transducer having adequate efficiency and high optical gradient, yet is robust under thermal stress
with a design that can be integrated with the magnetic pole for optimal writing performance. The recording performance
potential of HAMR will only be realized when the media and head designs are optimized.
In HAMR recording, the design of an effective writing transducer is key for an optimum and efficient recording process.
The optical spot coupled into the media by the Near Field Transducer (NFT) must have a steep gradient and needs to be in
close proximity to the write pole for effective writing. On the other hand, the presence of the pole affects light delivery and
NFT efficiency. The fundamental challenge for HAMR head design is this trade-off between optical efficiency vs magnetic
field magnitude. In Fig. 1 we give an example of how the head design impacts HAMR recording performance. Here, the SNR
was measured as a function of the spacing between the optical spot and the writer pole for several heads using a common
HAMR media. We see that with reduced magnetic-thermal offset (MTO), the SNR significantly increases.
II. Recording optimization
In Fig. 2a we overlay Hk and the head field to illustrate the interation near the thermal spot. Obviously, the thermal gradient
improves nearer the Curie temperature. This should enhance the effective field gradient reducing jitter and increasing SNR.
However, the recording will be adversely impacted near the Curie point by thermal fluctuations and slower switching times.
We must adjust the writer current, Iw, to achieve the optimum field. We must also adjust the laser power, Lp, to surpass Tc
and maximize the thermal gradient at the writing point. The power upper limit is set by the need to reach but not exceed a
target MWW. Exploration of this optimization space is shown in Fig. 2b where MWW and SNR change as functions of laser
power and writer current. We use a procedure to step through Iw and Lp to maximize the amplitude (TAA). After
optimization of TAA: Fix Iw, Step through Lp measuring SNR and MWW, Choose Lp where (SNR - C)/MWW is maximized
with C an empirical value consistent with AD measurements.
III. Results
We completed simulations to understand the effect of thermal gradient, field magnitude, and field angle on recording. There is
an optimum temperature and field for writing. Sufficient temperature is required to exceed Tc and allow high Hk gradient
writing. At higher temperatures, the written spot expands and gradient degrades. If the magnetic field is too low, switching is
too slow to saturate recording during transition window. If the field is too high, partial erasure can cause transition broadening.
We explored factors affecting HAMR recording performance given the field and thermal profiles delivered by heads during
test. We tested heads with a range of MTO and two thermal gradients. Type 2 having larger thermal gradient. From modeling
we expect the following effects from the factors. As shown in Figure 3, these effects are borne out under test.
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MTO decrease:
Increase in field angle at the writing point  Increase in SNR
Increase in field angle at the writing point  Decrease in optimized writer current
Increase in field magnitude at the writing point  Decrease in optimized writer current
Thermal gradient (DT/Dx) increase:
Increase in DT/Dx  Increase in SNR for a given MTO
Increase in DT/Dx  increase in optimized writer current

Fig. 1: SNR vs head magnetic thermal offset (MTO).

Fig. 2: a) Interaction of effective field profiles (Hk and Head) during HAMR writing. b) Experimental measurement of MWW
and SNR as a function of laser power.

Fig. 3: Test results a) Required write current decreases as MTO decreases. b) SNR increases as MTO decreases.
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L10-ordered FeNi with Large Magnetic Anisotropy for Magnetic Recording
Masaki MIZUGUCHI, Takayuki KOJIMA, Takayuki TASHIRO and Koki TAKANASHI
Institute for Materials Research, Tohoku University, Sendai, Japan

I. INTRODUCTION
A large uniaxial magnetic anisotropy is a fascinating feature for magnetic materials because it gives birth to
various intelligent functions. For instance, materials with large uniaxial magnetic anisotropy are promising for the
application to high-density magnetic storage devices since the thermal stability of magnetization is kept even in a
nanometer scale. Particularly, materials with the L10 crystal lattice structure have large uniaxial magnetic anisotropy,
thus many studies on L10 type materials have been reported. However, it is a crucial problem that typical L10 type
materials such as FePt, CoPt, and FePd include noble metals, that is, Pt or Pd. To overcome this problem, the
development of novel magnetically anisotropic materials without noble metals is now eagerly expected. It is known
that iron meteorites contain L10-ordered FeNi phase, so-called “tetrataenite”, which induces unique magnetic
properties different from usual Fe-Ni alloys. It has been reported that L10-ordered FeNi has a large uniaxial magnetic
anisotropy energy (Ku) of 1.3 MJ/m3 for a bulk sample. However, there have been no studies on the fabrication of
L10-ordered FeNi thin films. In this study, we aimed to synthesize an L10 type FeNi alloy with a large magnetic
anisotropy by two methods, that is, molecular beam epitaxy (MBE) and the sputtering.
II. RESULTS
L10 type FeNi films were fabricated by MBE employing an alternative monatomic deposition of Fe and Ni layers
on several underlayers. Figure 1 shows magnetization curves of an FeNi film deposited on a AuCuNi buffer layer
when the magnetic field is applied in parallel and perpendicular to the film plane. Ku of this film is estimated to be
about 0.7 MJ/m3 from the magnetization curves, and it is confirmed that large magnetic anisotropy is induced by the
formation of L10 type structure. Figure 2 shows the relationship between Ku and chemical order parameter (S). Ku is
roughly proportional to S, indicating clear correlation between Ku and S. We have also tried to fabricate L10 type
FeNi thin films on thermally oxidized Si substrates and MgO substrates by sputtering and post rapid thermal
annealing, since rapid thermal annealing was reported to be useful for getting highly-ordered, highly-textured thin
films of L10 type FePt. X-ray diffraction patterns of FeNi films fabricated by sputtering drastically change depending
on the condition of rapid thermal annealing. A perpendicularly magnetized L10 type FeNi film would possibly be
obtained by the optimization of rapid thermal annealing condition. A possibility of application to the magnetic
recording will be also discussed.
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Fig. 1 Magnetization curves of FeNi film deposited on AuCuNi buffer layer when the magnetic field is applied in
parallel and perpendicular to the film plane.

Fig. 2 The relationship between Ku and S.

77

F3
HIGHLY (001) TEXTURED L10 FEPT-SIO2-C FILMS WITH
WELL-ISOLATED SMALL GRAINS BY USING TION INTERMEDIATE
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Huihui LI1, Kaifeng DONG1, Yingguo PENG2, Ganping JU2, Gan Moog CHOW1, Jing-Sheng CHEN1,
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I. INTRODUCTION

The main challenge of the application of L10 FePt thin films as magnetic recording media is the simultaneous
fabrication of FePt (001) thin films with high perpendicular anisotropy and small grain size. L10 FePt (001) granular
films with grain size of 5-6 nm were achieved on MgO underlayer by doping C and Ag.1-4 However, RF sputtering of
the insulating MgO underlayer layer is not preferred for industrial applications due to its low deposition rate and
particle contamination on the media surface. The large opening-up of in-plane hysteresis loop was observed in the
FePt film grown on polycrystalline MgO underlayers that would increase the switching field distribution and thus
reduce the signal-to-noise ratio. In our previous works,5-6 it was shown that the large opening-up of the in-plane
hysteresis loop was caused by the smaller surface energy of MgO (1.1 J/m2) with comparison with FePt (2.9 J/m2)
which resulted in a large contact angle between FePt grain and MgO and is not favorable for epitaxial growth. The
situation became worse when polycrystalline MgO underlayer was used. Any small deviation of texture of
underlayer and roughness change will cause deviation of the crystal orientation of FePt overlayer from film normal
(001) orientation. Based on this, it is proposed to use TiN as intermediate layer or underlayer to promote the (001)
texture of FePt film.6 L10 FePt (001) films with high magnetic anisotropy and small opening-up of in-plane
hysteresis loop were synthesized using conductive TiN intermediate layer that has a larger surface energy and
smaller interfacial energy. However, the FePt grains were not well isolated, which may cause undesirable large
lateral exchange coupling and thus large transition noise. In this paper, we reported that the highly (001) textured
FePt-SiO2-C films with high magnetocrystalline anisotropy and in-plane hysteresis loops with small opening-up
were retained with TiON layer. Well-isolated grain with size of 5.7 ± 0.9 nm was also obtained on TiON layer
II. RESULTS
All FePt-SiO2-C films grown on TiON/CrRu layers with different TiO2 volume fraction in TiON exhibited good
L10 (001) texture. The full width at half maximum (FWHM) of the rocking curve of FePt (001) peak slightly
increased from 5.9o to 6.8o as the volume fraction of TiO2 increased to 40%. The typical rocking curve of FePt (001)
peak for the sample of 40 vol.% TiO2 is shown in the inset of Fig.1. The lattice constant c of FePt layers and a of
TiON layer as a function of O contents in TiON layer were calculated and shown in Fig.1. The lattice constant c of
FePt layers decreased and lattice constant a of TiON layer increased with O contents in TiON layer, suggesting a
tensile strain from TiON layer favored the expansion of lattice constant a and shrinkage of lattice constant c of FePt.
The out-of-plane and in-plane hysteresis loop of FePt-SiO2-C films grown on TiN/CrRu layers and TiON/CrRu
with 40% TiO2 volume fraction in TiON are shown in Fig.2. It was shown that in-plane hysteresis loop was a straight
line with both in-plane squareness and coercivity of zero. Figures 3 (a) and (b) show the planar-view TEM images
FePt-SiO2-C films grown on TiN/CrRu layers and TiON/CrRu with 40% TiO2 volume fraction in TiON. The grains
grown TiN layer were much aggregated. On the other hand FePt film grown on TiON layer with 40% TiO2 volume
fraction showed much improved grain isolation. The grain size was reduced from 11.2 ± 3.7 to 7.7 ± 1.2 nm with
improved grain size distribution. With further increasing the concentration of SiOx in FePt to 45 vol.% by decreasing
the sputtering power of FePt target, the grain size was further reduced to 5.7 nm with good grain isolation, as shown
in Fig. 3(c). The cross-section TEM image illustrated in Fig. 3 (d) shows that rectangle-like shape was still retained.
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Fig. 1 The lattice constant c of FePt layers
and a of TiON layer as function of TiO2
contents in TiON layer

