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TMRC 2014│Chairman’s Welcome

Welcome to TMRC 2014! 

After a long year of preparations we are now excited and ready to see the 

fruits of our labor. 

You will read about the program and additional relevant information in the 

following pages of this booklet, but I wanted to use this opportunity to  
express my deep gratitude to the all-volunteer members of the organizing 

committee who have worked tirelessly,  professionally and with great 

enthusiasm to bring to you this conference. 

The TMRC 2014 Program and Poster Chairs have put together an excellent 

technical program of 37 invited presentations and 21 contributed posters. 

The by now traditional ‘bierstube’ during poster sessions is intended to 

foster open and lively discussions.  

The Local Chairs have provided us with an amazing venue on the beautiful  
campus of UC Berkeley and, together with the tireless support of our Local 
Administrator, have set up the conference website and have arranged not  
only for our food, but all other needs of presenters and attendees.

The Publication Chairs have supported our authors with timely and precise 

guidance. Their work will continue well beyond the end of the conference  
to make sure that submitted papers are worthy of publication in the 

Proceedings of the IEEE Transactions on Magnetics. 

The strong registration numbers speak for themselves about the work of 

our Publicity Chairs. 

Our experienced Treasurer, appointed Chair for TMRC 2015, has made our 

lives so much easier by confidently and proactively handling all aspects of 

the conference finances.

And, last but not least, I would also like to point out that this conference 

would not have been made possible without the generous support of our 

corporate sponsors. To them, and on behalf of the entire TMRC 

community, I offer our sincere thank you.

We certainly hope that you enjoy this year’s TMRC and thank you for your 

support and participation.

Enjoy the conference!

Gerardo Bertero

TMRC 2014 Conference Chair
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TMRC 2014│Corporate Sponsors

TMRC 2014 could not have happened without the generous support from our sponsors
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TMRC 2014│Local InformaKon
The conference will be held at Sibley Auditorium in the Bechtel Engineering Center at the 

University of California, Berkeley campus. 

Maps

BART Station

Parking: Lower Hearst Structure 
Note the suggested route for accessing the parking structure

Conference Hall

(Bechtel Engineering 

Center, Sibley 

Auditorium)

Banquet 

(Faculty Club)

Conference Hall

(Bechtel Engineering 

Center, Sibley 

Auditorium)
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TMRC 2014│Local InformaKon

BART Access From Downtown San Francisco
1. Depending on which BART station is closer to you (Embarcadero or Montgomery or Powell), walk to the station and 

take the train (Red Line) going to Richmond or the Yellow Line toward Pittsburg/Bay Point. In the latter case you 

need to transfer at the 19th street station to the Orange Line bound for Richmond.

2. While on the train going to Richmond, exit at "Downtown Berkeley" station.

3. From Downtown Berkeley, you have 3 options to get to Bechtel Engineering Center. Option 1 is to take the "P" 

shuttle going to Campus then get off at "Hearst Mining Circle" marked on your map above, walk to Bechtel 

Engineering Center marked in the red circle. The "P" shuttle runs every 12 minutes.

4. Option 2 would be taking shuttle "H" going to "Hearst Mining Circle", exit there and walk to Bechtel Engineering 

Center shown in the map above.

5. Option 3 is to walk from Downtown Berkeley to Bechtel Engineering Center (10-15 minutes walk). Click on High-Def

map link above and follow the red walking path to the Center. You can download the map onto your smart phone 

or print it.

6. Once you have located the building you will find Sibley auditorium on the lower floor. You should see signs directing 

you to the right path.

BART Access From San Francisco Airport
1. San Francisco airport is marked on your BART map as (SFO). Take the Yellow Line going to Pittsburg/Bay Point. 

Transfer at 19th street, then take the Orange line going to Richmond.

2. While on the train going to Richmond, exit at "Downtown Berkeley" station.

3. Follow steps 4 to 6 above to get to Bechtel Engineering Center.

BART Access From Oakland Airport
1. Oakland airport is marked on your BART map as (OAK).
2. After landing in OAK, take the shuttle "Air BART" going to the Coliseum/Oakland Airport BART station.
3. Take The Richmond train (Orange Line).
4. While on the train going to Richmond, exit at "Downtown Berkeley" station.
5. Follow steps 4 to 6 to get to Bechtel Engineering Center.
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TMRC 2014│Local InformaKon

Driving to Berkeley from South (San Jose/Oakland):
1.   Take Highway 880 North towards Oakland.
2.   When arriving at I-80 near Oakland, take I-80 East  to Sacramento.
3.   Continue driving on I-80 E till you arrive at Berkeley, then exit at University Ave.
4.   Continue driving on University Ave. until you reach Oxford Street (follow the blue line on the map above). 
5.   Go to "Lower Hearst" parking structure (which has 72 public parking spaces) marked on your Hi-Def. map 

below by the letter "P". Its also marked on your "Parking Map" below. Make left on Oxford St. 
and then take a  right on Hearst Ave. Take a half left on LeConte Ave., then take a right on Scenic Ave. 
Please note that only Level 2 of "Lower Hearst" parking structure is available for public parking. Pay at the 
machine and display your permit on the dash to avoid tickets. The cost for a whole day parking permit is $18.

Driving to Berkeley from South (San Francisco Airport SFO):
6. Take Highway 101 North towards San Fransico.
7. Keep driving North till you reach Highway I-80 East ramp.
8. Take I-80 East going to Oakland/Bay Bridge.
9. When you pass Bay Bridge, keep left and continue going on I-80 East towards Sacramento till you arrive at 

Berkeley. Exit at University Ave. and follow the above directions steps 4 and 5.

Parking

Conference

H
e

a
rs
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A
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TMRC 2014│Welcome From Program Chairs

Bruno Marchon

Global Director

HGST, a WD Company

San Jose Research Center

San Jose, CA95135

Ed Gage

Principal Technologist

Seagate Technology

Shakopee Design Center

Shakopee, MN 55379

Manfred E. Schabes

Research Staff Member

HGST, a WD Company

San Jose Research Center

San Jose, CA95135

Welcome to the 25th Magnetic Recording Conference (TMRC 2014). TMRC is an annual forum 

organized under the auspices of the IEEE Magnetics Society, with the invited presentations 
published in a special issue of the IEEE Transactions on Magnetics. This year’s conference is 
taking place on August 11-13th 2014, and is hosted on the beautiful campus of the University of 

California at Berkeley.

The world of magnetic recording is experiencing some interesting times. Unlike in the late

1990’s when demand for storage capacity was outstripped by areal density growth offered by hard 

disk drives, today’s storage demand, triggered by the creation of massive digital content, is not

being matched by progress in raw capacity per disk. In fact, annual areal density growth rate 

peaked at the turn of the millennium at about 100%/annum, but has now dramatically slowed down 

to below 20%/annum. Whereas the industry has previously heavily relied on scaling existing 

technologies, it is now faced with having to introduce revolutionary, paradigm shifting changes in 

order to keep the areal density growth from slowing to the single digits. It is interesting to note

that technology changes of the past (e.g. thin film disks and heads, MR sensors, perpendicular 

recording) are now seen as relatively minor tweaks, compared to some of the recording schemes 

being investigated today (e.g. use of multiple readers, energy assist, patterned media recording). At 

the same time, novel solid state storage technologies, some of them also based on the physics of 

magnetism, are making great progress, and are emerging as solid candidates at the top of the 

storage tiering hierarchy.

This conference will feature 37 invited lectures by some of the best researchers in the field, 

spanning most of the current state-of-the art developments in the area of advanced magnetic 

recording. Topics to be presented vary from extending today’s perpendicular recording, to two-

dimensional, microwave, heat assisted, and bit patterned recording. The last session will also 

feature presentations on tape recording, as well as solid state storage (mostly magnetic). There will 

also be two poster sessions in the evenings of the first two days, featuring a total of 21 contributed 

posters. These poster sessions will include the invited speakers as well, giving the attendees more 

time for technical discussions.

Finally, the committee would like to acknowledge the local conference chairs for their tireless 

effort in putting together the organization and the logistics behind this great event.

Enjoy the conference!
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TMRC 2014│Schedule

August 11 August 12 August 13

8:00 AM Coffee/Pastries
8:50 AM: Opening Address

8:00 AM Coffee/Pastries 8:00 AM Coffee/Pastries

Session A
PMR Extension/MAMR

9:00 AM – 12:15 PM
Coffee Break 10:30 AM – 10:45 

AM

Session C
TDMR

9:00 AM – 12:15 PM
Coffee Break 10:30 AM – 10:45 

AM

Session E
Bit Patterned Recording

9:00 AM – 12:15 PM
Coffee Break 10:30 AM – 10:45 

AM

Lunch
12:15 PM – 1:30 PM

Lunch
12:15 PM – 1:30 PM

Lunch
12:15 PM – 1:30 PM

Session B
HAMR (Systems)
1:30 PM - 5:15 PM

Coffee Break 3:00 PM - 3:15 PM

Session D
HAMR (Components)

1:30 PM 4:45 PM
Coffee Break 3:00 PM - 3:15 PM

Session F
Non-HDD/Novel Recording 

Concepts
1:30 PM - 4:45 PM

Coffee Break 3:00 PM - 3:15 PM

Posters
Invited Aug. 11 & Contributed

Bierstube
5:15 PM – 7:00 PM

Posters
Invited Aug. 12, 13 & 

Contributed

Bierstube
4:45 PM – 6:30 PM

4:45 PM: Closing Remarks

Banquet
7:00 PM-9:00 PM

Keynote Speech
8:00 PM-9:00 PM

Schedule at a glance
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TMRC 2014│Keynote Speaker

Prof. Eric A. Brewer

VP, Infrastructure, Google

Professor, UC Berkeley

About the Speaker

Dr. Brewer focuses on all aspects of Internet-based systems, including technology, strategy, and 

government. At Google Dr. Brewer is one of the leaders for software for giant datacenters and 

cloud computing, based in part on his previous experience as the founder of Inktomi

Corporation. He helped lead Inktomi onto the NASDAQ 100 before it was bought by Yahoo! in 

2003. Dr. Brewer also developed the "CAP Theorem" , one of the key theorems in distributed 

systems.

His current focus at Berkeley is technology for developing regions, with projects in India, 

Indonesia and Kenya among others,. These projects include communications, power, and health 

care. Working with the Aravind Eye Hospital, over 100,000 patients have had their vision 

restored due to diagnosis via long-distance video telemedicine.

In 2000, working with President Clinton, Dr. Brewer led the creation of USA.gov, the official 

portal of the Federal government.

He was elected to the National Academy of Engineering for leading the development of scalable 

servers (early cloud computing), and also received the ACM Infosys Foundation and ACM Mark 

Weiser awards. He received an MS and Ph.D. in EECS from the MIT, and a BS in EECS from UC 

Berkeley.

He was named a "Global Leader for Tomorrow" by the World Economic Forum, by the Industry 

Standard as the "most influential person on the architecture of the Internet", by Technology 

Review as one of the top 100 most influential people for the 21st century (the "TR100"), and by 

Forbes as one of their 12 "e-mavericks", for which he appeared on the cover.

“A Systems View of Storage”
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TMRC	  2014	  INVITED	  PRESENTATIONS	  

Monday AM, August 11th 

9:00 AM - 12:15 PM 

Session A: PMR extension/Microwave- 
Assisted Magnetic Recording  

Chair: Terry Olson – HGST 

1. 9:00	  AM:	  Templated	  Two Phase	  Growth 
of PMR	  Media
Vignesh	  Sundar,	  Jingxi	  Zhu,	  David	  E.	  Laughlin, 
Jian-‐Gang	  (Jimmy)	  Zhu,	  Carnegie	  Mellon 
University.

2. 9:30	  AM:	  Searching,	  Fabricating	  and
Characterizing	  Materials	  with	  Giant
Saturation	  Magnetization
Jian-‐Ping	  Wang,	  Xiaowei	  Zhang,	  Aminul	  Md
Mehedi,	  Yanfeng	  Jiang,	  University	  of	  Minnesota.

3. 10:00	  AM:	  Corrosion	  Growth	  Kinetics	  of
Perpendicular	  Magnetic	  Recording	  Media
Huan	  Tang,	  Seagate	  Technology.

10:30 - 10:45 AM: Break 

4. 10:45	  AM:	  Dedicated	  Servo	  System
Configuration	  and	  Performance	  Evaluation
Zhimin	  Yuan,	  Jianzhong	  Shi,	  Chun	  Lian	  Ong,
Pantelis	  Sophoclis	  Alexopoulos,	  Chunling	  Du,
Anmin	  Kong,	  Shiming	  Ang,	  Budi	  Santoso,	  Siang
Huei	  Leong,	  Kheong	  Sann	  Chan,	  Yibin	  Ng,	  Kui
Cai,	  Jack	  Tsai,	  Hanxiang	  Ng,	  and	  Hang	  Khume
Tan,	  Data	  Storage	  Institute	  (Singapore).

5. 11:15	  AM:	  Interactions	  Between	  Write	  Head
Fields	  and	  Spin	  Torque	  Oscillators
Simon	  Greaves,	  Yasushi	  KanaI,	  Takuto
Katayama,	  Hiroaki	  Muraoka,	  Tohoku	  University.

6. 11:45	  AM:	  Development	  of	  SpinE Torque 
Oscillators	  and	  High	  Ku	  CoPt	  Media	  with 
Small	  Grain	  Size	  for	  Microwave	  Assisted 
Magnetic	  Recording
Tiejun	  Zhou,	  Mingsheng	  Zhang,	  Kelvin	  Kiat	  Min 
Cher,	  Javier	  Hon	  Seng	  Wong,	  Hong	  Jing	  Chung, 
Melvin	  Boon	  Hao	  Low,	  Yi	  Yang,	  Zhejie	  Liu, 
Febiana	  Tjiptoharsono,	  Data	  Storage	  Institute 
(Singapore).