Fig. 2 Out-of-plane and in-plane hysteresis loops
of (a) FePt-35vol.% SiOx-20 vol.% C films on
TiN/CrRu layers; (b) FePt-35 vol.% SiOx-20
vol.% C films TiON/TiN/CrRu layer with 40
vol.% TiO2 in TiON;

Fig. 3 (a) and (b) Planar-view TEM images of
FePt-35vol.% SiOx-20vol.% C films on TiN/CrRu
layers and TiON/TiN/CrRu layer with 40 vol.%
TiO2 in TiON. (c) and (d) Planar-view and
cross-sectional TEM images of FePt-45vol.%
SiOx-20vol.% C films on TiON/TiN/CrRu layer
with 40 vol.% TiO2 in TiON
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I. INTRODUCTION
Heat Assisted Magnetic Recording (HAMR) has the potential to revolutionize the way data is written in HDDs by
using a plasmonic antenna to focus near-field radiation from a laser onto a recording disk. The resulting heating of an
ultra-high anisotropy and small-grain recording media (such as FePt ordered alloy) defines the location of the written
bits and, in principle, allows for dramatically higher storage densities compared to conventional recording. In a
typical HAMR head design, a waveguide delivers light from a laser diode to a plasmonic aperture or antenna located
at the air-bearing surface. The plasmonic device creates an intense optical pattern in the near-field, heating the disk at
the nanometer scale. We have previously shown a head design with a plasmonic transducer, called the “E-antenna”
fabricated at the end of a waveguide and then used it for recording on granular media with spinstand and on
patterned media with a static tester at up to 1 Tb/in2 [1]. An alternative design, called the “nanobeak,” has also been
described by us [2]. In this talk, we will explain some of the main challenges remaining before commercialization of
HAMR can occur, especially in the areas of antenna reliability and areal density improvement.
II. RESULTS
To improve antenna reliability, one can reduce temperature through a more efficient head/media optical design, better
antenna heat-sinking, or more accurate fabrication, or improve temperature robustness with improved materials and
interfaces. On the media side, one can reduce the required power dissipation through more efficient thermal design
for a given target thermal gradient or by reducing the Curie temperature through materials changes. To accurately
model head temperature, one must take into account heat flow not only from head to disk by ballistic air conduction,
but also the reverse heat flow that occurs near the disk hot spot [3]. Another way to lower head temperature is to
pulse the laser with each minimum magnet length and synchronize with the coil data pattern. This lowers the duty
cycle and can lower the average power load to the antenna. In Figure 1, we demonstrate pulsing for integrated
HAMR heads at up to 3 GHz and show how recording performance depends on the phase between the laser and coil
current. Experiment and modeling show that one must be careful to adjust the phase to prevent grain freezing while
the head field is slewing.
To achieve higher areal density, we will discuss the properties of improved FePt-based media and the relationship to
modeled recording performance and spinstand recording. To overcome the intrinsic grain-to-grain distributions [4], it
is advantageous to increase the thermal gradient by optimizing the media thermal design (for example by optimizing
a heat-sink under-layer) and we validate our designs by direct thermal gradient measurements on the spinstand. The
importance of both thermal gradient and grain-to-grain Curie temperature distribution is shown in the modeling of
Figure 2. Both high gradient and low sigma-Tc is required for the highest performance. A strong magnetic field from
the write head is also important in HAMR to ensure the media grain Zeeman energy can overcome thermal
fluctuations at the elevated writing temperature, particularly for small grain, high anisotropy FePt media. Designing
the media to maximize Zeeman energy is also advantageous and will be discussed.
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Fig. 1 Upper left: oscilloscope trace of the optical output collected from the ABS side of a laser integrated HAMR
head. Suspension leads were driven at 3 GHz. Upper right: recording amplitude on spinstand vs. laser pulse phase
relative to the coil current. Inset shows the approximate phase relationship for poor recording. Bottom: contour plots
of media magnetization in recording modeling as a function of the phase.
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Fig. 2 Contour plots of media magnetization in recording modeling as a function of Curie temperature variation and
thermal gradient. An artificial thermal profile with straight edge was used here.
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HAMR media structure design and its process for excellent thermal performance
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Data Storage Institute, Agency for Science, Technology and Research (A*STAR),
DSI Building, 5 Engineering Drive 1, Singapore 117608, Singapore

I. INTRODUCTION
Thermal design plays a very important role to enable the success of the heat assisted magnetic recording
(HAMR). L10 ordered FePt based recording media with a proper thermal design to provide a small thermal spot size
and a high thermal gradient is critical to achieve ultrahigh areal density recording. Based on the current status of the
L10 ordered FePt based HAMR media development, using MgO as an underlayer demonstrated the best magnetic
properties compared to other underlayer material such as, TiC, TiN, etc. For heat sink layer materials, although Ag
has the epitaxial growth relationship with the L10 ordered FePt. The utilization of the Ag will cause the surface
morphology issues. Cu based heat sink layer is one of the promising candidates due to its high thermal conductivity.
However, the Cu does not have the epitaxial growth relationship with both MgO and FePt. To use Cu based heat sink
layer, one additional amorphous layer need to be inserted between the Cu layer and the MgO layer to enable the
texture development of the MgO, thus to obtain the L10 ordered FePt. The introduction of the additional amorphous
layer will results in the boundary thermal resistance (BTR), which will enlarge the thermal spot size and reduce the
thermal gradient during the writing process [1]. It has been pointed out that a sufficient high thermal gradient is very
critical to achieve expected signal-to-noise ratio (SNR), especially for media with small grain sizes [2]. In this talk,
we proposed a seed-then-heat sink approach to remove the additional amorphous layer between Cu and MgO, while
the (200) texture of the MgO underlayer could be developed. The basic idea is to use the (001) textured Cu3N as the
underlayer to induce the MgO (200) texture at room temperature. The high temperature process for FePt-X
composite films deposition resulted in the decomposition of the Cu3N to Cu and made it a suitable heat sink layer.
II. RESULTS
Figure1 shows the schematics of the media fabrication process and the formation of the FePt based HAMR
media with specially designed heat sink layer. The NiTa seedlayer and Cu3N layer were deposited on glass disk
substrate at the room temperature (RT), (200) textured MgO could be grown on top of (001) textured Cu3N layer.
The disk with NiTa/Cu3N/MgO then be heated up and followed by the deposition of the FePt based granular films.
The high temperature process for FePtX film deposition decomposes the Cu3N to Cu, which is suitable to act as the
heat sink layer due to its high thermal conductivity. Figure 2 shows the XRD patterns and magnetic properties of the
FePt based composite films with different layer structures of Glass/NiTa/Cu/MgO/FePtX,
Glass/NiTa/Cu3N/MgO/FePtX and Glass/NiTa/MgO/FePtX. For sample with MgO growth directly on pure Cu layer,
the preferred texture for Cu growth on NiTa is Cu (111), which does not have the epitaxial growth relationship with
the MgO underlayer, thus both MgO (200) texture and FePt (001) texture could not be induced. The sample of FePt
growth directly on MgO and the sample with Cu3N layer beneath the MgO layer showed the well-developed MgO
(200) texture and FePt (001) texture. For sample with Cu3N layer, a strong Cu (200) diffraction peak was observed,
which means the (001) textured Cu3N layer has converted to (200) textured Cu layer after the high temperature
process. The magnetic properties of the FePtX thin films growth on different layer structures are consistent with the
XRD results. It was found that the magnetic properties of the FePtX thin film were not deteriorated with the
introduction of the Cu3N layer. The detailed information about the conversion of Cu3N to Cu and its effects on MgO
and FePt will also be discussed. The proposed seed-then-heat sink approach eliminates the effect of the BTR and
enables a large thermal gradient and a small thermal spot size during the writing process, which is critical to the FePt
based media for HAMR application.
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Fig. 1 The schematic diagram of the media fabrication process and the formation of the FePt based HAMR media
with specially designed heat sink layer.

Fig. 2 XRD patterns and hysteresis loops of FePt based composite films with different layer structures
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STACKING SEQUENCE COHERENCY AND CHEMICAL ORDERING IN
HCP/FCC TRANSITION METAL ALLOYS
̣ Magnetocrystalline anisotropy for hcp Co based alloys and fcc
non-ferromagnetic materials for designed pseudo-hcp structure ̣
Shin SAITO, Shintaro HINATA and Migaku TAKAHASHI
Tohoku University, Sendai, Miyagi, 980-8579 JAPAN

I. INTRODUCTION
CoPt based granular type perpendicular recording media currently used consist of three blocked layers with
different functions; a recording layer (RL: for recording), a soft magnetic underlayer (SUL: magnetic flux path in
writing), and a non-ferromagnetic intermediate layer (NMIL: seed layer of RL and separation layer between RL and
SUL). Technological key issues are how to derive the high intrinsic magnetic properties of the materials relating on
the process conditions, retaining each functions. In this presentation, we will discuss the current perspectives of CoPt
based granular media materials after summarizing the present technical and also basic problems.
II. RESULTS AND DISCUSSION
Granular materials consisting of Co-based metallic magnetic grains with oxide-rich grain boundaries are widely
used for the RL. The NMIL plays an important role in controlling the microstructure of a RL by providing nuclei
sites for the growth of magnetic grains, and also by promoting preferred epitaxial growth of the magnetic grains,
namely c-plane sheet texture. On rough surface of the NMIL currently used, a pure-fcc material with (111) sheet
texture is not suitable, because of the equivalent variant growth of hcp magnetic grains onto the crystallographic
family terraces appeared [1]. The pseudo-hcp material, which we proposed, means the intermediate fcc ↔ hcp
structures, that is (111)-oriented fcc and c-plane oriented hcp structure with the stacking faults (SFs). In the
pseudo-hcp structure, two diffractions can be seen by the profile of laboratory-scale in-plane XRD. One originates
from hcp(11.0) and/or fcc(220) plane, IH, which is very common and gives no information of the stacking faults.
However, the other appeared at low angle side, IL, from hcp(10.0) plane reflects the frequency of the stacking faults
(see Fig. 1 and inset of Fig. 2). Intensity ratio of IL/IH corrected by Lorentz and atomic scattering factors is defined as
the degree of SFs for pseudo-hcp materials. An ideal value of corrected IL/IH, 0.25, corresponds to pure-hcp stacking,
while 0 for pure-fcc stacking [2]. Through the experiments for various transition metal alloys, we found that; 1) the
pseudo hcp structure is formed by alloying Cr, Mn, Co, Mo, W, Ti, Nb, etc. into host fcc and/or hcp metals Ni, Ru,
Pd, Pt, Ir etc. (Fig. 2) accompanied with the change in the lattice constant ratio, c/a, 2) critical magic number of
averaged valence electron is 9 concerning for the stacking sequence coherency between –A–B–C– and –A–B–A–.
These findings for pseudo-hcp structure leads not only to NMIL materials as alternatives to Ru but also to new
Co based RL materials because of their averaged valence electron numbers around 9. In the case of a pure Co film [3,
4], relationship between stacking sequence coherency and uniaxial magnetocrystalline anisotropy (Ku = Ku1 + Ku2) is
quantitatively discussed. The probability of –A–B–C– stacking appearance Pfcc = 10 % degrades Ku to 2×106 erg/cm3
whose dominant factor is Ku2. Moreover, Ku1 and Ku2 have the same contribution to Ku at Pfcc = 2.5 % and Ku1
contributes to Ku (2×106 erg/cm3) more than Ku2 at Pfcc = 0 % (Fig. 3). Therefore, perfect hcp stacking is eagerly
required to improve magnetic uniaxial symmetry. The same discussion is extended to various Co based disordered
alloy films, and found (Co50Pt50)1-xRhx alloy films with Ku of 9×106 erg/cm3 and Ms of 700 emu/cm3 [5]
To realize further enhancement of magnetocrystalline anisotropy, compositional modulated hcp atomic layer
stacking (CMALS) is effective. Recently, Co80Ir20 alloy films with randomly inserted Ir layers into host Co layers
(Fig. 4) show large negative Ku of −9.3×106 erg/cm3 [6, 7] which is expected magnetization reversal assist layer of
RL, and MAMR head materials. The formation of CMALS structure and control of its microstructure will be a final
technological key solution for formation of the self-assembled magnetic grains assembly by dry-process.
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Fig. 4 Cross-sectional HAADF images of CoIr film
deposited at Tsub = 600 °C with a layer structure of
substrate/Ta (10)/Pt (10)/Ru (20)/CoIr (20)/C (7). Right
panels show enlarged views of the CoIr layers indicated in
the left panels. Insets in the right panels show further
enlarged views with identification of the stacking layers; A,
B, and C layers. The arrows indicate the bright horizontal
(Ir-rich) layers.
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SNR and BER comparison of graded-Ku and graded-Tc HAMR Systems
Hong Tao WANG, Kwaku EASON, Zhimin YUAN, Bao Xi XU,
Moulay Rachid ELIDRISSI, and Kheong Sann CHAN
Data Storage Institute, A*STAR, Singapore

I. INTRODUCTION
Today, conventional magnetic recording systems employ media with vertically varying anisotropy Ku because of
the consequent reduced writing field required by the design, while still maintaining good thermal stability of the
media.1,2 Switching field distributions are also improved. With the introduction of Heat Assisted Magnetic Recording
(HAMR) into the magnetic recording arena, additional parameters such as the thermal spatial profile within the
recording layer, and the grain-wise Curie temperature Tc introduce more complexity into the design. To motivate this
point, Figure 1 illustrates how the signal-to-noise (SNR) is significantly more sensitive to a distribution in Tc than a
distribution in Ku for a single layer HAMR simulation. This sparks a need for careful attention to a number of
parameters influencing the SNR and bit-error-rate (BER) in these systems in order to understand potential limitations
to the expected high performance of HAMR.
In this work, the focus is to evaluate and compare the performance of HAMR using a dual-layer-Tc and a
dual-layer-Ku media-structure to ascertain the strengths and weaknesses of each in a HAMR system. The two
scenarios considered are illustrated in Figure 2. The performance is measured via two metrics: 1) the
signal-to-noise ratio (SNR) and 2) the raw bit-error rate (BER) after passing through a normalized channel. The
evaluation will be through Landau-Lifshitz-Bloch (LLB)-based micromagnetics simulations to evaluate the SNR,
and the GFP (grain-flipping probability) model (trained through LLB micromagnetics simulations) to evaluate the
BER.
II. RESULTS
Parameters considered for the media target a FePt based system. Laser profiles have been simulated using
COMSOL to determine distinct temperature spatial profiles in both layers, and two write-field profiles, computed
from FEM, are also used for each respective layer.3 The LLB formalism proposed by Evans et al. is used to simulate
the recording process.4 Several bits are recorded in simulation, which are then used to train a GFP model. Once the
GFP model is trained, recorded bits are simulated using it, from which the BER may be evaluated. Figure 3 shows
examples of dual-layered Tc recorded bits in the top and bottom layers, using the LLB for two cases: no distribution
in Tc and 6% σTc distribution. Consistent with Figure 1, degraded performance can even be seen in the bit recording
process for high Tc distributions, shown in Figure 3. Figure 4 shows computed SNR versus bottom layer Tc σ for
different value of top layer Tc. Performance clearly depends on these additional parameters in a HAMR system.
The details of dual-layered HAMR-system performance are discussed with an emphasis on the relative strengths
and weaknesses to optimize the HAMR system performance.
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Fig. 1 Computed SNR for single layer HAMR media with varying Ku and Tc distributions. It shows
higher sensitivity to Tc distributions compared to that for Ku.

Fig. 2 Illustration of dual-layered media evaluated in a HAMR process.