Monday PM, August 11th 

1:30 PM - 5:15 PM 

Session B: Heat Assisted Magnetic  
Recording (Systems)  

Chair: John Dykes - Seagate Technology 

1. 1:30	  PM:	  Measuring	  the	  Curie	  Temperature
Distribution	  in	  FePt	  Granular	  Magnetic
Media
Simone	  Pisana,	  Shikha	  Jain,	  James	  W.	  Reiner,
Oleksandr	  Mosendz,	  Gregory	  J.	  Parker,	  Matteo
Staffaroni,	  Olav	  Hellwig,	  Barry	  C.	  Stipe,	  HGST.

2. 2:00	  PM:	  Impact	  of	  Grain	  Boundary
Thickness	  Variation	  in	  Heat	  Assisted
Magnetic	  Recording
Jimmy	  Zhu,	  Hai	  Li,	  Carnegie	  Mellon	  University.

3. 2:30	  PM:	  Back	  Heating	  of	  NFT	  in	  HAMR	  by
Radiation	  and	  Phonon	  Tunneling
Bair	  Budaev,	  David	  B.	  Bogy,	  UC	  Berkeley.

3:00 - 3:15 PM: Break 

4. 3:15	  PM:	  Degradation	  of	  Lubricant	  Film	  and
Carbon	  Overcoat	  Subjected	  to	  Laser	  Heating
in	  an	  Inert	  Gas	  Environment	  in	  Thermally
Assisted	  Magnetic	  Recording
Norio	  Tagawa,	  Hiroshi	  Tani,	  and	  Shinji
Koganezawa,	  Kansai	  University.

5. 3:45	  PM:	  Recording	  Performance	  of	  a	  Pulsed
HAMR	  Architecture
Tim	  Rausch,	  Alfredo	  S.	  Chu,	  Pu-‐Ling	  Lu,	  Siva
Puranam,	  Deepthi	  Nagulapally,	  John	  Dykes,
Seagate	  Technology.

6. 4:15	  PM:	  Comparison	  Between	  HAMR	  and
PMR	  Using	  Equalized	  Channel	  Hardware
Samples
Michael	  Alex,	  Xinzhi	  Xing,	  Western	  Digital.

7. 4:45	  PM:	  Approaches	  to	  Improved	  HAMR
Performance	  as	  Suggested	  by	  Simulation
Randall	  H.	  Victora,	  Sumei	  Wang,	  Ali	  Ghoreyshi,
Pin-‐Wei	  Huang,	  Yipeng	  Jiao	  and	  Tao	  Qu,
University	  of	  Minnesota.
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TMRC	  2014	  INVITED	  PRESENTATIONS	  

Tuesday AM, August 12th

9:00 AM - 12:15 PM 

Session C: Two Dimensional Magnetic 
Recording  

Chair: Shafa Dahandeh - Western Digital 

1. 9:00	  AM:	  Two-‐Dimensional	  Magnetic
Recording	  (TDMR):	  Progress	  and	  Evolution
Roger	  Wood,	  Rick	  Galbraith,	  Jonathan	  Coker,
HGST.	  

2. 9:30	  AM:	  A	  Study	  of	  TDMR	  Signal-‐Processing
Opportunities	  Based	  on	  Quasi-‐
Micromagnetic	  Simulations
Bane	  Vasic,	  Mehrdad	  KhatamI,	  Universty	  of
Arizona,	  Yasuaki	  Nakamura,	  Yoshihiro	  Okamoto,
Ehime	  University,	  Yasushi	  Kanai,	  Niigata
Institute	  of	  Technology,	  John	  R.	  Barry,	  Steven	  W.
McLaughlin,	  and	  Elnaz	  Banan	  Sadeghian,
Georgia	  Institute	  of	  Technology.

3. 10:00	  AM:	  Simulations	  for	  Improved
Shingled	  Writing	  and	  TDMR	  Readback
Including	  Non-‐Linear-‐Transition-‐Shift	  and
Skew
Fatih	  Erden,	  Seagate	  Technology	  and
R.H.Victora,	  University	  of	  Minnesota.

10:30 - 10:45 AM: Break 

4. 10:45	  AM:	  Skew-‐Dependent	  Array-‐Reader 
Based	  Magnetic	  Recording	  (ARMR) 
Performance	  Evaluation	  with	  Dual-‐Reader 
Captured	  Waveforms
Euiseok Hwang, Travis Oenning, George Mathew, 
Parviz Rahgozar, Suharli Tedja, Paul Duquette, 
Ken Fitch, Chad Rabbitt, Joseph Petrizzi, Bruce 
Wilson, and Richard Rauschmayer, Avago 
Technologies, Glen Garfunkel, Yan Wu, David Hu, 
Headway Technologies, Inc.

5. 11:15	  AM:	  Novel	  Joint	  Detection	  and
Decoding	  Schemes	  for	  TDMR	  Channels
Chan	  Kheong	  Sann,	  Kheong	  Sann	  Chan,	  Yong
Liang	  Guan,	  Data	  Storage	  Institute	  (Singapore).

6. 11:45	  AM:	  Timing	  Recovery	  Algorithms	  and 
Architectures	  for	  Two Dimensional 
Magnetic	  Recording	  Systems
Shayan	  Garani,	  Brijesh	  Reddy,	  Indian	  Institute	  of 
Science

Tuesday PM, August 12th

1:30 PM - 4:45 PM 

Session D: Heat Assisted Magnetic Recording 
(Components)

Chair: Ganping Ju - Seagate Technology 

1. 1:30	  PM:	  Challenges	  in	  Developing	  FePt	  L10 
Granular	  Thin	  Film	  Media	  for	  Heat	  Assisted 
Magnetic	  Recording	  (HAMR)
Olav	  Hellwig,	  S.	  Mosendz,	  J.	  Reiner,	  T.	  Santos,	  V. 
Mehta,	  S.	  Pisana,	  S.	  jain,	  M.	  salo,	  H.	  Richter,	  G. 
Parker,	  D.	  Weller,	  M.	  Grobis,	  B.	  Terris	  and	  B. 
Stipe,	  HGST.

2. 2:00	  PM:	  Thermal	  Design	  for	  Heat	  Assisted
Magnetic	  Recording	  Media
Yukiko	  Kubota,	  Xiaobin	  Zhu,	  Eric	  KC.	  Chang,
Yingguo	  Peng,	  Yinfeng	  Ding,	  Timothy	  Klemmer,
Li	  Gao,	  Alex	  Q.	  Wu,	  Hassib	  Amini	  ,	  Ganping	  Ju,
and	  Jan-‐Ulrich	  Thiele,	  Seagate	  Technology.

3. 2:30	  PM:	  Challenges	  and	  Recent
Developments	  in	  Heat	  Assisted	  Magnetic
Recording	  Media
Ram	  Acharya,	  Western	  Digital.

3:00 - 3:15 PM: Break 

4. 3:15	  PM:	  Inverse	  Design	  of	  Near	  Field
Transducers
Eli	  Yablonovitch,	  Samarth	  Bhargava,	  UC
Berkeley.	  

5. 3:45	  PM:	  Strategies	  for	  Temperature
Reduction	  in	  Near	  Field	  Transducers	  for
HAMR
James	  Bain,	  Hongliang	  Liang,	  Cheng-‐Ming	  Chow,
Lou	  Chomas,	  Jonathan	  A.	  Malen,	  Carnegie	  Mellon
University.

6. 4:15	  PM:	  Measuring	  Temperature	  and	  Field 
Profiles	  in	  Heat	  Assisted	  Magnetic 
Recording
Julius	  Hohlfeld,	  Xuan	  Zheng,	  Mike	  A.	  Seigler, 
Mourad	  Benakli,	  Seagate	  Technology.
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TMRC	  2014	  INVITED	  PRESENTATIONS	  

Wednesday AM, August 13th

 9:00 AM - 12:15 PM 

Session E: Bit Patterned Recording

 Chair: Tom Albrecht – HGST 

1. 9:00	  AM:	  Bit	  Patterned	  Media	  Technology:
From	  Self	  Assembly	  to	  Magnetic	  Bits
Ricardo	  Ruiz,	  Lei	  Wan,	  He	  Gao,	  Tsai-‐Wei	  Wu,
Yves-‐Andre	  Chapuis,	  Kanaiyalal	  C.	  Patel,	  Zuwei
Liu,	  Julia	  D.	  Cushen,	  Gregory	  S.	  Doerk,	  Shisheng
Xiong,	  Jeffrey	  Lille,	  Manfred	  Schabes,	  Daniel
Bedau,	  Michael	  K.	  Grobis,	  Paul	  F.	  Nealey,	  Thomas
R.	  Albrecht,	  HGST.

2. 9:30	  AM:	  An	  Array	  of	  Ferromagnetic	  Nano
Islands	  for	  BPM	  Over	  2.5	  Gb/in2	  by	  Non
Destructive	  Low Energy	  Proton	  Irradiation 
Jongill	  Hong,	  Sanghoon	  Kim,	  Soogil	  Lee,	  Yonsei 
University,	  Korea.

3. 10:00	  AM:	  Magnetic	  Materials	  for	  Bit
Patterned	  Recording
Bruce	  A.	  Gurney,	  Jean-‐Marc	  BeaujouR,	  En	  Yang,
Olav	  Hellwig,	  Frank	  Zhu,	  Hitesh	  Arora,	  Zuwei	  Liu,
Tsai-‐Wei	  Wu,	  Michael	  K.	  Grobis,	  Daniel	  Bedau,
Thomas	  R.	  Albrecht,	  HGST.

10:30 - 10:45 AM: Break 

4. 10:45	  AM:	  Media	  Fabrication	  and	  System
Integration	  of	  Bit	  Patterned	  Media
Koichi	  Wago,	  Seagate	  Technology.

5. 11:15	  AM:	  Adaptive	  Repeatable	  Runout
Following	  in	  Bit	  Patterned	  Media	  Recording
Roberto	  Horowitz,	  B.	  Shahsavari,	  O.	  Bagherieh,	  E.
Keikha,	  UC	  Berkeley.

6. 11:45	  AM:	  Nanoparticle	  Self-‐Assembly
Approaches	  to	  Bit	  Patterned	  Media
Sara	  Majetich,	  Tianlong	  Wen,	  Samuel	  D.
Oberdick,	  Ahmed	  Abdelgawad,	  Stephan	  K.
Piotrowski,	  Eric	  R.	  Evarts,	  Carnegie	  Mellon
University.
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Session F: Non HDD/Novel Recording Concepts
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1. 1:30	  PM:	  All-‐optical	  Control	  of
Ferromagnetic	  Thin	  Films	  and
Nanostructures
Eric	  E.	  Fullerton,	  C-‐H.	  Lambert,	  S.	  Mangin,	  R.
Medapalli,	  B.	  S.	  D.	  Ch.	  S.	  Varaprasad,	  Y.K.
Takahashi,	  M.	  Hehn,	  M.	  Cinchetti,	  G.	  MalinowskI,
K.	  Hono,	  Y.	  Fainman,	  M.	  Aeschlimann,	  UC	  San
Diego.

2. 2:00	  PM:	  85.9	  Gb/in2	  Recording	  Areal 
Density	  on	  Barium	  Ferrite	  Tape
Mark	  A.	  Lantz,	  Simeon	  Furrer,	  Johan	  B.	  C. 
Engelen,	  Angeliki	  PantazI,	  Hugo	  E.	  Rothuizen, 
Roy	  D.	  Cideciyan,	  Giovanni	  Cherubini,	  Walter 
Haeberle,	  Jens	  Jelitto,	  Evangelos	  Eleftheriou,	  IBM 
Research,	  Masahito	  Oyanagi,	  Yuichi	  Kurihashi, 
Takahiro	  Ishioroshi,	  Tetsuya	  Kaneko,	  Hiroyuki 
Suzuki,	  Takeshi	  Harasawa,	  Osamu	  Shimizu, 
Hiroki	  Ohtsu,	  Hitoshi	  Noguchi,	  Fuji	  Film 
Corporation.

3. 2:30	  PM:	  Phase	  Change	  Memory:	  A
Reliability	  and	  System-‐Level	  Perspective
Haralampos	  Pozidis,	  Thomas	  Mittelholzer,
Nikolaos	  Papandreou,	  Thomas	  Parnell,	  Milos
Stanisavljevic,	  IBM	  Research.

3:00 - 3:15 PM: Break 

4. 3:15	  PM:	  STT-‐MRAM:	  Past,	  Present,	  Future
Jordan	  Katine,	  HGST.

5. 3:45	  PM:	  Perspectives	  of	  Electric	  Field
Switching	  in	  Perpendicular	  MRAM
Han	  Guchang,	  Meng	  Hao,	  Sim	  Cheow	  Hin,
Vinayak	  Bharat	  Naik,	  Michael	  Tran,	  Lim	  Sze	  Ter,
Data	  Storage	  Institute	  (Singapore).

6. 4:15	  PM:	  Prospects	  for	  the	  Use	  of
Antiferromagnetism	  in	  Data	  Storage
Xavier	  Marti,	  Tomas	  Jungwirth,	  Academy	  of
Science	  (Czech	  Republic),	  Ignasi	  Fina,	  Max
Planck	  Institute	  of	  Microstructure	  Physics
(Germany),	  University	  of	  Warwick	  (UK).
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TEMPLATED TWO-PHASE GROWTH OF MAGNETIC RECORDING 
MEDIA 

Vignesh SUNDAR, Jingxi ZHU, David E. LAUGHLIN, Jian-Gang (Jimmy) ZHU

Data Storage Systems Center, Carnegie Mellon University, Pittsburgh, USA 

I. INTRODUCTION 

Current perpendicular magnetic recording (PMR) media consists of a magnetic thin film with a 
granular microstructure, with CoCrPt-alloy grains surrounded by amorphous oxide grain boundaries[1]. In 
order to further extend data storage capacities, further reduction in grain size is essential. At low grain sizes, 
control of grain size distribution becomes critical since smaller grains suffer high probability of thermal 
switching. Another aspect of importance is the minimization of grain boundary thickness distribution. A small 
value of grain boundary thickness results in exchange coupling between the magnetic grains and increases the 
transition noise[2]. Minimizing the grain boundary thickness distribution will aid in lowering the average grain 
boundary thickness with retention of high SNR. In this paper, we present a technique to better control the 
magnetic media microstructure particularly with respect to minimizing grain size and grain boundary thickness 
distributions using a prefabricated template for the guided two-phase growth of magnetic media. 