Fig. 3 (left) HAMR recorded bits in the bottom and top layers for different Tc distributions (right) SNR
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Micromagnetic Studies On CoFeB Thin Films With Perpendicular Anisotropy
1

Yi Wang and Dan Wei
School of Materials Science and Engineering, Tsinghua University, Beijing, China
I. INTRODUCTION

Ultra-thin CoFeB films with perpendicular magnetic anisotropy (PMA) are the key soft magnetic layers in
perpendicular magnetic tunneling junctions (p-MTJs) used in both current-induced magnetization switching [1] and
electric-field-assisted switching system [2]. Perpendicular anisotropy in CoFeB thin films is originated from the
CoFeB/MgO interface. The authors have developed a micromagnetic model with a weakened anisotropy defect
region of perpendicular Co/Pt multilayer [3], where the perpendicular anisotropy is also an interfacial effect, with
coercivity on the order of one thousand Oersted. In this work, we develop a model for the perpendicular CoFeB layer,
and we will see that the coercivity can be reduced to the order of one hundred Oersted.
II. RESULTS
A micromagnetic model with polycrystalline structure is established, in which the magnetic properties in the
crystal grain and at the grain boundaries are treated separately [3]. The micromagnetic cell is 2×2×t nm3, where t is
the thickness of CoFeB film in nanometer. The total cells in calculation are varied to compare the size effect of
simulation. The saturation magnetization Ms is set to be 875emu/cm3, as the value of Co20Fe60B20. The intra-grain
exchange constant A* is 1.0×10-6erg/cm. The perpendicular anisotropy constant K is varied in the defect region, but
on the same order of 106erg/cc in the whole layer.
A region with gradual transformation of K is introduced in the model, and two different patterns of K distribution
among grains are considered, as illustrated in the insets of Fig.1(a) and Fig.1(b) respectively. The total calculated
region in both Fig.1(a) and Fig.1(b) is 512×512nm2, with periodic boundary condition applied. Due to the limit of
computation ability, our model with only one defect is just a simplification of real thin films. The color of each grain
represents the magnitude of K (the white color stands for the grain boundaries). In Fig.1(a) the K is weakened in the
defect, while in Fig.1(b) the K is strengthened in the defect. The maximum and minimum magnitude of K in each
case is stated in the caption of Fig.1. These two kinds of M-H loops correspond to experiment with relatively strong
PMA and relatively weak PMA, respectively. The perpendicular coercivity is about 400 Oe in Fig.1(a) and about 100
Oe in Fig.1(b); while the in-plane saturation is also different. Tendency of the simulated loops with increasing the
total size shows that this model is reliable. More thorough understanding about the effect of total size and K
distribution pattern on simulated M-H loops will be discussed in the presentation.

Fig.1: Microstructures and loops (a) Kmax=8×106 erg/cc, Kmin=5×106erg/cc (defect); (b) Kmax=8×106 erg/cc (defect), Kmin=5.5×106erg/cc
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Control of Switching Field Distribution in Bit Patterned Media
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Bit patterned media (BPM) technology is considered as a candidate to enable recording densities above 5
Tbit/inch2 [1, 2]. Besides fabrication difficulties, one of the fundamental issues associated with BPM is the
widening of switching field distributions (SFD). In this paper, we describe two approaches such as
antiferromagnetically coupled (AFC) patterned media and capped bit patterned media (CBPM) to minimize the
SFD of patterned islands.
In the first approach, AFC patterned media was studied as a potential method to tailor the magnetostatic
interactions without affecting the writability. Achieving anti-parallel alignment of magnetic moments at
remanence requires a large exchange coupling field (Hex), especially in patterned nanostructures which exhibit
a large enhancement in coercivity (Hc) after patterning. Therefore, tailoring the Hc of the stabilizing layer is
important to fulfil the condition Hex> Hc. With this particular focus in mind in this paper, we have investigated
the magnetization switching of two kinds of patterned AFC structures; a multilayer such as [Co (0.4 nm)/Pd
(0.8 nm)]×3 antiferromagnetically coupled to another [(Co (0.3 nm)/Pd(0.8)] ×10 multilayers which is called
(AFC type 1 with low exchange coupling field), and AFC structure with high exchange coupling field when
thin Co (t nm) is antiferromagnetically coupled to [Co(0.3 nm)/Pd(0.8 nm)] ×15 multilayers (called AFC type 2).
The measured hysteresis loops of thin film and patterned films of Co/Pd multi layers and AFC1-Co/Pd
multilayers with Co thickness from 0.4 nm to 1.4 nm indicated that AFC at remanence is achieved when Co
thickness is around 1 nm.
In the second approach, magnetically hard patterned islands coupled to a continuous film (capped bitpatterned media which called CBPM) were investigated based on micromagnetic simulations and Anomalous
Hall effect (AHE) measurements. In this method, the capping layer is made of same material as hard layer. For
experimental demonstration, we deposited Co/Pd multilayers with the following structure:
Ta(5nm)/Pd(3nm)/[Co(0.3nm)/Pd(0.8nm)]n (where n=5,10,15 and 25 repeats) using dc magnetron sputtering
on Si substrates with a thermally oxidized SiO2 surface. In order to achieve conventional BPM with 50 nm
pitch sizes, Co/Pd multilayers with n=5 and 10 layers were completely ion-milled to form discrete magnetic
islands. To prepare CBPM sample, ion-milling was carried out partially on Co/Pd multilayers with n=15 and
25 and the ion-milling time (2 minutes) was maintained the same for all samples. The magnetic properties and
SFD of BPM and CBPM were studied by AHE. CBPM was found to be a way to tailor the switching field and
its distribution in patterned magnetic islands. The full details of both approaches to reduce SFD will be
presented in the conference.
1. S.N. Piramanayagam, K.O. Aung, S. Deng, and R. Sbiaa, J. Appl. Phys. 105, 07C118 (2009).
2. M. Ranjbar, S. N. Piramanayagam, S. K. Wong, R. Sbiaa, and T. C. Chong, Appl.Phys. Lett., 99, 142503
(2011).
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Head and Media Challenges for 3 Tb/in2 Microwave
Assisted Magnetic Recording
Mike Mallarya), IEEE Fellow, Kumar Srinivasan, Gerardo Bertero, Dan Wolfe, Christian Kaiser, Michael
Chaplin , Qunwen Leng, Mahendra Pakala(c) , Carl Elliott(d) , Western Digital Corporation
Jian-Gang Zhu, Yiming Wang(b) , IEEE Fellow, Carnegie Mellon University
T. J. Silva, IEEE Senior Member, Justin M. Shaw , Hans T. Nembach, National Institute of Standards and
Technology, Boulder
A specific design for Microwave Assisted Magnetic Recording at 3 Tb/in2 is detailed to highlight the
differences between the requirements for MAMR and those for conventional Perpendicular Magnetic
Recording, PMR. In particular it has been determined that MAMR optimized media should have: higher
damping than PMR media; low intergranular exchange coupling; and somewhat stronger layer to layer
exchange coupling. It was found that with Exchange Coupled Composite, ECC, type media (graded
anisotropy), a Spin Torque Oscillator (STO) in the write gap of a wider Shielded Pole [1] cannot
adequately define the written track at high track density. Adequate lateral field gradient however is
achieved by locating the STO on a pedestal on the write pole [2] as shown in Fig.1 .
Micro magnetic simulation results of the MAMR write process on PMR like media and their sensitivity
to intrinsic damping in the media will be shown. Results for similar studies on very high anisotropy ECC
[3] like media , optimized for 3 Tb/in 2 will be shown.
Experimental results for Ferro-Magnetic Resonance measurements of PMR media will be shown
along with corresponding micro-magnetic simulations of FMR. Together, these results indicate that the
intrinsic damping of PMR is less than 1.7% . The consequences of this for MAMR jitter and Adjacent
Track Erasure, based on simulations, will be shown.
In addition, measurements on a shielded (saturates at ~0.25T) 23x23 nm STO (see Fig. 2) and micromagnetic simulation results will be shown. Based on these simulations, the design of a STO that can
achieve 63 GHz, with an adequately thick Field Generating Layer, for 3 Tb/in 2 will be very challenging.

Fig. 1 STO on a pole tip pedestal.
a)

b)

Fig. 2 Measured STO frequency vs applied field.
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Cross-track pulse shape & nonlinear loss as a function of frequency and side track
erasure in perpendicular magnetic recording systems.
Orly B. Tarun1, Mark A. Nichols2
1
HGST Philippines Corp, Binan, Laguna, Philippines
2
HGST San Jose Corp, 5600 Cottle Rd, San Jose, CA 95193 USA

I. INTRODUCTION
It is well understood that perpendicular magnetic recording (PMR) performance decreases as linear density
increases, due to linear and nonlinear signal losses [1-2]. What is less well understood is how these losses vary
across track or how these losses change when track edges are erased by adjacent writes.
Recent work has shown nonlinear partial erasure (NLPE) and coherent data track width reduction as simply
different aspects of track edge effects [3]. NLPE is not reduced by write pre-compensation or linearization in a
channel, unlike other better understood nonlinearities such as NLTS & MR-NLD [4-5].
This paper documents cross-track linear and nonlinear signal loss using narrow band signal & noise, converted
into signal-to-noise ratio (SNR), transition parameter (T50), and nonlinear partial erasure (NLPE) profiles.
Cross-track profiles with varying written frequency and varying amounts of side track erasure will be shown.
II. RESULTS
Finite coherent data track widths, coupled with a non-zero
read sensor width causes T50 broadening and NLPE “horns”
at track edges, as shown to right.
These track edge effects are clearly not demagnetization
driven NLTS effects as they appear in constant tone writes,
nor do they appear to be MR-NLD effects as they appear in
sensors with near zero MR asymmetry (per TAA asymmetry
test).
T50 and NLPE track edge effects appear to be driven by
differences in 1st and 3rd harmonic magnetic write width,
which change with written bit density. The relationship
between total magnetic write width and linear density is well
documented, but the link to NLPE due to differences in high
and low harmonic widths shown here is novel.
It will further be shown that T50 & NLPE at the track
center is influenced by side reading the nonlinear track edges.
Therefore center track nonlinear losses can be reduced by
partially erasing the track edges.
REFERENCES
[1] A. Taratorin, “Chapter 4. High Linear Density Recording,” in Magnetic Recording Systems and Measurements.
San Jose, CA: Guzik Technical Enterprises, 2004, ch. 4, pp. 42-47.
[2] N. Bertram, Theory of Magnetic Recording. Cambridge, U.K.: Cambridge Univ. Press, 1994
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[4] A. Taratorin, “Non-Linear Interactions in a Series of Transitions,” IEEE Trans. on Magn., vol 33, no. 1, 1997
[5] A. Taratorin B. Wilson, S. Wang. Generalized method for measuring read-back nonlinearity using a spin stand. J.
Appl. Phys., vol 1, no. 8, 1997.
Orly Tarun,
HGST a WD Company,
Binan, Laguna, Philippines
E-mail: orly.tarun@hgst.com
Tel.: (632) 7575400 loc 773364

93

P06
Hardware Implementation of Partial Response Equaliser Channel
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nadia.awad@plymouth.ac.uk
This work presents hardware implementation of architecture of Partial Response (PR) equaliser for
perpendicular magnetic recording (PMR) system. The system model is simulated in MATLAB, ModelSim
and then verified on Altera Cyclone II Field-Programmable Gate Array (FPGA) EP2C20F484C7. The results
of the three environments are matched. Fig.1 depicts the implemented PMR system model. The design flow
of the system model includes the following steps:
1- Create a model with a combination of Simulink software blocks in the MathWorks software and Altera
DSP Builder blocks. DSP Builder standard blockset library links MathWorks MATLAB and Simulink with
Altera Quartus II software.
2- Simulate the model in Simulink and then use a Scope block to visualize the results.
3- Run Signal Compiler block from Altera DSP Builder blockset library to generate VHDL files and Tcl
scripts.
4- Run Testbench block to run ModelSim simulation and then compare its results with the results of 2.
Fig.(2) shows the ModelSim simulator output result.
5- Create a design project in Quartus II software.
6- Add the design into Quartus II project either by using: Tcl script that generated in 3, schematics or a
Hardware Description Language (HDL), such as Verilog HDL or VHDL.

Fig. (3) Design Verification with Altera cyclone II

Fig. (2) ModelSim Output Result

7- Compile the design to convert it into a bitstream which can be downloaded into the FPGA.
8- Finally, program the FPGA on the development

User data

MAPPING

PMR CHANNEL

DECODER

PR EQUALIZER

board [1]. In this work, the DAC of STM32F4DISCOVERY
board has been used to produce the analoge output sequence
shown in Fig.(3).
Fig.1 PMR System Model
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Section: Soft magnetic materials and applications_Crystalline, nanocrystalline and
amorphous materials

Effect of etching on the electrical and magnetic properties of writer
shield material
Hongmei Han, Yang Li, Wencheng Su, Lifan Chen and Jinqiu Zhang,
Western Digital Corporation, 44400 Osgood, Fremont, California 94539, USA

ABSTRACT:
Magnetron sputtered permalloy film was etched by two kinds of wet chemical as well as
fluorine and chlorine based reactive ion etch (RIE). Upon these etchings, the sheet
resistance and coercivity of the permalloy film increase is within 10%. No significant
increase observed with prolonged etch time. The magnetic moment change of permalloy
film is within 5% after etch. Atomic force microscope (AFM) and transmission electron
microscope (TEM) were used to study the surface and interface evolution of permalloy
film upon etch. The small impact on the electrical and magnetic properties of permalloy
film can be correlated with a surface oxide protecting layer formation during the etch.
Consequently, sputtered NiFe is a safe material to expose to these etching processes for
write pole shield application.
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Coding and Detection for ISI Channel with Written-In Substitution, Insertion and
Deletion Errors
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2
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I. INTRODUCTION
Bit-patterned media recording (BPMR) has been considered as a promising technology for realizing density
beyond 1Tb/in2. However, the new medium structure of BPMR introduces several new challenges which never arise
in conventional magnetic recording media. Among these new challenges, a key challenge is that how to keep
near-perfect synchronization between the write head and the magnetic islands on the disc during the writing process.
The mis-synchronization, which is mainly due to the random island position jitter, the variations of magnetic
switching field among BPMR magnetic dots, as well as the accumulative frequency and/or phase drift caused by the
spindle speed variation and other mechanical vibration, may results in written-in errors [1]. These written-in errors
include not only substitution errors, but also insertion and deletion errors, and greatly degrade the read channel
performance. Compared to general channels with insertion, deletion and substitution errors, the insertion errors in
BPMR are not completely random, and there exist relationship between the inserted bits and their previous bits. By
combining these written-in errors during the writing process with the conventional inter-symbol interference (ISI)
during reading process, we present a new channel model, called written-in errors and ISI (W-ISI) channel, which is
more close to the real BPMR channels, for the study of coding and detection performance over such channel.
Because the embedded marker code scheme (EMCS) [2] is flexible to adjust the error correction capability of
outer low-density parity-check (LDPC) codes and has better error performance than the conventional marker code
scheme, we adopt the EMCS in this study. In order to reduce detection, synchronization and decoding complexity, a
(Bahl-Cocke-Jelinek-Raviv) BCJR detector is first used to perform channel detection, then the inner decoder directly
uses the output from the BCJR detector to perform synchronization according to the marker bit positions in encoded
bit sequence, finally, the outer LDPC decoder uses the output from the inner decoder to correct residual substitution
errors. For the inner decoder, we consider the written-in substitution errors during the writing process. To further
improve the performance of the coding scheme, the iterative decoding between the inner decoder and outer decoder
is employed. The performance improvement of the optimized synchronization algorithm is demonstrated by using
monte-carlo simulations.
II. RESULTS
In our simulations, a rate-0.9014 length-4544 quasi cyclic LDPC (QC-LDPC) code is used as outer error correction
code, and the layered sum-product algorithm (L-SPA) with 30 maximum iterations is used to decode the outer LDPC
code. The optimized synchronization algorithm is used to perform inner marker code decoding. For the W-ISI
channel, the reading process has a direct current attenuated response and the coefficient is {2, 1, -1}. By varying
insertion probability (Pi), deletion probabilities ( Pd), written-in substitution probability (Ps) and signal-to-noise ratio
(SNR), the performance of the coding scheme with different parameters (such as the number of coded bit between
two marker heads) over W-ISI channel is widely investigated. Our simulations show that: 1˅written-in substitution
errors have a great effect on the performance of EMCS; 2) if the written-in substitution errors are not considered in
the inner decoder, they can lead to a mismatched extrinsic information change between the inner decoder and the
outer decoder, and degrade the performance of the EMCS when the iterative decoding between the inner decoder and
the outer decoder is employed.
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Head-Media Clearance and Slider Wear on Disks
with Chemically Bonded Lubricant
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I. INTRODUCTION
In hard disk drive, one of the ways employed to achieve high areal density is a reduction in the
flying height; however, this may cause tribological problems at the head-disk interface (HDI). If
lubricant is picked up on the slider surface, slider wear or vibration occurs because of the contact of
the slider with the disk surface and the read/write operation of the magnetic head is disturbed. In
particular, the lubricant, which reduces slider wear and lubricant pick-up on the slider surface, is
required to reduce the flying height of the magnetic head. The trade-off relation between the lubricant
pick-up and the slider wear is generally known. That is understood that the mobile lubricant of the
lubricant film reduces the slider wear and that the lubricant is picked up on the slider surface.
However, the wear resistance of disks with have only chemically bonded lubricant films at low-load
force such as the force during slider touchdown on the disk surface has not been studied yet. In this
study, the head-media clearance (HMC) and the slider wear on disks with only chemically bonded
lubricant films were studied.
II. RESULTS
Disks with chemically bonded lubricant films were prepared by rinse treatment after UV irradiation as a function
of the lubricant thickness. Touchdown powers corresponding to the HMC on the disks were compared with the
lubricant film as dip and rinsed. The changes in the touchdown power after the touchdown cycle test corresponding
to the slider wear were also compared for both types of disks. Figure 1 shows the comparison between the
touchdown powers on both types of disks, and figure 2 shows the comparison between the changes in the touchdown
power on both types of disks. The results indicate that the disks with only chemically bonded lubricant films showed
better clearance than the disks with the lubricant as dip. The disks with the chemically bonded lubricant film that was
approximately 1 nm thick showed the same performance for slider wear as the disks with the lubricant film as dip.
This result suggests that only chemically bonded films with high coverage could reduce slider wear and improve the
HMC.