II. APPROACH AND PROCESS FLOW

The template consists of a dome-morphology patterned into a Platinum (Pt) template layer. A self-
assembling block copolymer poly (styrene-b-dimethyl siloxane) (PS-b-PDMS) (13.8 kg mol-1, fPDMS = 0.16, 
PDI = 1.14) is used to fabricate a uniform hexagonal array of PDMS spheres in a polystyrene matrix[3]. The 
pattern is transferred into a carbon hard mask using Reactive Ion Etching, and subsequently, the dome-
morphology is patterned into the Pt layer using ion-milling. Pt is found to be an appropriate template layer due 
to its resistance to oxidation. Further, Pt can be fabricated with the face-centered cubic (111) fiber texture, 
which has close lattice matching with the (0002) planes of Ruthenium, which is typically used as the 
underlayer for PMR media. A thin layer of Ru is then sputtered onto the Pt domes, followed by CoPt-SiO2
magnetic media[4] (see Figure 1). 

III. RESULTS AND DISCUSSION

When magnetic media (CoPt-SiO2) is sputtered onto the template, the CoPt grows on the domes, while 
the SiO2 grows in the trenches. This is confirmed by cross-section elemental mapping using Energy Dispersive 
X-Ray Spectroscopy shown in Figure 2, which was recorded using an FEI Titan 80-300 Transmission Electron 
Microscope. In the High Angle Annular Dark Field image (see Figure 2), the contrast is due to the atomic 
number or ‘Z’. Pt, which has the highest atomic number among the materials in the cross-section thus appears 
the brightest, while SiO2 appears the darkest. From the corresponding maps for Pt, Ru and Co, we can see that 
the CoPt grain grows on top of the fabricated Pt dome. The plane-view TEM micrograph (Figure 3) shows the 
‘dark’ CoPt grain surrounded by the ‘light’ amorphous oxide boundaries. The grain size of approximately 16 
nm corresponds to the block copolymer pitch, resulting in uniform media grain size with a distribution of 
approximately 11%. Figure 4 compares the out-of-plane magnetic hysteresis loops of the templated and 
reference media. For the reference media, the block copolymer processing and dome-morphology fabrication 
are not performed, and so the CoPt grains are exchange coupled, as indicated by the low coercivity and drop in 
magnetization as soon as the nucleation field is reached. On the other hand, for the templated sample, the 
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Figure 2: STEM-HAADF and elemental 
maps of a single templated media grain

magnetization drop is gradual as the grains are decoupled, and a high coercivity of approximately 5 kOe is 
obtained. The nucleation field is positive however, and we are still investigating probable causes for the 
same[4].  

We have thus been able to demonstrate the guided two-phase growth of CoPt-SiO2 magnetic media 
using a prefabricated template, resulting in a uniform microstructure with low grain size distribution. 
Application of this technique for PMR media fabrication requires further reduction in the pattern pitch to sub-
10 nm, which may be accomplished with further work on block copolymers or other self-assembling materials 
such as nanoparticles. 

[1] S. N. Piramanayagam and T. C. Chong, Developments in data storage: Materials perspective. Wiley, 2012. 

[2] V. Sokalski, D. E. Laughlin, and J.-G. Zhu, “Experimental modeling of intergranular exchange coupling for 
perpendicular thin film media,” Appl. Phys. Lett., vol. 95, no. 10, p. 102507, 2009. 

[3] C. A. Ross, Y. S. Jung, V. P. Chuang, F. Ilievski, J. K. W. Yang, I. Bita, E. L. Thomas, H. I. Smith, K. K. 
Berggren, G. J. Vancso, and J. Y. Cheng, “Si-containing block copolymers for self-assembled 
nanolithography,” J. Vac. Sci. Technol. B Microelectron. Nanom. Struct., vol. 26, no. 6, p. 2489, 2008. 

[4] V. Sundar, J. Zhu, D. E. Laughlin, and J.-G. J. Zhu, “Novel scheme for producing nanoscale uniform grains 
based on templated two-phase growth,” Nano Lett., vol. 14, no. 3, pp. 1609–13, Mar. 2014.  

Figure 1: Approach for templated magnetic media growth 

Figure 3: Plane-view TEM 
micrograph of templated media Figure 4: Out-of-plane magnetic 

hysteresis loops of templated and 
'un'templated media 
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SEARCHING, FABRICATING AND CHARACTERIZING MAGNETIC 
MATERIALS WITH GIANT SATURATION MAGNETIZATION  

Jian-Ping Wang, Xiaowei Zhang, Aminul Md Mehedi, Yanfeng Jiang 
Electrical and Computer Engineering Department, USA 

Valeria Lauter and Lawrence Allard 
Oak Ridge National Laboratory, USA 

I. INTRODUCTION 

    FeCo alloy has been used in magnetic writer in hard disk drives for many years. Its highest saturation 
magnetization value was predicted based on the Slater-Pauling curve and limited around 2.45 T. Searching for 
new materials with saturation magnetization beyond FeCo alloy has been a Holy Grail for magnetic materials 
research community for decades. α˝-Fe16N2 phase was first discovered by Jack [1], but its magnetic properties 
remained unexplored until 1972 when Kim and Takahashi [2] reported a higher saturation magnetization in 
FeN films. This report has inspired many groups all over the world to explore this material by using different 
preparation methods. The reported experimental results were inconsistent [3,4] and even controversial. No 
conclusions were made after two MMM symposium on this topic in 1994 and 1996. Basically researchers 
largely dropped this topic since 2000. At 2011 The Magnetic Recording Conference (TMRC), we reported a 
systematic study to synthesize partially ordered Fe16N2 thin films with giant saturation magnetization and the 
support of a proposed cluster+atom model and fundamental experiment evidence of partially localized 3d 
electrons [5].  
   However, there are still several challenges for the applications of this material: 1) how to grow this 
material on non magnetic and more practical underlayer and seedlayer; 2) what is the limit of its thermal 
stability and how to improve; 3) how to determine the saturation magnetization accurately or even without 
knowing the volume; 4) how to use this material for magnetic writer since it has a relatively large anisotropy 
thus coercivity;  
    This paper will report our recent effort to address these challenges. 

II. EXPERIMENTAL DETAILS

Fe16N2 thin films with (001) texture were successfully grown on both Ag and Fe under layers using facing 
target sputtering (FTS) system. Both MgO and GaAs substrates were used for the experiment. Fe16N2 phase is 
formed after post annealing in vacuum at 150°C for 17 hours. An exchanged coupled and graded FeN film 
structure was developed by post-annealing over-doped FeN (Fe:N<1:8) to achieve a lower coercivity.  

High saturation magnetization (Ms) of Fe16N2 thin films was confirmed by polarized neutron reflectivity 
(PNR) measurement, which directly and accurately measures its Ms without the evaluation of the sample 
volume. Bulk samples with α˝-Fe16N2 phase were prepared by a cold crucible method. The saturation 
magnetization value of the α˝-Fe16N2 phase was found up to 2.8 T. Furthermore, a new doping element has 
been discovered to lower its magnetocrystalline anisotropy while still maintaining a high Ms.  

III. RESULTS

Fig 1(a) shows XRD spectra of partially ordered Fe16N2 thin films on MgO substrate at RT and 200 oC. Fig 
1(b) shows the VSM loops of partially ordered Fe16N2 thin films on MgO substrate at RT and 200 oC (with 
volume ratio and 4πMs). This thermal stability study has been carried using an X-ray diffraction (XRD) with 
an in-situ heating stage. It is clearly shown that Fe16N2 phase could be stable at least up to 200 oC. 220 oC was 
also achieved in other experiment. Fig 2 (a, b) shows PNR measurement of Fe16N2 film on MgO substrate. Fig 
2 (c,d) shows PNR measurement of partially ordered Fe16N2 films on GaAs substrate. It indicates clearly the 
high Ms up to 3.0 T near the substrate layer for the sample grown on MgO substrate. The high Ms that 
associates with this layer is also a result of the strain effect from the substrate.  

Fe16N2 bulk samples with a new doping element were prepared by a cold crucible method. The best sample 
shows 60±5% volume percentage of martensite phase based on XRD spectra. The magnetic anisotropy of this 
sample was measured to be 5×105 erg/cm3, much less than the anisotropy of pure Fe16N2. The saturation 
magnetization of 253 emu/g with a coercivity of 10 Oe was obtained.  

REFERENCES 

1) K.H. Jack: Proc. R. Soc., 1951, vol. A208, pp. 216-23.
2) T.K. Kim and M. Takahashi, Appl. Phys. Lett. 20, 492 (1972)
3) Y. Sugita, et al, J. Appl. Phys. 76, 6637 (1994)
4) M. Takahashi, et al, J. Appl. Phys. 79, 5564 (1996)
5) J. P. Wang, et al, IEEE Transactions on Magnetics, vol.48, 5, 2012, pp.1710-1717
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Fig 1(a) XRD of FeN on MgO substrate in RT and 200C; Fig 1(b) VSM loop of RT and 200 oC (with volume 
ratio and 4πMs) 
 
 

 
 
Fig 2 PNR measurement of FeN on MgO (a,b) and GaAs(c,d) substrate, respectively   
 

(a) (b) 

(c) (d) 

18



A3       

 
Huan Tang 
47010 Kato Road 
Fremont, CA 94538 
USA 
huan.tang@seagate.com 
Tel: +1-510-624-3546 
 

CORROSION GROWTH KINETICS OF PERPENDICULAR MAGNETIC 
RECORDING MEDIA 

 
Huan Tang 

Seagate Technology, Fremont, CA, USA, huan.tang@seagate.com 
 

 
I. INTRODUCTION 

Media corrosion is an important reliability failure mode in the operation of hard disk drives (HDD’s). This 
failure mode is manifested in the form of corrupt files due to data loss or, in the extreme case, outright device 
failure due to severely compromised read/write performance. The proliferation of HDD’s as the mass data 
storage device of choice in today’s digital world dictates that the HDD be the highly reliable and dependable 
device in which the world may entrust it with its data. The typical requirement is that a HDD should operate 
reliably with a failure rate of about 1% per annum.  

In today’s HDD’s, the fly height (FH) of the recording head is approaching the 1 nm regime. Such an 
ultralow FH lends the head/disk interface (HDI) ever more susceptible to media corrosion induced FH 
disturbances, which may cause reliability failures. During product development, the corrosion reliability of the 
media and the HDI is assessed by means of accelerated testing under a hot/humid condition. It is therefore 
imperative that we are able to reliably extrapolate from the accelerated testing result to long-term field 
reliability performance with respect to corrosion failure. Toward this end, a good understanding of the media 
corrosion growth kinetics is required. In practice, though, the industry has relied on the empirical knowledge of 
a so-called acceleration factor that had its origin rooted in the semiconductor industry [1]. In this work, we 
report for the first time a systematic study of the corrosion growth kinetics of Co-Cr-Pt based perpendicular 
media by employing a quartz crystal microbalance (QCM) to monitor the rate of corrosion growth. 

 
 

II. EXPERIMENTAL 

An Inficon Model 758-500-G1 QCM system and an ESPEC Model KPR-3KPW environmental chamber 
were used for this experiment. The quartz crystal sensors were coated with a full-stack perpendicular media 
without the carbon overcoat in an Intevac 200L sputter system. Three temperatures (40, 60, and 80°C) and 
three relative humidity levels (RH = 40, 60, and 80%) for a total of nine T/RH conditions were used to 
measure the amount of corrosion growth as a function of exposure time by monitoring the resonance frequency 
shift of the QCM. The T/RH condition inside the chamber was ramped to the target condition from ambient in 
one hour, kept at that condition for seven days, and ramped down to ambient in one hour.  

 

III. RESULTS AND DISCUSSIONS 

Fig. 1 shows the QCM frequency shift vs. exposure time data for the 80% and 40% RH temperature series. 
A negative shift in the QCM frequency corresponds to an increase in the mass as a result of corrosion growth. 
It can be seen that the cumulative amount of corrosion growth as a function of time takes on roughly an 
exponential form, and both the temperature and relative humidity strongly affect the rate of corrosion growth.  

To quantify the corrosion growth rate, we determined from the data the characteristic time it takes for the 
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QCM frequency shift to reach –10 Hz for each T/RH condition. For the 40°C/40%RH case, the characteristic 
time was derived from an exponential fit to the data since the maximum frequency shift at the end of the test 
reached only –7.5 Hz. The result, plotted in Fig. 2, shows that tC has an exponential dependence on 1/kT and 
the three RH series of data are parallel to one another. We find that the T and RH dependence of the corrosion 
growth rate, which underlines the corrosion growth kinetics, can be described by the Eyring model of the form 

𝑡!   ~  𝑒𝑥𝑝
𝐸!

𝑘𝑇 + 𝐵 ∙ 𝑅𝐻 , (1) 

where Ea = 0.672 eV and B = –0.0940. Interestingly, these values are reasonably close to those cited in the 
IDEMA document [1], 0.557 eV and -0.0828, respectively, even though they were derived from surface 
conductivity measurements on a completely different materials system.  
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Fig. 1:  QCM frequency shift vs. exposure time for the six different T/RH conditions as indicated. 