Fig. 1 Touchdown power vs. lubricant thickness.

Fig. 2 Slider wear vs. lubricant thickness.
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Visualization of the Flow Bhavior in a Hard Disk Drive Model
with Read-And-Write Assembly and Large Stagnation Area
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1
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2
Department of Mechanical Engineering, Kobe University, Japan
Hard disk drives (HDDs) are widely used as data storage devices and their development continues toward meeting the
ever-growing amount of data to be stored such as in cloud computing. The main thrust of the development for the
next-generation HDD includes faster access speeds and higher recording densities as well as lower power consumptions.
On the other hand, the reliability of the stored data remains one of the most critical issues. The magnetic head flies just a
few nanometers above the disk surface with the lift force induced by the disk revolution. The fly height is controlled
precisely based on servo technology synchronized to the disk vibration. However, the same air flow used for flying the
head induces other forces to the read-and-write assembly (RWA) on top of which the head is attached. The induced
forces on the RWA could cause vibration and it may lead the head crash onto the disk surface, resulting into the loss of
data in the drive. The details of the crash mechanism remain unknown.
We study the complex flow in HDDs, which may lead the flow-induced vibration. The air flow in a HDD has been
known to exhibit complex behavior due to the fast disk evolution and three-dimensional internal geometry. In the present
study, we develop a new model with which we investigate the complex behavior of the flow. A specially fabricated
experimental setup is used for a series of flow visualization experiments.
On the development of the new model, we intended to reproduce common geometrical features existing among many
HDDs so that we could study the physical mechanism causing the flow-induced vibration. In the present study, we focus
on 3.5 inch HDDs used for desktop computers. The design is not to stick to the specific geometrical dimensions of a
certain HDD but to extract common features. Indeed, the internal geometry and dimensions change from one product to
another. We chose several representing HDDs available in the market and used their pictures. The dimensions were
extracted from the pictures on the respective parts including the disks, hubs, shroud, RWA and actuator. Especially, we
measured the area occupied by the respective parts inside the whole area. For example, the actuator area occupies
approximately half of the shroud opening. The other half of the opening has a large free space, where very slow flow
movement is expected. This large stagnation area has not been taken into account in the past studies but is included in
the present study since it could play an important role on the entire flow.
The experimental setup was fabricated based on the newly designed model. The setup is a 2:1 scale model of 3.5 inch
HDD. It consists of major parts including disks, RWA, block, enclosure, rotating shaft, motor and the bottom plate. For
an optical accessibility, almost all the parts at the test section were made of transparent material, poly-methyl
methacrylate (PMMA) even including the rotating shaft. The top is covered by an exchangeable transparent plate also
made of PMMA. The rotating shaft is connected to a blush-less DC motor through ball bearing and oil seal equipped at
the bottom of the shrouding enclosure. The motor controls the disk revolution.
For the flow visualization, refractive index matching (RIM) will be applied. The working fluid is carefully chosen so
that its refractive index is matched to that of the PMMA used in the solid parts. Once the refractive indices are matched,
both fluid and solid parts become optically transparent while they do not lose their mechanical properties, i.e., the
fluid flows while the solid stays without moving. The RIM reduces the image distortion and saturation issues arising
from the refraction, reflection and scattering of incident laser occurring at the interfaces of solid parts and working fluid.
Internal flow behavior will be observed at the disk Reynolds number corresponding to 7,200 rpm of 3.5 inch HDD
without the images being hindered nor distorted through the complex internal geometry.
In the experiment, we focus on the interaction of the large-scale vortex structures with the RWA insertion in the
non-axisymmetric shroud enclosure. The influence of the newly included stagnation area to the whole flow is also of
special interest. We are currently working on the preparation of the visualization experiment. Some initial results of
the visualization experiment will be presented at the conference. With the carefully prepared experiment, unobstructed
view of the whole area will be provided for the first time to serve for high quality image of the flow fluid in a complex
three-dimensional internal geometry.
Dr.-Ing. Katsuaki Shirai
Organization of Advanced Science and Technology/ Department of Mechanical Engineering
Kobe University
Rokkodai 1-1, Nada, 657-8501, Kobe, Japan
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Anisotropy Constant Required for High Areal Density Recording
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I. INTRODUCTION
The long-term stability of stored information is one of the most important properties of magnetic recording media.
This stability has been widely discussed using the thermal stability factor KE Ku V / kBT . However, the bit error rate
(bER) is an intrinsic index of the achievable stability of the information stored in HDDs. We have already
determined that the long-term stability also strongly depends on the magnetic grain number per bit and the grain size
distribution by considering the thermal fluctuation based on the bER [1].
In this study, we focused on the required anisotropy constant K u for high areal density (AD) recording media and
investigated the effect of weak inter-grain exchange coupling in a bER-based framework.
II. RESULTS
The Arrhenius-Néel statistical switching model was used in this simulation. As an approximation, recording media
can be modeled as assemblies of isolated or weakly coupled Stoner-Wohlfarth grains, which have a log-normal grain
size distribution. The bER was introduced from a related equation based on the grain-error probability P(t)
characterized by the Arrhenius-Néel model, which shows that the grain magnetization is reversed by thermal
fluctuation over 10 years.
First, we estimated the achievable AD by reducing the grain number per bit n under the same grain size condition.
The mean grain size Dm is 4.5 nm, the thickness t is 4.5 nm, and the bER threshold is 1.0E-3. For example, 4
grains/bit corresponds to 4 Tbpsi. Figure 1 shows the required K u as a function of the grain size distribution for
each grain number. As the AD increases, a larger K u is required because of the increased risk that the stored
information will deteriorate completely as a result of thermal fluctuation.
Figure 2 shows the required K u for various mean inter-grain exchange couplings em (1 H ex / H k ) 2 at 4 Tbpsi,
where H ex and H k are the exchange coupling field for Dm and the anisotropy field, respectively. The coupling is
more effective in a larger size distribution. For example, a K u reduction of 1/1.59 > 1/em can be expected for
em 1.4 with a 20 % grain size distribution.
Reducing the grain size distribution will be the most important issue in terms of achieving long-term information
stability with a realistic K u value (~3.0E7 erg/cm3) condition and a high AD. Weak exchange coupling between
grains can be an effective way to reduce K u .
We acknowledge the support of the Storage Research Consortium (SRC), Japan.

Fig. 2 Required Ku for various mean
inter-grain exchange couplings em.

Fig. 1 Required Ku for various grain numbers per bit.
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Synthetic antiferromagnet characterization in magnetoresistive devices
using high-field transfer curves
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I. INTRODUCTION
Synthetic antiferrimagnet (SAF), usually stabilized by an antiferromagnet (AFM) layer, is a key component of most
magnetoresistive devices (e.g. sensors, readers or MRAM cells). Properties of these structures directly contribute to
the device performance and robustness. Traditionally, such parameters as interlayer exchange constants (AFM-pinned
layer (PL) and PL-reference layer (RL)) or pinning direction are measured at the wafer-level. Obtained values are then
used for device modeling and/or troubleshooting. However, AFM frequently has granular structure, and after
nano-patterning shows broad distribution of these important parameters. Wafer uniformity may also contribute to
device-to-device variability, along with other manufacturing-related factors. Hence, there is a need for a fast and
reliable test, allowing for verification of SAF properties at the device level.
Some potential for such measurements has existed in commercially available testers for several years [1]. However,
these devices usually produced raw data for visual inspection, rather than a trustworthy set of physical values. This
work presents an example of innovative use of the popular ISI HGA 15 kOe tester for fast and accurate evaluation of
SAF properties. To this end, the macrospin model (widely used e.g. for spin-torque modeling [2]) has been used to fit
high-field (> 3 kOe) tails of a tunneling reader transfer curve (TC) in the field perpendicular to nominal pinning
direction.

U [mV]

II. RESULTS

Fig. 1 presents a cross-track TC
obtained from a typical tunneling reader,
using the ISI tester [1]. Only the
high-field portion of the data was used for
SAF evaluation, allowing to assume that
the free layer is aligned with the field, and
signal changes are due to coherent
rotation of both PL and RL. The
macrospin model included all major
interactions: interlayer exchange and
magnetostatic interactions, orange peel
H [kOe]
coupling, Zeeman energy, anisotropies,
and shield effects. Due to model
Figure 1
simplicity (PL and RL macrospins only),
the fitting procedure turned out to be very fast (<5 s) and did not contribute significantly to the test time. The
presentation includes further statistical analysis of the test robustness and accuracy.
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I. INTRODUCTION
Challenges in bit-pattered magnetic recording (BPMR) include two-dimensional (2D) inter-symbol interference
(ISI) constituted by both one-dimensional ISI and inter-track interference (ITI), and media noise arising from island
position jitter and island size fluctuations in both the down-track and cross-track directions. In [1], a first-ever 2D ISI
optimized low-density parity-check (LDPC) code was designed to combat the 2D ISI for high-density magnetic
recording. However, the capacity-approaching code designs in [1] did not include media noise considerations.
Further, the coding gains of LDPC codes have not been fully investigated for BPMR with media noise.
In this paper, a simple but general analytical 2D island pulse response for BPMR channel with media noise [2] is
used for LDPC code design, where a reduced-complexity 2D detector based on the iterative row-column soft
detection feedback with Gaussian approximation (IRCSDF-GA) detector is employed instead of the full 2D BCJR
detector in [1]. To our knowledge, this is the first work on the design of LDPC code for BPMR with media noise.
II. RESULTS
We use system parameters with recording density of 4 Tb/in2 (see [1] for more details). LDPC codes optimized for
BPMR with media noise have been designed based on EXIT curve fitting of modified EXIT charts combined with
2D detector. The position jitter (pj) degrades the performance of system more seriously than the size fluctuation (sf).
Fig. 1 shows that the code with 13K code length that we designed for 4 Tb/in2 BPMR with size fluctuations achieves
about 0.2dB over the code optimized for AWGN channel at the bit error rate (BER) of 10-5. About 0.3 dB
performance gain can be achieved when BPM is only suffered from the position jitter. This is the first LDPC code
successfully optimized for BPM with media noise. Along with the optimization of LDPC codes, advanced signal
processing schemes need to be employed to further improve the potential performance of system and remove the
error floor caused by the position jitter.
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I. INTRODUCTION
In today's magnetic recording channels, an iterative detector and decoder system is conventionally used on the receiver
side. Generally, a detector that implements a Soft Output Viterbi Algorithm (SOVA) [1] on a trellis is used together with
a Low-Density Parity Check (LDPC) decoder that executes the Sum-Product Algorithm (SPA) on a factor graph [2][3].
The detector has knowledge of the channel while the decoder has knowledge of the code. In this work, we present an
alternative method of performing detection and decoding, coined the Joint Viterbi Detector Decoder (JVDD). Unlike the
iterative system, JVDD has knowledge of both the code and the channel, and therefore performs detection and decoding
in a single step using a modified Viterbi algorithm. The JVDD tries to identify the minimum metric path through the
trellis that corresponds to a legal codeword.

II. RESULTS
The JVDD is implemented over a magnetic recording channel using the Grain Flipping Probability (GFP) channel
model [4] and its performance and complexity is compared to that of the iterative detector decoder system used today.
The left plot of Figure 1 shows the performance gain of JVDD over the conventional system for an LDPC-coded
channel with an LDPC code of codeword length 512. The right plot shows the corresponding complexity in terms of
number of survivor paths in the JVDD trellis. Here, JVDD has a greater number of survivor paths than conventional
Viterbi, and managing the growth in these paths is a key issue of this algorithm.

Figure 1. Performance curve against SNR (left) and number of survivors (complexity) against bit index (right).
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Structural Analysis of Highly Efficient Plasmonic Waveguide for
Thermally Assisted Magnetic Recording
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1
Graduate School of Science and Technology, Nihon University, Funabashi, Japan
2
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I. INTRODUCTION
Thermally assisted magnetic recording (TAMR) using a plasmon antenna is a promising way for ultra-high density
magnetic recording [1, 2]. A plasmonic waveguide (PW) is key technology for TAMR to deliver light energy from a
source to the antenna apex. We reported a slight improvement in energy efficiency by using the PW which delivers
energy in the form of surface plasmon polaritons (SPPs) [2]. We found a high efficient PW structure by applying a
magnetic pole to the PW, which energy efficiency was very sensitive to PW’s surroundings. The proposed PW
structure leads to 3 times higher efficiency compared with the reported PW [2].
II. RESULTS
It was investigated that the effect of PW’s thickness on SPPs energy to improve efficiency. An electromagnetic
wave was calculated by a Finite-Difference Time-Domain (FDTD) method. A PW was consisted of a dielectric
waveguide and a metal sheet. The dielectric waveguide, which had a Ta2O5 core and an Al2O3 clad, was set along
with an Fe magnetic pole parallel to x direction. The Au metal sheet was placed in the clad between the core and the
magnetic pole in parallel. A linear polarized laser light with 780 nm of wavelength irradiated with an incident angle
at 60 degrees. The electric field intensity had a Gaussian distribution with 1 V/m at the center. Mur’s absorption
boundary condition was adapted to remove the reflected SPPs by the side of the Au sheet. The x component of
poynting vector, which was propagating direction of the SPPs, was observed to evaluate the SPPs energy delivering
on the interface of the Au sheet.
The SPPs propagated at both upside and downside interfaces between the Au sheet and the Al2O3 clad. The energy
value of SPPs at each interface varied with oscillation along propagating
x direction. The energy densities at upside and downside interfaces,
Pupside and Pdownside showed local maximums at a central part in laser
irradiated area due to a Gaussian distribution of the incident light. The
Pupside and Pdownside as a function of the Au sheet thickness t are shown in
Fig. 2. With thickening the Au thickness t from 10 to 50 nm, the Pdownside
increased proportionally. The Pdownside was saturated when t was thicker
than 50 nm. The propagation length L defined as a distance that the
energy was attenuated to 1/e was about 2 μm at the downside interface,
when t = 100 nm. In contrast the Pupside decreased and was saturated.
This fact indicates a generation of SPPs at upside interface is suppressed
by the close Fe magnetic pole because of its optical absorbing property.
It was revealed that the Au thickness t designed over 50 nm was
Fig. 1 A Simulation model. (a) and
effective to generate an optical near field with high intensity at the
(b)
show side view and enlarged view,
downside interface. Moreover, the SPPs energy was improved about 3
respectively.
times of previous reported model [2] even with the magnetic pole.
Acknowledgements: This work was partially supported by a
Grant-in-Aid for Scientific Research (C), No. 23560413, a Grant of
Nihon University Strategic Projects for Academic Research, and a Grant
of Storage Research Consortium.
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Fig. 2 Peak energy densities of SPPs
delivering at downside and upside
interfaces between the Au sheet and
the Al2O3 clad.

P16
ALTERNATION OF FLEX CABLE VIBRATION MODES IN HIGH PRECISION HARD
DISK DRIVES
Jen-Yuan (James) CHANG1 and Ching-Chen CHEN2
1,2
Department of Power Mechanical Engineering, National Tsing Hua University, Hsinchu, Taiwan

I. INTRODUCTION
As recording density of hard disk drives (HDDs) has increased these years, track size in hard disk has been narrowed down to only
hundreds of nanometers. Among previous contributors, Chang [1] indicated that flex circuit in HDDs has been found to be a
problematic vibration source that can interfere with the operation accuracy of read/write arm.
This research proposes sticking well-cropped PVDF film onto flex cable to perform vibration suppression control. With energized
PVDF film, cable’s stiffness will turn harder, which makes cable’s dynamic behavior becomes an uncertainty. The analytical model
built in previous work [2] then fails to predict flex cable’s dynamics.
Due to this problem, modification for the mechanical model was elaborated by considering the shear effects from PVDF in this
paper. As reported by Henno Allik [3] and many other researchers, finite element methods have been applied to many piezoelectric
applications. In this paper, the piezoelectric constitutive equations are examined and considered to include electrical and mechanical
effects from PVDF film.
II. RESULTS
Define aspect ratio r to be the length of PVDF layer l over flex cable’s free length L, five mock cables with different aspect ratios
were attached to arm-flex cable assemblies and two exampled assemblies are shown in Fig.1(b). After installing assembly into a
flexible interconnect platform, vision system as depicted in Fig.1(c) detected cable static profile. When the PVDF layer is energized,
cable’s static shape is further altered near J-block joint which can be observed from Fig.2.
Change in static profile leads to change in cable’s vibration modes. Fig. 3 depicts the first three bending mode shapes of r = 1/4
cable which are produced by finite element model. In the case with electric current, especially in the first mode, the cable’s mode
shapes evidently twist near J-block joint which is marked by 0 at the horizontal axis.
Through our investigation, one can conclude that energized PVDF film can significantly alter the static profile and mode shapes of
flex cable in HDDs. With these features, the ultimate goal of controlling flex cable vibrations can be achieved by appropriately
controlling the input electric field to the PVDF.
(a)