Fig. 2:  The characteristics time of corrosion growth as a function of 1/kT for the three RH series. The lines 
are obtained from a single fit to all of the data using the Eyring model, expressed by Eq. (1).  
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I. INTRODUCTION 

The reliability of HAMR head and the challenges of fabricating high SNR HAMR media keep pushing 
back the schedule of HAMR technology being adopted in HDD. The PMR extension becomes very important 
to give enough time for the emerging technology to be in place. With almost constant grain size or cluster size 
in PMR, increasing the track density becomes the major approach for the further growth of areal density (AD) 
because of less media SNR penalty at targeted AD. The shingled magnetic recording (SMR) was proposed to 
keep the writing capability at narrower track width. The multiple readers array proposed in TDMR is being 
implemented for the ITI cancellation and to avoid too narrow reader induced head SNR drop. 

The multiple reader technology is an effective solution of narrow track reading. Both simulation and 
experiment studies [1][2] show the off-track read capability (OTRC) improvement and the ability of 
reproducing narrower track by relatively wider reader. On the testing stand, the shingled writing is able to 
achieve up to 30% areal density gain tested by the same head and medium. The density gain is purely from the 
track density increment with a slight drop in linear density. But in the drive implementation, the areal density 
gain is very limited due to the stringent track squeeze performance under external disturbance of the drive. 
This work proposed dedicated servo technology to provide the continuous PES for improved track squeeze 
performance of the drive. 

II. DEDICATED SERVO SYSTEM

As shown in Fig. 1 and Fig. 2, a magnetic servo layer is added in between data recording layer and SUL of 
conventional PMR media. The servo layer has Hn of 3 KOe, which ensures no erasure at servo layer after 
infinite times of writing by data head. A wide writer with MWW of 1500 nm is used to write stagger DC+ and 
DC- servo patterns during media level servo writing. With the amplitude of data signal being around 4 times of 
servo signal, the baseline shift due to DC servo signals has minimal impact to data channel performance. In Fig. 
3, although the baseline shift of data signal after AC coupling in data channel looks significant, the zoom-in 
signal on top of servo transition has a gradual baseline change. 

III. RESULTS AND DISCUSSION

The PES demodulation is implemented inside pre-amplifier by DC offset amplifier and low pass filter. The 
continuous PES is sampled and averaged inside SOC over a longer duration per PES sample. The controller 
with longer delay time can achieve phase margin of 35 degree for single stage actuator and 41 degree for dual 
stage actuator, which ensures the stability of servo control loop. The tested PES noise level is below 0.01% of 
servo track pitch, which is significant lower than conventional embedded servo. The quality of PES can also be 
maintained during writing process. It is because the writing interference to reading happens at higher 
frequency due to the EMI/EMC from writing paths. It is rejected effectively by the low pass filter in PES 
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demodulation circuit. 

At increased head keeper spacing, the Hy decreases but the Hx increases for a given writer. The effective 
writing field at trailing edge is identical and the writing SNR is kept. The tested OW performance can be 
maintained as well on optimized dedicated servo media. Tested by conventional channel without special 
compensation of servo interference, the areal density gap between dedicated servo and PMR media is less than 
3%. The advanced channel and signal processing technique for the compensation of servo signal induced data 
signal shift is able to further minimize the linear density gap. With the area saving at data layer, the dedicated 
servo medium is able to break even in capacity. 

REFERENCES 
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2) G. Mathew, E. Hwang, J. Park, G. Garfunkel, D. Hu, “Capacity Advantage of Array-Reader-Based
Magnetic Recording (ARMR) for Next Generation Hard Disk Drives ”, IEEE Trans. Magn., vol. 50,
No. 3, 3300907, 2014.

Fig. 1 Head media structure of dedicated servo system   Fig. 2 Cross section TEM of media 

Fig. 3 The 100 MHz readback signal on top of staggered DC servo signal from data channel and PES channel 

22



A5

THE DYNAMICS OF MICROWAVE ASSISTED MAGNETIC RECORDING

Simon GREAVES1, Yasushi KANAI2, Takuto KATAYAMA2 and Hiroaki MURAOKA1 
1RIEC, Tohoku University, Sendai, Japan

2IEE, Niigata Institute of Technology, Kashiwazaki, Japan

I. INTRODUCTION

  Microwave assisted magnetic recording (MAMR) has the potential to increase areal recording densities by
allowing a write head to switch grains with higher uniaxial anisotropy. The MAMR effect is induced by high
frequency (HF) fields produced by the field generating layer (FGL) of  a spin torque oscillator (STO). In
isolation the STO operates effectively, but when placed close to a write head the large magnetic fields can alter
or  prevent  oscillation  of  the  FGL,  impacting  the  recording  performance.  This  work  attempts  to  evaluate
MAMR, accounting for the effect of head fields on the STO and the resulting non-optimal oscillation.

II. RESULTS

  We start with a single layer recording medium and a write head with a 40 nm wide main pole and a 40 nm
gap between the main pole and the trailing shield in which the STO can be placed. An idealised STO was
modelled at first in which the magnetisation of the 30 nm × 30 nm × 10 nm FGL was assumed to be uniform
and to rotate at a constant angular velocity. A map of the maximum grain  Hk that could be switched by the
combination of the head field and the field from the FGL at various locations under the head was calculated.
An example is shown in fig. 1 for a 50 GHz HF field with a chirality of -1; the grain centre was at (3,3). The
start position of the head was varied and a 1 ns field pulse was applied, during which time the head moved 10
nm along the down-track axis. The optimum STO frequency is that which results in a contiguous, high  Hk

region. Grains with Hk up to 40 kOe could be switched, even though the maximum effective head field near the
edge of the main pole was only 26 kOe and the maximum in-plane HF field was about 1.5 kOe.
  Fig. 2 shows the maximum grain Ku  that could be switched, measured along the centre line of the head. The
gradient  dKu/dy,  on  the  right  (trailing)  edge,  determines  the  transition  sharpness.  It  is  clear  that  MAMR
significantly enhances the effective head field gradient, provided the distribution of Ku values lies within the
bounds shown. Although it is possible to switch grains with Ku up to 16×106 erg/cm3, the field gradient applied
to such grains is poor. Analysis of DC tracks showed that such grains were also much less likely to switch.
With this in mind, a realistic prediction for the likely increase in Ku enabled by MAMR is 30-50%.
  Tracks were written with and without the HF field. Fig. 3 shows the SNR of tracks with 23 nm bits written on
single layer media with increasing average Ku. The HF field allows either Ku and/or the SNR to be increased
and the potential gain is quite significant. Note that the peaks in SNR occur when the average Ku lies in the
middle of the steep gradient region shown in fig. 2.
  In reality the STO will not have a uniform magnetisation, nor will the resultant HF field underneath it trace
out a smooth ellipse. A STO model was used to investigate the actual HF field that might be generated and the
effect of external fields, such as the head field, on the rotation of the FGL. Fig. 4 shows the result of a STO
simulation in which a uniform, 10 kOe external field was applied along the axis of current flow, perpendicular
to the FGL. When the external field reversed direction the magnetisation of the reference layer (RL) also
switched, leading to a change in the sense of rotation of the STO. However, there was a period of about 0.5 ns
during which the HF field was unstable and the frequency was not constant. The effect of this instability on the
recording performance will be investigated.

S. J. Greaves
RIEC, Tohoku University
Katahira 2-1-1
Aoba ku
Sendai - 980-8577
Tel: +81-22-217-5458
e-mail: simon@riec.tohoku.ac.jp
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Fig. 2 Maximum Ku of single layer grains that could
be switched by a head field plus a HF field. fosc = 50
GHz. Calculated along head centre line. The curve
on  the  right  indicates  the  Ku distribution  of  a
medium with an average Ku of 10×106 erg/cm3 and
a standard deviation of 17%.  indicates the sense of
rotation of the HF field.

Fig. 1 Maximum Hk of single layer grains that can
be switched by a head field plus a HF field. fosc = 50
GHz. Coordinates represent start position of head,
grain centre = (3,3).

Fig. 3 SNR vs. average recording layer Ku with and
without a HF field. Single layer medium, 23 nm bit
length.

Fig. 4 Switching of a STO FGL under an external
field. The y axis is the direction of current flow.
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I. INTRODUCTION 

Exponential increase in data volumes demands new technologies to maintain a high growth rate of magnetic 
recording density. The conventional approach to the increase of recording density is by scaling, that is reducing bit 
size through the reduction of grain size and grains per bit, which will be limited by the superparamagnetic effect that 
causes the recorded bits thermally unstable [1]. To overcome this problem, future recording media must have 
increasingly higher anisotropy energy that in turn demands stronger head fields in order to switch the magnetization 
of the magnetic grains. Eventually, conventional recording heads cannot generate the enough fields for such media 
and new configurations of magnetic recording have to be implemented to overcome this problem. Heat-Assisted 
Magnetic Recording (HAMR) and Microwave Assisted Magnetic Recording (MAMR) are the two technologies that 
were proposed to overcome the problem [2, 3]. Compared to HAMR, MAMR is greener with lower energy 
consumption, easier integration with the current recording system and possible higher writing solution if properly 
optimized [4]. Furthermore, MAMR can be easily combined with shingled magnetic recording, through which, the 
writing resolution can be even higher. Therefore MAMR could be a competitive and more green technology towards 
energy assisted recording with recording density up to 3-4 Tb/in2 [4]. The center part of MAMR is the spin torque 
oscillator (STO) for the generation of localized ac magnetic field in the microwave frequency regime of 20-30 GHz 
for assisted writing [3]. The STO needs to be placed between the main pole and the front shield in order to generate 
high enough ac magnetic field in recording media. Development of STO with low driving current and large 
operation window is one of the key enabling technologies that make MAMR work. Other than STO, development of 
recording media with high Ku, small grain size and small damping constant with optimized materials and layer 
structure is also demanded to fully utilize MAMR potential. This paper covers both STO (including design and 
fabrication) and recording media development for MAMR.   

II. STO: DESIGN AND FABRICATION

The design and materials selection of STO is governed by the LLG equation for both the field generation layer 
and the polarization layer: 

where the first term of right-hand side is the pure precessional term and the second is the damping term that makes 
the magnetic system relax to a local energy minimum and dissipates the energy during magnetization dynamics. The 
third one is the spin-torque term that balances with damping term under stable precession. For MAMR, STO is 
placed between main pole and the front shield [3] where an alternating field of ±8000-10000 Oe exists. Therefore, 
STO needs to be able to operate in an alternating head gap field of ±8000-10000 Oe with variable frequency. Fig. 1a 
shows one design with reversible reference layer [4] and negative Ku materials as the field generation layer (FGL) 
[5]. The design has very high symmetry that enables large-range stable precession of magnetization. In principle 
(with a perfect negative Ku material), the driving current can be greatly reduced as the magnetization can be at any 
place in the film plane and a very small torque can push the moment rotating in film plane due to the lack of energy 
barrier. The negative Ku needs to be as negative as possible to suppress in-plane small angle precession and to 
enable large angle out-of-plane precession with high enough frequency. The ac magnetic field generated by the FGL 
in recording media which is about 5 nm away from the FGL is about 2000 Oe, which is high enough for effective 
assisted writing. Fig. 1b and 1c show the magnetization dynamics under alternative head field for the FGL and 
reference layer, respectively. The switching process of reference layer causes unstable precession of the FGL, which 
may affect the recording process. Therefore the switching time of the reference layer should be as short as possible. 
In real recording system, the switching time of reference is better no longer than the field rising time, which is about 
0.2 ns. Studies on how to shorten the switching time shows the damping constant of the reference should be larger 
than 0.15, which is achievable by engineering the available materials.  

STO also needs to have wide enough operation/fabrication windows. If the head field is not parallel to the c-axis 
of the STO stack, the STO symmetry will be broken which causes a great increase in driving current. In a real 
system, misalignment between head field and c-axis of STO stacks always exists. To reduce the driving current 
caused by the misalignment, composite reference layers composed of in-plane and perpendicular coupled two layers 
is proposed (Fig. 2a). Without the head field, the magnetization of composite reference layer is tilted away from the 
film normal. However with the presence of head gap field, the magnetization of the composite reference layer will 
be pointed to the film normal, with which the system symmetry can be kept. There are two benefits by using 
composite reference layer. First, the magnetization switching of the reference layer is faster using composite 
reference layer. Second, the magnetization of the composite reference layer is responsive to the y-component of the 

)(
2
)()( 2

0

0
0 p

s

s

s
eff eMM

eVM
GI

dt
MdM

M
HM

dt
Md 





××+×+×−=

µ
ψγαγ

25



A6 

head gap field, through which a self-demagnetization field can be induced to partially or fully cancel the 
y-component of head field to keep the high symmetry of the STO system. The magnetization dynamics of both the 
FGL and composite reference layer under alternating head field is shown in Fig. 2b and 2c, receptively, which 
confirms a faster switching and responsiveness of composite reference layer to the y-component of head field. We 
also fabricated STO devices. Fig. 3 shows a STO device (X-sectional TEM) and typical loop of resistance versus the 
applied magnetic field. 

 

III. MAMR MEDIA DEVELOPMENT 

Using industry-grade mass production sputter tool, we optimized the deposition conditions (pressure, power, 
thickness, etc), film composition and tried different seedlayer/underlayers. We have achieved Ku of about 
1.2-1.5×107 erg/cc at composition close to Co60-70Pt30-40 (with hcp phase) which are deposited at room temperature 
and under high sputtering pressure. A hard axis magnetization curve is shown in Fig. 4d that confirms the high Hk of 
such prepared thin films with almost zero in-plane hysteresis.  The easy-axis M-H loop shows an Hc of close 
1.2-1.5 Tesla or higher (Fig 4d). Depending on the seedlayer/underlayer materials and thickness, CoPt alloy films 
can be either continuous (Fig. 4a) with quite some stacking faults or granular with well isolated magnetic grains of 
size 6-7 nm (Fig. 4b) and very few stacking faults. In-plane TEM image (Fig. 4c) also shows very good grain 
isolation and narrow grain size distribution. The detailed layer stacks, materials and processes will be discussed in 
the full presentation.   
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Fig. 1 STO with reversible reference 
layer and negative Ku materials as the 
field generation layer (FGL) (a); and 
magnetization dynamics of FGL (b) and 
reference layer (c) under alternative head 
field. 