(c)

(a)

Digital Camera

Y, mm

5

(b)

0
-5

L
l
Flexible cable platform

Fig. 1 (a) Arm-flex cable assembly (b) Flex
cable assemblies of r = 0 (left) and r = 1/4
(right) cases.(c) Profile detection system.
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Fig. 2 Static profile of r = 1/4
cable with electric field (light
blue) and without electric field
(red) at OD orientation.
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I. INTRODUCTION
Bit-patterned media (BPM) is one of candidates for extending areal densities of
magnetic recording. Even BPM, however, small size of the magnetic dot requires
large magnetic energy for thermal stability, which increases the switching field of
the dot. Exchange coupled composite (ECC) magnetic dot structure was proposed
as a novel method to reduce the switching field while maintaining thermal stability
of the magnetic dots [1]. We have extended the study from the 2 to 4-layer
structures, and proposed a 3-layer structure which exhibited a minimum switching
field and a smallest applied field angle dependence of the field [2]. We have also
proposed modification of the layer parameters compensating the additional
anisotropy from shape and stacking effects of the layers, which is shown in Fig. 1
[3]. The model exhibited a switching field of 13.1 kOe. The paper studied recording
performance of the BPM using simulation.

t1 = 4 nm

t2 = 4 nm

t3 = 2 nm

Ms1=Ms2=Ms3/2=950 emu/cm 3

Fig. 1 Dot model of 3-layer
ECC structure.

II. RESULTS
The BPM was modeled as 8×64 dot array in square lattice with a
dot pitch of 12.5 nm placed on a SUL, which corresponds to a dot
density of 4 Tdot/in2. A 5 % standard deviation was assumed for the
anisotropy and inter-layer exchange fields for the layers. The SUL
was introduced as a mirror image plane. The write field of a shielded
planar head [4] with a pole size of 20×50 nm2 and a MP-SUL
separation of 14 nm was used. The down- and cross-track
distributions of the perpendicular field are shown in Fig. 2 for the
top and the bottom layer positions.
Figure 3 shows a recorded pattern after 3 shingled writes for 2030
k/1016 k/2030 kFCI signals with a CT displacement step of 12.5 nm.
A write shift margins of 4 nm in DT direction and 3 nm in CT
direction were obtained. The figure indicates the possibility of 4
Tbpsi recording with conventional magnetic
recording.
This work was supported in part by the
Storage Research Consortium (SRC).
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Fig. 2 Perpendicular field distribution of the
shielded planar head in down- and cross-track
directions.
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Strong perpendicular magnetic anisotropy in Co ferrite thin films
- New candidate for recording media E. KITA1, T. NIIZEKI1 and H. YANAGIHARA1
1
Institute of Applied Physics, University of Tsukuba, Tsukuba, JAPAN

I. INTRODUCTION
Perpendicular magnetic anisotropy (PMA) is a key property of magnetic materials for the use of modern
application such as high density magnetic recording media and spintronics devices. For these applications, metallic
materials consisting of noble metallic elements such as platinum have been mainly developed. Currently, CoCrPt is
mainly used for the PMA material in hard disk media and FePt is considered one of the most promising candidates
for next generation PMA materials. Accordingly, 25% of Pt concentration for CoCrPt will increase to 50 % for FePt.
To keep material costs down, the usage of Pt should be decreased: therefore, substitute materials consisting of
“ubiquitous” elements are highly desirable as high PMA materials. Herein we propose Co ferrite epitaxial thin films
as high-PMA materials for use in high-density recording media. For fabrication the thin films, spinel ferrites,
CoxFe3-xO4, were grown epitaxially on MgO (001) substrates.
Co ferrite thin films were fabricated by reactive sputtering performed using a planar RF sputtering apparatus
(ULVAC, Inc.).[1] Co-Fe alloy targets with Co:Fe ratio of 1:3 and 1:2 were used for sample preparation. These
targets correspond to x = 0.75 and 1.0 (stoichiometric values), respectively, for the CoxFe3-xO4 representation. Thin
films were grown on single-crystal MgO (001) substrates at a substrate temperature of 300|C. A mixture of O2 and Ar
gases was introduced into the sputtering chamber. The flow rate of O 2 was varied in order to change the degree of
oxidization. The thickness of the prepared films was in the range 20-100 nm. Magnetic torque measurements were
carried out to evaluate magnetic anisotropy constants of the films up to a magnetic field of 140 kOe by using a
physical properties measuring system (PPMS, Quantum Design) installed in Hokkaido University.
II. RESULTS
Reflection high-energy electron diffraction (RHEED) observations of the films after deposition confirmed the
epitaxial growth of the spinel phase. Out-of-plane magnetization showed remarkably large coercive forces of ~8-9
kOe in x = 0.75 and 1.0 samples. The magnetization curve for x = 0.75 was well saturated under high magnetic fields.
However, the curve for x = 1.0 did not saturate, suggesting that the maximum magnetic field of 70 kOe was not
enough. The saturation magnetic moment was about 420 emu/cm3 for x = 0.75, which is comparable to that for bulk.
In order to evaluate PMA, magnetic torque was measured at high magnetic fields and the phase of the observed
magnetic torque proved the magnetic easy axis perpendicular to the film. The amplitude of magnetic torque began to
saturate over 90 kOe. The effective magnetic anisotropy ( Kueff ) deduced form magnetic torque at 140 kOe was 9.6
and 10.0 Merg/cm3 for x = 0.75 and 1.0, respectively. By using the Miyajima plot,[2] the intrinsic PMA was
estimated to be ~13-15 Merg / cm3. These values satisfy the requirement of high PMA for high-density recording
media. An improvement in magnetization processes by inserting spinel-type buffer layers and effects of the substrate
temperature will also be discussed at the conference. This work was supported by Elements Science and Technology
Projects of MEXT, Japan.
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I. INTRODUCTION
To obtain large uniaxial magnetic anisotropy (Ku) for Co and Fe based alloy films, it is necessary to fabricate ordered
phase which is chemically ordered structure with preferred atomic sites to enhance the spin-orbital interaction [1]. This
structure has been realized by substrate heating during the sputtering deposition to promote atomic diffusion at the stable
site. Generally, the long range ordered phase is determined by appearance of the superlattice diffraction (SD) in
out-of-plane XRD. However, according to the structure factor, SD contains the only one information that diffractions from
even and odd number of atomic layers does not exactly cancel out each other. Therefore, it is intriguing to explore in
which part of the structure that the modulated structure of atomic layered material is formed with SD. In this presentation,
we report that atomic stacking structure of Co or Fe based alloy films with superlattice diffraction by annealing the
substrate during the sputtering is directly observed by high angle annular dark field (HAADF) method of scanning
transmission electron microscopy (STEM).

II. RESULTS
Fig. 1 shows (a) out-of-plane XRD profile and (b) HAADF-STEM images for Fe50Pt50 film sputtered under the high
substrate temperature. Fundamental diffraction (FD, ○) and SD (●) were observed at 48° and 22°, respectively. Bright
spots correspond to the atoms with high dense electrons as shown in Fig. 1(b). There are 2 kinds of portions ; 1) alternately
arranged both dark layers and bright layers, and 2) layers without brightness modulation. These results indicate that not
only the bright layers and dark layers match up with Pt rich and poor layers, respectively but those are locally formed in
the film. Fig. 2 shows the (a) out-of-plane XRD profiles and (b) HAADF-STEM images for Co80M20 (M : Ir, Pt) film with
c-plane orientation. Both FD and SD were observed in each alloy. The atomic stacking structure of Co80Pt20 alloy signifies
that the bright layers and dark layers are formed alternately each other. On the other hand, for Co80Ir20 film, the fraction of
bright (Ir) layers is around 20% and randomly distributed. These results reveal that even though Ir and Pt have same
contents in each alloy with SD line, each material shows different atomic stacking mechanism.
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Fig. 1 (a) XRD and (b) HAADF-STEM images for FePt film with Ku of 3.5×107 erg/cm3
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Fig. 2 (a) XRD and (b) HAADF-STEM images for Co80Pt20 (top) and Co80Ir20
(bottom) film with Ku of 1.35×107 erg/cm3 and -9.6×106 erg/cm3, respectively.
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