Fig. 2 STO with composite reference layer (a); and 
magnetization dynamics of FGL (b) and composite 
reference layer (c) under alternative head field. 
.  

Fig. 3 Fabricated STO devices 
(optical images and X-sectional 
TEM image) and typical R-H curve 
showing a TMR ratio of 80%.  

Fig. 4 X-sectional TEM images of CoPt alloy films 
with difference underlayers (a) and (b); (c0 is the 
in-plane TEM image of (b); in-plane and 
perpendicular M-H curves of CoPt films (d).  
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I. INTRODUCTION 

Heat assisted magnetic recording (HAMR) has been recognized as a leading technology to increase the 
data storage density of hard disk drives[1]. Dispersions in the properties of the grains comprising the magnetic 
medium can lead to grain-to-grain Curie temperature variations, which drastically affect the jitter in the 
recorded magnetic transitions and limit the data storage density capabilities in HAMR[2]. In spite of the need 
to investigate the origin of the Curie temperature distribution (σTc) and establish means to control it, no 
approach to measure σTc has been reported. This should not be confused with known methods to measure the 
Blocking temperature distribution. 

Here we present a method to measure the switching temperature distribution of an ensemble of 
exchange-decoupled grains with perpendicular anisotropy subject to nanosecond heating pulses of varying 
intensity. The short heat exposure time ensures that the grains switch by reaching the Curie temperature rather 
than by thermal activation. The switching temperature distribution can be directly interpreted as representing 
σTc (Fig. 1). 

II. RESULTS

We apply this measurement routine to a series of two FePt HAMR media samples in which the temperature 
and process pressure during deposition were systematically varied. These variations are correlated to changes 
in degree of L10 ordering and relative Fe:Pt composition in the grains, respectively. Measurements of σTc 
reveal a sizeable dependence on ordering and composition, which we interpret in the context of 
thermodynamic drive for A1 (disordered fcc, lower Tc) to L10 (ordered fct, higher Tc) phase transformation. 
The phase transformation temperature is minimized at equiatomic Fe:Pt composition, and thus the driving 
force for grains to transform to the ordered phase is enhanced[3],  leading to a reduction in grain-to-grain 
ordering variations and in turn a lower σTc (Fig. 2). Besides the ability to measure σTc, which is of importance 
to engineer suitable HAMR media capable of high density magnetic recording, the presented technique can be 
applied to studies on the competition between Zeeman energy and thermal fluctuations that affect the 
switching probability upon cooling from Tc. 

REFERENCES 

1) D. Weller, O. Mosendz, G. Parker, S. Pisana, and T. Santos, “L10 FePtX–Y media for heat-assisted
magnetic recording”, Phys. Status Solidi A 210, 1245 (2013).
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3) B.Wang and K. Barmak, “Re-evaluation of the impact of ternary additions of Ni and Cu on the A1 to
L10 transformation in FePt films” J. App. Phys. 109, 123916 (2011).
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Fig 1 – (left) Models of grain switching temperature as function of characteristic measurement time. As the 
measurement time reduces, the Blocking temperature reaches the Curie temperature. (right) Example of a 
measured switching temperature distribution. The number of switched grains is measured by Kerr rotation, and 
the grain temperature is linearly proportional to the pump pulse energy. The schematics represent the grain 
magnetization direction as the temperature is increased. The inset shows a M-H magnetization curve measured 
by Kerr rotation where for each field value a pump pulse of saturating energy was applied. 
 

 
Fig. 2 – (left) Coercivity (Hc) and (right) relative Curie temperature distribution are plotted as function of 
deposition temperature. Here, σTc = σLaser[(Tc-Tamb)/Tc] ~ σLaserX0.6, where Tamb is the ambient temperature. 
The inset shows the switching probability measurements for two samples. 
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SNR IMPACT OF GRAIN BOUNDARY THICKNESS VARIATION IN HAMR 
MEDIA 
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I. INTRODUCTION 
Heat assisted magnetic recording (HAMR) is one of the potential candidates for future hard disk drives 

(HDD). However, relatively high transition noise has been one of the key factors limiting signal-to-noise 
ratio, hence linear density capability. Although possible grain-to-grain Curie temperature variation has 
been suggested as a potential mechanism responsible for the observed signal-to-noise ratio (SNR) 
performance [1], some other variations in medium microstructures could be equally important if they are 
likely to cause grain-to-grain temperature variation during recording process [2]. In this paper, we present 
a systematic micromagnetic analysis on SNR impact due to grain boundary variations in HAMR media. In 
particular, we focus on the lateral thermal conductivity variation caused by grain boundary thickness 
variation. Considering a HAMR medium with a given thermal conductivity in the perpendicular direction, 
increasing lateral thermal conductivity in the magnetic layer will yield a spatially broader thermal profile 
with a lower peak temperature. A recent experimental study aiming at FePt-C granular HAMR media 
suggests that thermal resistance from carbon grain boundaries arises both from FePt-C interfaces and 
carbon thickness with comparable contribution [3]. The obtained quantitative dependence of lateral 
thermal conductivity on grain boundary thickness is used in the modeling study presented here. 

II. MODEL, RESULTS AND DISCUSSION 
Recording thermal profile is modeled using COMSOL software assuming in-plane homogeneous FePt 

medium assuming an idealized NFT. The perpendicular thermal conductance through MgO underlayer is 
assumed to be kp = 5 W/(moK). The lateral thermal conductivity of the magnetic layer is assumed to be 
kL=1.0 W/(moK). Figure 1 shows the calculated down track thermal profile at the center of the track, which 
is used in recording simulation assuming uniform across track width. Also shown in the figure is the partial 
derivative of the thermal profile with respect to lateral thermal conductivity. For a grain in a Voronoi 
granular medium for recording simulation shown in Fig. 2,  
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Where t0 = 1nm is the mean grain boundary thickness assumed in this study and it  is the grain boundary 
thickness of the i-th grain, which varies from grain to grain assumed here. Lk is the lateral thermal 
conductivity with grain boundary thickness at t0 = 1nm.  

Figure 1 shows the thermal profile used for the recording simulation along with Eq. (1). Vornoni granular 
patterns were generated with grain boundary (GB) thickness following a lognormal distribution with mean 
GB thickness at t0 = 1nm, as shown in Fig. 2. Recording simulation of all “1”s pattern at a linear density of 
1.7MFCI is performed for a series of different recording field magnitudes. Figure 3 plots the obtained SNR 
as a function of recording field amplitude and the media have a mean grain pitch of GP=7nm with a 
standard deviation of 25% in grain size distribution. Grain boundary thickness variation yields reduction of 
SNR at all fields, due to the resulting temperature fluctuation of the grains, especially where transition 
forms. Figure 4 clearly shows that with the variation of grain boundary thickness, transition boundaries 
clearly become more jagged comparing to the case in which the grain boundary thickness is virtually 
uniform. Figure 5 shows the obtained SNR as a function of the standard deviation of GB thickness 
variation. A standard deviation of 100% for GB thickness would causes more than 4dB reduction in SNR, 
equivalent to the SNR reduction solely caused by Curie temperature variation with 6% standard deviation.   
___________________________________ 
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Like the noise arising from Curie temperature variation, the noise caused by GB thickness variation is 
dominated by transition jitter, as shown in Fig. 6. 
 
Reference: 
[1]  S. Pisana, et al, “Measurement of the Curie temperature distribution in FePt granular magnetic media,” Appl. Phys. 

Lett., 104, 162407 (2014). 
[2] J.-G. Zhu & H. Li, “SNR impact of grain-to-grain heating variation in HAMR,” J. of Appl. Phys., 115, 17B747 (2014) 
[3]  H. Ho, et al, “Experimental estimates of in-plane thermal conductivity in FePt-C granular thin film heat assisted 

magnetic recording media using a model layered system,” Appl. Phys. Lett., 103, 131907 (2013) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

Fig. 2. SNR as a function of FGL position relative to 
the trailing edge of the write pole. Grain pitch is 6nm.  

 

 

 

 

 
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. 

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. 

  

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

Only in Heat Assisted Magnetic Recording (HAMR) systems data is written on a spot of a disk that is 
pre-heated to near the Curie temperature of the magnetic media. Since in modern drives the separation between 
the disk and the flying slider is reduced to a few nanometers, the design and functionality of HAMR drives 
relies on the understanding of heat exchange between material bodies separated by a nano-scale gap. There are 
three major mechanisms of heat transport across the nanoscale gap in HAMR: heat conduction through the 
air-bearing, thermal radiation of electromagnetic waves, and tunneling of waves of lattice vibrations (of 
phonons) across the gap. Since the last two mechanisms are based on wave propagation phenomena, they can 
be studied by a unified method, which is discussed here. 

II. THE PROPOSED METHOD

To analyze heat transport across a gap by waves of any kind with the wavelength comparable to or 
exceeding the width of the gap it is necessary to apply an extension of Planck's spectrum of thermal radiation 
from equilibrium systems to systems with a steady heat flux [1,2].  

It is shown in [1] that if there is a non-vanishing net heat flux Q ≠ 0 between half-spaces A={x<0} and 
B={x>H}, then the heat radiations from A and B are not isotropic but depend on the angle between the 
direction of radiation and the x-axis, that is normal to the surfaces. Thus, if Q<<1 and TA is the temperature in 
A, then in A the thermally excited waves of single polarization with the incident angle θ have the power 
spectrum 

where c is the effective phase velocity in the half-spaces, D(ω)=ω2⁄ 2π2c3 is the density of states of fields of 
one polarization, , and EA is the energy density of thermally excited electromagnetic 
waves of all polarizations, frequencies and directions. 

To calculate the heat transfer coefficient we first assume that the temperature TA the net flux Q are known 
and compute the heat flux from A to B by the formula 

where R(ω,H,θ) is the reflection coefficient of the wave with the incident angle θ, [3]. Next, we assume that TB 
and Q are known and get a similar formula for the heat flux QB->A(TB, Q) from B to A. As a result, we get the 
equation  

31



B3 

which connects the temperatures TA and TB with the heat flux Q. Solving this equation for one of these 
parameters, for Q for example, we get the heat transport coefficient K=Q/( TB - TA). 

 

III. CONCLUSION 

The results of computation of the heat transport coefficient K(H) due to thermal radiation are presented in 
Fig.1. They not only agree with results from [4], but also naturally explain the asymptotes of K(H) at two 
limits H->0 and H->∞ without appealing to any specific mechanisms of energy transfer. 

The proposed method is based on the extension of the Planck's laws of thermal radiation to systems with a 
steady heat flux and on the observation that the thermally excited electromagnetic field in the matter should be 
described in terms of the dielectric functions with a vanishing imaginary part. The proposed method is 
versatile and admits applications to other similar problems, such as the radiative heat transport and/or 
conductance by phonons across a layered structure between half-spaces of different materials. In the paper we 
present more details for both radiation and phonon tunneling and indicate how they can be applied to estimate 
the back heating from the heated disk to the near field transducer (NFT) of a HAMR system. 
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Fig. 1. Heat transport coefficient K(H) of the vacuum gap of the width H.  In [4] it is reported that K(H) 
at H = 30 nm and at H has the values K = 2230 W/m^2/K and K = 3.8 W/m^2/K, respectively. The values 
of K(H) at H = 80 nm and H = 200 nm are read from [4, Fig.4]  
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I. INTRODUCTION 

Thermally assisted magnetic recording (TAMR) has been studied and developed to achieve ultrahigh magnetic 
recording densities. However, the use of ultrathin liquid lubricant films and diamond-like carbon (DLC) overcoat 
films on the disk surface in TAMR leads to a critical problem with regard to the head–disk interface (HDI). 
Currently, active research is being conducted on using helium in hard disk drives (HDDs) in order to reduce 
air-induced structural vibrations, windage loss, and temperature rise. It has been suggested that TAMR technology 
could be put to practical use in the helium environment of these HDDs. In this study, we investigated the depletion 
of a thin lubricant film subjected to laser heating in an inert gas environment, and we elucidated the fundamental 
characteristics and mechanisms related to lubricant depletion in air and inert gas environments. In addition, 
fundamental experimental studies were conducted to understand the structural stability or degradation of DLC thin 
films subjected to laser heating in an inert gas environment, as compared to that in an air environment. The 
degradation and its mechanisms were investigated using Raman spectroscopy. The reliability issues of the HDI for 
TAMR in an inert gas environment were considered and discussed based on the results of both experiments. 

II. EXPERIMENTAL

The disks used in this study were 2.5 inch disks, with a 3 nm carbon overcoat for the lubricant depletion study. 
The disks were coated with Ztetraol2000 lubricant. An experimental spin stand with an environmentally controlled 
chamber was used, as shown in Fig. 1. The laser wavelength and the diameter of the laser spot were 830 nm and 
74.5 µm, respectively. The lubricant depletion depth due to laser heating of the rotating disks (500 rpm) was 
evaluated by OSA, varying the laser irradiation duration and the laser power. 2.5-inch test disks with diamond-like 
carbon (DLC) thin films applied by chemical vapor deposition (CVD) on conventional disks were also used for the 
DLC degradation study. The film thickness was 1.8 nm. Fig. 2 shows the experimental setup based on a HORIBA 
XproRA Raman microscope with a similar environmentally controlled chamber. The test DLC thin films were 
heated using a 523 nm laser equipped with a Raman microscope, varying the laser irradiation duration and 
controlling the intensity of the laser using a neutral density filter. After laser heating, the structural changes were 
measured by Raman microscopy. Both tests were conducted in nitrogen gas and air environments. 

III. RESULTS AND DISCUSSIONS

(a) Lubricant depletion characteristics in an inert gas environment 
In this study, we estimated the temperature increase due to laser heating using a previously developed concept 

[1]. The basic procedure was as follows: first, we monitored the lubricant depletion depth of the disk substrate by 
varying the laser irradiation duration and the laser power. We then determined the relationship between the laser 
power and the lubricant depletion depth at a specific laser irradiation duration. Simultaneously, the test disk was also 
heated by a conventional oven at 300 °C, and the lubricant depletion depth was measured by varying the heating 
duration. We could obtain the same lubricant depletion depth for laser and oven heating at a specific heating 
duration. Then, the temperature increase due to laser heating was evaluated by calibrating both sets of experimental 
results. Fig. 3 shows the relationship between the lubricant depletion depth and the temperature due to laser heating, 
estimated using the above procedures in nitrogen gas and air environments. It can be seen that the lubricant 

Norio TAGAWA 
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fax: +81-6-6388-8785  
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depletion depth was almost independent of the gas environment when the temperature was less than 350 °C, whereas 
the lubricant depletion depth in an air environment was greater than that in a nitrogen gas environment when the 
temperature was greater than 350 °C. This may be because the lubricant depletion mechanisms were caused by 
evaporation and desorption when the heating temperature was less than 350 °C. These mechanisms are suggested to 
be independent of the environmental conditions. However, when the heating temperature was higher than 
approximately 350 °C, the lubricant depletion mechanism was dominantly caused by oxidative lubricant 
decomposition, which was dependent on the environmental conditions, and was less active in a nitrogen 
environment.  
(b) Carbon overcoat degradation characteristics in an inert gas environment 

First, we estimated the temperature increase due to laser heating in the experimental setup. The procedure was 
very similar to that described above, and was based on a comparison of the changes in I(D)/I(G) of the disk 
substrates between the laser heating and the disk heating by an oven. Figs. 4–5 show the changes in I(G) and I(D) 
due to laser heating. The estimated temperature was 600–700 °C. In an air environment, when the laser irradiation 
duration was 5 s, I(G) remained nearly constant, whereas I(D) increased. When the laser irradiation duration was 
10–20 s, I(G) tended to decrease greatly, whereas I(D) tended to decrease only slightly, remaining nearly constant. 
When the laser irradiation duration was more than 40 s, I(G) tended to decrease more, and I(D) decreased 
significantly. In other words, graphitization of the DLC thin film might have occurred with a short laser irradiation 
duration, such as 5 s. As the laser irradiation duration increased to values such as 10–20 s, graphitization as well as 
oxidation might have occurred, and oxidation might have been dominant. In a nitrogen environment, I(G) and I(D) 
increased slightly during the entire laser irradiation duration. Therefore, only graphitization of the DLC thin film 
might have occurred in the nitrogen environment. Furthermore, the Raman results related to I(G) and I(D) were very 
similar between the air and nitrogen environments for short laser irradiation durations such as 5 s. Therefore, the 
effect of the ambient environment on the graphitization of the DLC thin film might not have been significant. These 
experimental results suggest that the degradation of DLC thin films by oxidation due to laser heating in TAMR 
would be significantly less in an inert gas environment than in an air environment. Therefore, the lubricant depletion 
is suggested to be more critical for the reliability issues of the HDI for TAMR in an inert gas environment, 
compared to the DLC degradation. 
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Fig.1 Experimental spin stand for 
lubricant depletion study 
 

Fig.2 Experimental setup for the DLC 
degradation study 
 

Fig.3 Lubricant depletion characteristics due 
to laser heating in an inert and air 
environment 
  

Fig.4 Change in I(G) with laser irradiation duration 
 

Fig.5 Change in I(D) with laser irradiation duration 
 

Fig.3 Lubricant depletion characteristics due 
to laser heating in an inert and air 
environment 
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I. INTRODUCTION 

Heat Assisted Magnetic Recording (HAMR) is on track to replace perpendicular magnetic recording (PMR) as 
the dominant recording technology later this decade.  In a HAMR system the media is heated during the recording 
process to magnetically soften the media.  This allows for the use of high anisotropy materials like FePt to be used 
in the recording medium which in turn enables higher areal densities.  At the expected areal densities where 
HAMR will be introduced, tracks less than 100 nm will be required.  It is not possible to focus light, even in the 
near field, to spots much smaller than 100 nm using light from commercially available laser diodes.  Therefore, a 
near field transducer (NFT) is required to confine the light beyond the diffraction limit.  Current NFT designs are 
inefficient with efficiencies often much less than 10%.  Because of these inefficiencies, the NFT tends to get very 
hot during the recording process and this elevated temperature negatively impacts the reliability of the NFT.  In a 
traditional HAMR system the laser is on, and held at a constant value, during the writing of an entire sector.  This 
continuous wave (CW) mode of operation means that during each bit cell the heating of the medium is the same.  
Recently Wang et al proposed that if the laser is pulsed during the recording process the temperature of the head can 
be reduced1.  Because the media typically is very fast, and heats up in 100s of picoseconds, while the heating and 
the cooling of the head is much slower, the NFT does not get as hot when a pulsed architecture is used as compared 
to CW recording.  In other words, the media sees the instantaneous power of the laser while the head responds to 
the average power.  In this paper we show spin stand and drive data which suggests that there is no performance 
penalty associated with the pulsed HAMR recording process up to the bandwidth of our laser.  

II. EXPERIMENTAL DETAILS 

   Both the spin stand and drive utilized the same pulsed architecture, namely, the timing and shape of the laser 
pulses are controlled by the channel and preamp ASICs.  Unless otherwise noted, experiments were typically 
carried out at 10500 RPM around a 1 inch test radius.  Data rates varied, but typical test data included in this paper 
were between 800 MBPS and 1.4 GBPS.  The system was first optimized using CW HAMR to benchmark 
performance and then re-optimized using pulsed HAMR.  It is very important that the laser pulses (laser channel) 
are aligned with the magnetic data (magnetic channel) at the recording medium for the proper optimization of 
precompensation.  In a pulsed HAMR system precompensation is done by adjusting the timing of the laser pulses 
within the bit cell.  For example, if we want to delay the transition which occurs after writing a 001 pattern, we 
need to delay the pulse in the bit cell which occurs after the writing of the bit cell which contains the “1”.  If the 
two channels are misaligned by 5 bit cells for example, it is impossible to do any precompensation.  This means 
that both the laser channel and the magnetic data channel both need to be aligned and writing the same bit cell at the 
same time at the medium.  This is different from the relative alignment between the magnetic and optical channels 
for the entire data pattern which also needs to be aligned as discussed in the results section.  

III. RESULTS 

Figure 1 shows how the relative alignment between the magnetic and optical channels impact the BER.  The 
data is in agreement with the modeling predictions of Wang1 and shows a strong dependence of this alignment on 
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BER.  This data was taken at 1000 kFCI with the abscissa in units of channel clock/8.  The scan was made over 
two full bit cells.  The precise phase difference between the magnetic and optical channels is not known but based 
on the modeling results from Wang, we suspect that the BER performance is worse when the magnetic writer is 
switching when the laser is on (relative phase of 0 and 8/T).  From the figure it is apparent just how important it is 
to properly align the magnetic and optical channels. 

Figure 2 shows the difference between CW HAMR and Pulsed HAMR footprints taken in a HAMR drive.  The 
drive foot print is obtained by scanning the reader in the cross track direction and creating a 2D image from the 
down track signal at each cross track position.  Each cross track position was triggered using the servo index in the 
drive.  In this example, the data rate was very low and the individual pulses can clearly be seen in the pulsed 
recording footprint image.  At higher data rates better overlap of the pulses is possible and the modulation in the 
track width cannot be as easily observed.  

IV. Conclusion 

In this paper we demonstrated pulsed HAMR recording on the spin stand and in a drive.  In order for pulsed 
systems to perform as well as CW systems the magnetic and optical channels need to be properly aligned and the 
data rate has to be sufficiently high enough to get good overlap for the individual pulses. 

REFERENCES 

1) Y. Wang, T. Maletzky, E.X. Jin, D. Zhou, J. Smyth, and M. Dovdk, IEEE Trans Magn. vol. 49, pp 686-692, 
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Fig. 1 Relative phase alignment between the magnetic writer current and laser current signals in a pulsed HAMR 

system. 
 
 
 
 
 
 
  
 
 
             

 
Figure 2. HAMR drive foot printing.  The upper image shows long marks in a CW HAMR system and the bottom 
plot shows pulsed HAMR.  The individual pulses can easily be seen in the pulsed HAMR foot prints indicating 
that the data rate is too low for this spot size. 
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I. INTRODUCTION 

Signal-to-noise ratio (SNR) is one of the most common metrics used to characterize a recording system. 
SNR is typically quantified using the analog signal at the output of the preamplifier stage as seen in Fig. 1. In 
order to partially emulate the signal processing functions of the read channel, some have reported on 
calculating equalized SNR (SNREQ) after equalizing the over-sampled analog read signal to a specific target, or 
after noise-whitening [1, 2].  

Equalization by post-processing captured preamplifier signals generally leads to improved correlation 
between SNREQ and channel metrics, such as bit error rate (BER). However, equalization is only one of several 
functions employed by the channel to process the read-path samples to improve the performance of the 
detector. When using the scope-captured analog read signal to compute SNREQ, non-linear distortion 
corrections such as NLTS (non-linear-transition shift), PE (partial erasure), asymmetry correction are not easily 
or accurately applied. Finally, to compute SNREQ from the analog read signal, the signal must be equalized to 
some assumed target and/or spectral response. On the other hand, the channel hardware equalizes to an 
empirically determined target to minimize BER. Additionally, non-linear distortion impairments such as 
asymmetry or NLTS are minimized during hardware optimization. It is clear the ability to measure assorted 
SNR and distortion metrics from samples that have been empirically optimized and equalized by the channel 
hardware is highly desirable.  

Fig. 1 Block diagram of the recording system read path. The dashed box denotes the read channel. 

II. EQUALIZED CHANNEL SAMPLE MEASUREMENT

In this work, we measured SNREQ using the digitized and equalized FIR (finite impulse response) samples 
extracted from the hardware channel. Using both PMR (perpendicular magnetic recording) and HAMR (heat 
assisted magnetic recording) components the channel was optimized at various linear recording densities based 
on best un-encoded raw BER. Optimized channel parameters included write current pre-compensation, 
asymmetry correction, cutoff and boost, and FIR tap coefficients. After channel optimization, 127-bit or 
511-bit long PRBS (pseudo-random bit sequence) data patterns were written to the media. Equalized samples 
were captured synchronously at the channel clock rate, from which electronic and media noise were extracted. 
Linear distortion was defined to be the difference between the ideal and measured noise-free samples. 
Non-linear distortion was quantified from select non-linear echoes in the extracted di-bit response.  

Michael Alex 
Email: michael.alex@wdc.com 
Tel: +1 (510) 857-7180 
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III. EXPERIMENTAL RESULTS 

In Fig. 2(a) we show the change in the relative noise and distortion power fraction vs. linear density for 
both HAMR and PMR components. At each density the channel was re-optimized. The optimum channel 
target was determined from high density BER optimization, and held fixed at all other densities. For both types 
of components, the recording density was increased until the raw (log) BER increased to ~ -1.2. It is interesting 
to see that at both low and high densities, the noise and distortion weights for HAMR and PMR are 
approximately the same. At low density, the contributions of media noise, electronic noise, and distortion to 
total noise and distortion power are ~70%, ~9%, and ~21% of total respectively, while at high density, media 
noise, electronic noise, and distortion power are ~46%, ~13%, and ~41% of total respectively for both HAMR 
and PMR.  

For HAMR, the distortion increases relatively rapidly with density compared to PMR as seen in Fig. 2(a). 
In order to determine if this increase was due to an increase in linear or non-linear distortion, in Fig. 2(b) we 
see the extracted di-bit at 1600 kfci for HAMR. Also shown in this figure are the ideal target values. The 
mismatch between the ideal target and actual sample values is obvious. We see the measured di-bit is wider 
than the target; due to equalization loss (degradation in BER), the FIR couldn’t boost the high frequencies 
sufficiently to minimize this distortion. We found for both PMR and HAMR, total distortion is dominated by 
linear distortion. This makes sense given that channel optimization reduces the effects of non-linear distortions 
such as asymmetry and NLTS. For both HAMR and PMR, linear density capability appears to be limited by 
media jitter and equalization loss.  

In the presentation, we will discuss more details of using equalized channel samples to characterize SNR 
and distortion in HAMR and PMR recording.   

 

      
     (a)        (b)                

Fig. 2 (a) Distortion, media, and electronic noise power (as a percentage of total), for HAMR (red symbols) 
and PMR (blue symbols) components as a function of linear density. (b) Di-bit extracted from equalized PRBS 

samples for HAMR components recorded at a linear density of 1600 kfci. 
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I. INTRODUCTION 
As a candidate for magnetic recording beyond 1Tb/in2, HAMR has attracted extensive interest and provoked 
widespread studies. In this work, we explore the important recording limits to heat assisted recording on Bit 
Patterned Media (BPM) owing to adjacent track erasure, and the role of composite structures in allowing 
transition jitter to approach the grain size limit for very small grained media. However, we begin by 
demonstrating the accuracy of our recording model using renormalized media [1]. As shown in Fig. 1, we find 
that transition jitter increases only slightly as the magnon cutoff wavelength (grid size) decreases from 1.5 nm 
to 1.0 nm. This strongly suggests that the larger length scale already includes the physically important 
fluctuations that disrupt recording. We also show that anisotropic exchange, while undoubtedly present in FePt 
media, only slightly affects the recording behavior. 

II. RESULTS AND CONCLUSIONS

To reach 4 Tb/in2 areal density, the FePt grain pitch must approach 3 nm (assuming 20 grains per bit). Here we 
discuss several attempts to deal with the thermal writability issues inherent to recording 3-nm grains without 
sacrificing anisotropy field gradient. One strategy for HAMR medium design is to use a heat-induced phase 
change composite medium, such as FeRh/FePt [2]. The challenge of FeRh/FePt media will be the difficulties in 
controlling the stoichiometry of FeRh alloys, and fabricating ultra-thin FeRh layers with bulk-like AFM-FM 
transition. Alternatively, using Cr (or Cr-alloys) as an intermediate layer that can control the exchange 
coupling between soft and hard layers by a change in temperature is proposed. In Fig. 2, we demonstrate 
several proposed HAMR medium designs with their performance. It is shown that FeRh/FePt has the lowest 
jitter for both 3.2 and 6.6 nm grain pitch. FePt/Cr/Z/FePt is also found to be a feasible design for 6.6 nm grain 
pitch where Z is an alloy with Tc=1000K, K=1×107 erg/cm3, and Ms=1400 emu/cm3. 

Experimental BPM for HAMR is usually envisioned to include a seedlayer MgO (essential to obtain L10 FePt 
ordered structure) and a heat sink that serves as a pathway to dissipate the heat. Unfortunately, heating of 
adjacent tracks, and the associated overwrite, becomes an important issue. We calculate this unwanted heating 
using the diffusion equation and our previously developed Finite-Difference Time-Domain Model for a 
Lollypop Transducer [3]. Assuming 5% TMR and 5% anisotropy distribution, Table 1 shows the maximum 
tolerable adjacent-track bit temperature, and consequent on-track temperature, at different areal densities and 
filling factors. At 5 Tb/in2, Fig. 3 shows that the temperature profile never exceeds the Curie temperature. Our 
atomistic simulation [4] of this under-heated bit shows that successful writing is possible even when Tmax=679 
K, which less than Tc. Thus BPM recording can occur at substantially lower temperatures than granular media.  
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Fig.1 Dependence of jitter calculation on various 
renormalized cell sizes. 
 

 
 
Fig.2 Transition jitter with several proposed HAMR 
medium designs. GP is grain pitch in the figure. X in 
the legend is a two layer structure described in the 
text. The solid symbols are for GP = 3.2 nm, while 
the hollow symbols are for GP = 6.6 nm. 
 
 
 
 
 

Table 1 Temperatures of on-track and adjacent-
track bits when the adjacent track BER=10-3 
AD (Tb/in2) 2.2 3.2 5.0 5.0 

Filling factor 25% 36% 56% 25% 

Tadbit (K) 620 637 648 617 

Tbit(K) 872 778 713 679 
 

 
Fig.3 Temperature evolution for AD=5Tb/in2 and 
filling factor 25%. The optical head travels three-
bit spacings at a speed of 20m/s. All bits start with 
a uniform RT. The on-track bit is then heated up to 
679K and gradually cools down to ambient 
temperature 
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I. INTRODUCTION 

Conventional Magnetic Recording is struggling to reach a limiting areal-density of about 1 Terabit per 

square inch. In 2008, “TDMR” or Two-Dimensional Magnetic Recording was proposed as a means of pushing 

beyond this density, yet staying with relatively conventional magnetic components. TDMR refers to a 

combination of Shingled Magnetic Recording (SMR) with 2D read-back & detection. The technique is 

two-dimensional in the sense that individual tracks can only be written successfully or read successfully if 

neighboring tracks are taken into account. The early work was underpinned and encouraged by a simplistic 

argument that the fundamental capacity of granular media was 1 bit per grain even though the random granular 

structure of the medium was unknown during writing. An early paper summarizing the approach was thus 

rashly suggesting a possible order-of-magnitude improvement in areal-density [1]. Reality has dampened this 

optimism and pragmatically gains of only 10% to 30% are nowadays more typically discussed. Yet TDMR is 

still viewed as a valuable player on the recording technology roadmap – partly due to frustratingly slow 

progress and high risks of the several competing recording technology options [2].  

In the intervening years we have learned much about the structure and characteristics of tracks written with 

shingled recording. Also we understand much more about the options for multiple readers and the types of 

equalization and detection that can be employed in read-back and the trade-offs of gains versus complexity.  

II. SHINGLED MAGNETIC RECORDING

A shingled written track is inherently asymmetric since it is created by the overlap of successive tracks 

written by a relatively wide writer. The respective edges of the written tracks are denoted as N-1 and N+1 

reflecting the strict sequence in which the tracks are laid down. Signal resolution is found to drop significantly 

from the N+1 side to the N-1 side of the track. Correspondingly, the inter-track interference (ITI) is markedly 

different between the two sides. The noise also changes across the track. Transition noise is dominant at 

track-center, but the noise becomes much more stationary (and much larger) as the track-edges are approached. 

On the N-1 side, the noise becomes more stationary because of the poor quality of the transitions (curved and 

less sharp) and because of inadequate write saturation. On the other side of the track, the writing of the 

successive N+1 track, causes demagnetization especially of the ‘long magnets’ (long runs between transitions). 

Excellent discussions of the characteristics of shingled tracks are to be found in references [3,4]. In this paper, 

we will describe “2D dipulse-extraction”, a convenient new method for characterizing some of this behavior.   

III. TWO-DIMENSIONAL READBACK AND DETECTION

The original TDMR concept was focused on the idea that the read operations would be done at the ‘center’ 

of each of several tracks. This would be accomplished either with a single reader over multiple revs and with a 

very large buffer or by using an array of readers. Tracks would be closely-spaced relative to the read-width and 

thus the levels of ITI would be high. Detection would involve multiple-input multiple-output equalizers with 

2D targets and 2D-detectors. The detector would incorporate knowledge of the granular media structure on a 

statistical basis. While such ideas have been explored in depth in a number of theoretical and modeling studies, 
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the most practical insights have come from techniques 

recently employed in read/write channels to facilitate 

recovery of bad data-sectors. One surprising and 

perhaps disappointing conclusion has been that the 

benefit of simply averaging multiple on-track re-reads, 

and thus reducing thermal read noise, is usually greater 

than that obtained by reading the two adjacent tracks 

and thus eliminating or mitigating the effects of ITI.  

Interestingly, the maximum benefit from 

combining two reads occurs when the one read is close 

to track center and the other is positioned towards the 

N+1 track by 15 to 30% of track-pitch. Figure 1 shows 

the amplitude and phase-response of a two-input 

equalizer with a simple 1D target under such 

conditions. [Here the two signals entering the equalizer 

and also the output signal are all equalized to the same 

desired target.] It can be observed that the primary 

effect of the combining equalizer at high frequency is 

to add the two signals directly in phase and with 

similar magnitudes (thus averaging the thermal noise 

which dominates at high frequencies). At low 

frequencies, the signal from sensor #2 has a weighting of 1/3 that of sensor #1 and is then subtracted. This 

reduces the low-frequency interference and noise from the N+1 track-edge (sensor #2 is offset towards N+1).  

IV. PRACTICAL CONSIDERATIONS AND SUMMARY 

The first implementations of TDMR will likely be quite different to those originally envisioned. Placing 

two or more sensors centered on immediately adjacent tracks (40-50 nm pitch) is currently impractical. The 

alternative of buffering entire tracks at high bandwidth is not cost-effective and presents the customer with 

huge latency. Read/Write channels that include a full 2D detector are similarly currently unacceptable from a 

cost and power perspective. Furthermore, even on tightly-spaced tracks, the degradations arise primarily from 

edge-noise and signal-erasure rather than ITI, so 2D equalization and detection across tracks provides only 

modest gain and the gain that is available can be largely achieved with a simple multi-input single-output 

equalizer feeding a conventional 1D detector. However, as a conclusion, there is a minimal system that does 

appear practical and useful. For a head with two stacked readers (stacked vertically on the wafer, down-track 

on the disk) separated by <100 nm, head-skew (15
o
) caused by the rotary actuator is fairly small so that, over 

much of the stroke, the two readers fall within one track. With the readers feeding a simple two-input equalizer 

and conventional detector, such a system, averaged over the disk surface, can provide valuable capacity gains.    
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Fig. 1: Magnitude and phase response of two- 
input equalizer. Sensor #1 is close to SMR 
track-center. Sensor #2 is offset slightly toward 
N+1. Inputs and output are same fixed target. 
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I. TDMR MODELING AND DETECTION 

Two-Dimensional Magnetic Recording (TDMR) [1] is the most promising technology to reach areal 
densities up to 10 Tb/in2. The key component of TDMR is the aggressive shingled writing [1] which enables 
achieving narrow track width comparable to the grain diameter by allowing each sweep of the write head to 
partially overlap and overwrite previously written adjacent track. Evidently, this creates challenges including 
severe two-dimensional (2D) inter-symbol interference (ISI), noise data dependence and channel nonlinearity. 
In this presentation we address a broad range of technical challenges associated with TDMR modeling and 
detection, and propose some solutions to mitigate the above effects. 

The recording simulations include realistic head fields, a random granular medium, magnetostatic and 
exchange interactions, and a read-head sensitivity function. Readback waveforms are examined in both one 
and two dimensions in terms of signal characteristics (linear and non-linear), noise behavior (stationary and 
signal-dependent), and inter-track interference. Different equalization and detection approaches are compared. 
A 10% density gains are reported for such TDMR compared to traditional single track recording. These gains 
depend strongly on the number of readers, the reader positioning, and the reader-width. 
	  
A. Readback Waveform Generation 

The read/write channel model for TDMR consists of three components: generating the recording medium, 
the data writing process and modeling the readback process. Recently, there have been several read-channel 
models based on the Voronoi model. In this model, each Voronoi region represents a magnetic grain. 
Generating Voronoi regions are done by shifting the grain centers randomly from the cell centers. If the 
variance of the shift from cell centers is small, the randomness of the grain shape and position will not be 
sufficient. On the other hand, large deviation in grain centers leads to excessive increase in grain size 
dispersion. In [2], Yamashita et. al. used the Poisson disk distribution and Lloyd’s relaxation method for the 
position of the grain centers. This model generates more realistic randomness and grain size dispersion. 
Furthermore, non-magnetic grain boundaries are realized by applying a convex hull trimming to the Voronoi 
cells iteratively. Yamashita et. al. proposed a simple write process considering magnetic clusters due to 
coupling between grains [3]. The write process is based on the Voronoi model with regards to magnetic 
clustering, write head field gradient, media switching field distribution (SFD), and media switching field angle 
given by the Stoner-Walfarth reversal mechanism. The writer having a triangular main-pole, a trailing-shield 
and a shield on one side of the pole [4] is employed. The physical write track width and the base angle of 
main-pole are set to 50 nm and 75 deg. Thus, the write process is modified in order that magnetic clusters be 
naturally formed by including these fields. 

The reader output is generated via the two-dimensional convolution of the magnetization and the reader 
sensitivity function. It is assumed that the width between side shields, the shield gap, and the width and 
thickness of the magnetoresistive element of the reader are 30 nm, 22 nm, 17 nm, and 2 nm, respectively. The 
writing and readback timing are also assumed to be perfect. The reading process is modeled by a simple 
closed-form representation of a double-shielded reader sensitivity function which is obtained by fitting to 
sensitivity function generated from 2D-finite element method (FEM) for different head and medium 
geometries based on a calculation method. The simulations were conducted at around five grains per bit which 
corresponds to at 4 Tbpsi with bit length of 7.3 nm and track-pitch of 22.1 nm. Five consecutive shingled 
tracks were written on the medium and readback waveforms were created at closely spaced read positions 
spanning the center three tracks. This process was repeated for a series of track-pitches decreasing down from 
34 nm to 16.1 nm trackpitch. 
 
B. Data Dependent Noise and Multi-Track Detectors 

The existence of data dependent media noise and severe inter-track interference (ITI) are the two main 
challenges in TDMR systems. Attacking these problems must be considered in detector design for TDMR [5]. 
In TDMR systems, in contrast to conventional recording systems, the primary source of noise comes from the 
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irregular boundaries of grains and the lack of knowledge of these boundaries during the read-back process. 
Moreover, such noise is correlated and data dependent. We analyzed the data dependent noise characteristic of 
the readback signal generated by our model. It is shown that in small track-width (16.1nm) which leads to 
severe ITI, the most harmful patterns are the result of two consecutive transitions of input bits in the crosstrack 
direction. By increasing the track-width, the dependency of the media noise on the transition of input in 
cross-track dimension gradually fades. As a result, the most harmful patterns for the readback signal of 34.0nm 
are two consecutive transitions in the down-track direction. The probability density functions (pdfs) of the 
noise are provided for different input patterns in Fig. 1 which also depicts the data dependent characteristic of 
the media noise. We have compared three detection schemes: (i) the conventional one-dimensional (1D) 
equalization and detection in which a single reader output is equalized to a three tap 1D target and the BCJR 
detection is performed for the given generalized partial response (GPR) target; (ii) the multi-reader scheme in 
which the outputs are equalized into 1D and 2D targets and the equalizers outputs are detected by the BCJR 
algorithm; and (iii) a pattern dependent noise predictive (PDNP) detector which uses different noise prediction 
filters for different input patterns in the trellis of the BCJR detector. Moreover, as a new paradigm in 2D 
detection, the generalized belief propagation (GBP) algorithm [6] is also used for detection in place of the 
BCJR algorithm. Both 1D and 2D GPR targets are the minimum-phase targets. Fig. 2 compares the detection 
schemes for this model in terms of the bit error rate (BER). Single-reader and multi-reader equalizers with 1D 
and 2D targets are compared with and without PDNP detection. 

C. Joint Detection and Synchronization 

Traditional track-based recording systems employ separate strategies for synchronization in the two 
dimensions, typically using servo signals and an active control loop for synchronization in the cross-track 
direction, while using data-aided timing recovery in the down-track direction. However, moving to TDMR 
with multiple readers will merge these two problems into one: that of determining the precise position of each 
recorded bit in the face of writing and reading crosstrack position errors (misregistration), grain effects, and 
mismatches in the local oscillator and disk rotation speed. The use of multiple readers enables the mitigation of 
crosstrack errors via signal processing after sampling, relaxing the alignment requirements of the real-time 
position control system. A twodimensional PLL has been proposed to solve such a synchronization problem 
for the case of a linear AWGN channel with a separable impulse response [7]. Detectors based on interference 
cancellation can use linear combining to mitigate ITI before synchronization, thus enabling the use of existing 
one-dimensional synchronization strategies. Importantly, the interference from interfering tracks can be 
linearly suppressed without any need for downtrack synchronization of these tracks. Effective synchronization 
strategies for trellis-based detectors with 2-D targets can be devised based on per-survivor or per-node 
principles [8]. 
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Fig. 1 The pdfs of the noise for different input patterns 
for track-width 16.1 nm. Shaded cells correspond to +1 
while white cells correspond to -1. 

Fig. 2. The BER comparison of the TDMR three-reader 
equalization/detection schemes with the conventional 
reader. 1) 1D target 2) 2D target 3) 1D target and PDNP 
detection 4) conventional one-reader. Track width is in 
nanometers 
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I.INTRODUCTION 
Two-dimensional magnetic recording has been proposed as a promising candidate for reaching ultra-high 
densities towards 10 Tbits/in2 [1]. Shingled writing, which makes heavy use of track overlap, can be used for 
writing data in TDMR. Previously, we proposed a rotated reader design for readback at ultra-high track density 
[2]. In this study, we present and explain the performance of rotated and normally oriented heads from a signal 
processing perspective, and examine the performance of various coded designs by varying the bit-aspect ratio 
(BAR) using the quasi-cyclic low-density parity-check (QC-LDPC) code. In addition, we propose a new write pre-
compensation scheme to mitigate 2-D nonlinear transition shift (NLTS) within the shingled writing process of 
the TDMR system, which can greatly improve the write performance and approach results predicted for ideal 
(very low) magnetostatics, i.e., negligible NLTS.  

II. RESULTS

For the study of reader design, perfect writing is used to write a pseudo-random binary sequence (PRBS) on 
10nm thick exchanged coupled composite (ECC) media with 5.5 nm Voronoi grains at 12 Tbits/in2 channel density. 
The signal read back by both a normally oriented and a rotated head array with reciprocity principle is oversampled 
and processed with a 2D linear minimum mean-squared error (LMMSE) equalizer and LDPC codes for error 
correction. The study indicates that the significant improvement in performance in the rotated head compared 
to the normally oriented head can be attributed to the larger amplitude of its dibit response and the reduced 
overlap between conditional probability density functions, shown in Fig.1 and Fig.2. Simulation also indicates 
that maximum areal densities of 9.85T/in2 and 6.64T/in2 can be reached by the rotated head array (RHA) and 
normally oriented head array (NHA) at optimum bit aspect ratios of 0.67 and 3.5 for 5.5nm Voronoi grains, 
respectively. After decoding, the performance of the NHA is about 8.5dB worse than the RHA, shown in Fig.3.  

For the study of shingled writing process, we implemented an optimized writer with side shields to 
micromagnetically write bits (with BAR 1:1) on a 10nm ECC media with 8nm Voronoi grains, shown as Fig.4. 
Then the pattern is readback with a rotated head array, and the signal is oversampled and processed with a 2-D 
MMSE equalizer and Viterbi detector.  During the simulation, 2-D NLTS is found to degrade the shingled 
writing performance greatly. Correspondingly, we propose a new write precompensation scheme for the 2-D 
NLTS within the TDMR system. Such a scheme calculated the needed optimum write field for the current 
writing transition by subtracting the demagnetizing field produced by previously written transitions (Fig.5) 
from a fixed writer field, and determined the optimum writing current based on the minimum mean squared 
error between the needed field and available fields within an established writer field library. The simulation 
indicates that TDMR with the proposed write precompensation method can reach user areal density of 3.80 
Tbits/in2 and 4.10 Tbits/in2 for 2.88 and 2 grains/channel bit, respectively, which are close to the user areal 
density of 3.91 Tbits/in2 and 4.22 Tbits/in2 reached by the system with the reduced NLTS, shown in Fig.6.  In 
contrast, the TDMR system without write precompensation can only reach user areal density of 3.20 Tbits/in2 
and 3.03 Tbits/in2 for 2.88 and 2 grains/channel bit, respectively. 

III. CONCLUSION

For perfect writing, with a 2D LMMSE equalizer and LDPC codes, a user bit density near 10 Tbits/in2 is 
feasible for a rotated head array. For micromagnetic writing, we propose a new write precompensation scheme 
and find this technique can approach the performance of a system with negligible NLTS.  
 M. FATIH ERDEN 
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Fig.1 Normalized dibit response along the down-track direction 
for the normally-oriented head with and without ATI and rotated 
single head with ATI. (Normally oriented head with no ATI 
closely overlaps rotated head with ATI). 

 
Fig.2Conditional probability density function of equalized output 
for both rotated and normally oriented head array. 

 
Fig.3 BER for various quasi-cyclic LDPC coded systems with 
different code rates as a function of head and system SNR. 

 
Fig.4 Perpendicular field profile produced by the shingled writer 
with micromagnetic simulation. 

 
 

Fig.5 (a) The desired bit pattern; (b) The demagnetizing field at 
the each bit from previous written bits.  

 
Fig.6.(a)The BER for the systems without a write 
precompensation, with decreased NLTS and with the proposed 
write precompensation; (b) The user areal density (UAD) for the 
systems without a write precompensation, with decreased NLTS 
and with the proposed write precompensation; 
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Euiseok Hwang1, Travis Oenning1, George Mathew1, Parviz Rahgozar1, Suharli Tedja1, Paul 
Duquette1, Ken Fitch1, Chad Rabbitt1, Joseph Petrizzi1, Bruce Wilson1, Richard 

Rauschmayer1,  Glen Garfunkel2, Yan Wu2, David Hu2

1	  Avago Technologies, USA,  2	  Headway Technologies, Milpitas, California, USA

I. INTRODUCTION 

Array-reader based magnetic recording (ARMR), which uses joint signal processing of multiple readback signals, 
is currently under intense investigation to achieve areal density beyond 1Tb/in2 in magnetic hard disk drives (HDD). 
Some studies on the areal density capability (ADC) gain from ARMR were reported earlier by emulating it based on 
the single reader platform [1,2], and showed promising gains. In this paper, we present ARMR evaluation results 
with actual dual-reader captured waveforms. The evaluation also takes into account the variation in cross-track 
separation (CTS) between readers with skew, which arises due to non-negligible down-track separation (DTS) 
between readers. The results show that ARMR ADC gain may not be as sensitive to the skew angle and CTS as one 
would have expected, for example, a gain of around 4.8% compared to single reader is obtained in this experiment 
even under CTS=18nm. 

II. SKEW ANALYSIS AND DUAL-READER ARMR PERFORMANCE EVALUATION

CTS in dual-reader ARMR varies depending on the skew angle, denoted by θ, and the zero skew separations in 
the dual reader, denoted by DTS0 and CTS0, as follows:  

CTS(θ ) = DTS0 sin(θ ) + CTS0 cos(θ ) (1) 

Fig.1 illustrates the variation in CTS with skew for 3 different dual-reader examples, where ‘TP’ denotes the track 
pitch. Observe that the value of DTS0 has a strong effect on CTS. Further, since ARMR has been known to show 
good performance with |CTS|<0.3TP as discussed in [1], Fig.1 shows that the values of CTS0 and DTS0 decide the 
zones where ARMR performs well for any given dual-reader. In this paper, for ARMR performance evaluation, two 
dual-reader samples with CTS=8.1nm at 9.1 degree skew and CTS=18nm at 3 degree skew are selected to represent 
outer-(OD) and mid-diameter (MD), respectively, and readback waveforms are captured using these dual readers on 
a spin-stand. Six tracks are recorded in shingled format at different track squeezes at linear density 1870 KFCI, and 
bit error rate (BER) from the 3rd recorded track is scanned with a data-dependent noise prediction (DDNP) detector 
along read offsets at a step of 3nm. Fig. 2 shows the BER curves of the single readers and ARMR for (a) the 
CTS=8.1nm dual-reader at a squeezed track pitch (SQTP)=43.4nm and (b) the CTS=18nm dual-reader at 
SQTP=41.4nm. Observe that ARMR improves the on-track error rate (OTER) improvement by 0.183 and 0.169 
orders, respectively, compared to single reader for these dual readers, and the larger CTS case shows an undesirable 
W-shaped bathtub. OTERs for different SQTP are plotted in Fig. 3. At BER=1e-1.6, ARMR enables 1.8 nm and 2.1 
nm of additional squeezes, respectively, which can be interpreted as 3.9% and 4.8% of ‘squeeze to death’ margin 
based ADC gains for these two dual reader scenarios, assuming a 6.1nm squeeze margin (corresponds to 6 times of 
the write TMR sigma with a one sigma of 1.016 nm). Based on this data, we see that ARMR performance may not 
be very sensitive to skew angle and CTS, and may provide reasonable gains even with intermediate CTS of 18nm, 
corresponding to 30% to 40% of typical TP. Note that the ADC gains obtained here are conservative since the 
default bit-aspect ratio (BAR) is chosen based on single reader. For more accurate assessment of ARMR ADC gain 
with the dual-reader, optimal BAR based evaluation for both single reader and ARMR is needed based on additional 
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measurements with varying linear densities, as suggested in [2].  
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Fig. 1 Illustration of (a) skew effect on CTS and (b) skew-dependent CTS variation, for dual-readers. 
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Fig. 2 BER performance of captured waveforms from dual readers with (a) CTS=8.1nm at 9.1 degree skew and 
SQTP=43.4nm and (b) CTS=18nm at 3 degree skew and SQTP=41.4nm.  
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Fig. 3 On-track error rate (OTER) as a function of squeezed track pitch (SQTP). 

Squeeze Margin (SM) = 6.1 nm 
TP2D = operable track pitch for dual reader 
TP1D = operable track pitch for single reader 
ADC gain (%) = (TP1D/TP2D – 1)×100 
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I. INTRODUCTION 

Two-dimensional magnetic recording (TDMR) [1] systems employ the use of powerful two-dimensional 
detection and decoding algorithms to recover user data in the presence of inter-symbol interference (ISI) and 
inter-track interference (ITI) from adjacent bits and tracks. The 2D-extension of conventional 1D recording 
systems would utilize a two-dimensional iterative detector/decoder, comprised of a soft output Viterbi 
algorithm (SOVA) [2] detector followed by a low-density parity check (LDPC) [3] decoder. The 
two-dimensional SOVA (2D-SOVA) and iterative detection scheme has been proposed in [4] and the 
one-dimensional joint Viterbi detector/decoder (JVDD) has been proposed in [5]. In this work we propose a 
two-dimensional JVDD (2D-JVDD) scheme that combines techniques from [4] and [5]. 

II. JOINT VITERBI DETECTOR DECODER

The 1D-JVDD was initially proposed in [5] where it was shown to outperform the iterative 
detector/decoder system at short and intermediate codeword lengths (CWL) over a one-dimensional recording 
channel. In the conventional iterative system, the SOVA detector [2] operates on a trellis and the LDPC 
decoder [3] on a factor graph. Soft information is passed iteratively between the detector and decoder until a 
certain number of iterations have been met. Unlike the conventional iterative detector/decoder, the JVDD 
operates on a single trellis and performs both detection and decoding on a single structure, as illustrated in the 
block diagram of Fig. 1. Although it achieves optimal performance over additive white Gaussian noise 
(AWGN) channel when there are sufficient computational resources, the complexity of this detection scheme 
has an exponential growth. In order to handle this, two user defined parameters – maxSurv and threshold, and a 
new class of JVDD codes were introduced in [5]. This detection and decoding scheme can be extended to the 
2D-JVDD for TDMR systems. In this work, we combine the JVDD with 2D Viterbi trellis to form the 
2D-JVDD algorithm which is also optimal over AWGN channels in the presence of both ISI and ITI. 

Fig. 1 Magnetic recording block diagram depicting the 2D iterative detector/decoder (top) and competing 
2D-JVDD (bottom) investigated in this work. 

III. SIMULATIONS AND RESULTS

   The 2D-JVDD was implemented over a TDMR channel via the Grain Flipping Probability (GFP) channel 
model [6] and its performance was compared to a 2D-Iterative detector. Both detectors were used with two 
classes of codes – random LDPC codes and a new class of JVDD codes known as the Gaussian Distribution 
Linear Diagonal (GDLD) proposed in [5]. GDLD codes are designed primarily for the JVDD in order to bring 
the complexity of the algorithm down. In this preliminary study, two parameters for the 2D-JVDD, maxSurv 
and threshold, were varied. Three tracks of data were written with coded bits of length 20 and code rate of 0.8 
on each track. Short CWLs were chosen in this preliminary study due to limitations in computational 
complexity. Further work is ongoing to enable the JVDD algorithm at longer CWLs and that will also be 
extended to the 2D-JVDD. 

Preliminary results over a two-dimensional ISI and ITI channel showed that the performance of the 2D-JVDD 
improves as threshold gets larger. The threshold parameter plays the primary role of trading off complexity for 
performance in the JVDD algorithm. The detector eventually outperforms the 2D-Iterative detector by a 2 dB 
margin, with a threshold value of 30 and maxSurv=10000 (Fig. 1). The computational complexity of the 
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2D-JVDD, measured in terms of the average number of survivor paths in the JVDD trellis is shown on the left 
side of Fig. 1. This suggest that the algorithm’s complexity increases with threshold value but still remains 
manageable for the tested CWL. At longer CWLs however, the complexity is expected to grow and managing 
this is a critical component in keeping the 2D-JVDD viable.  

 
Fig. 1 Performance comparison between 2D-JVDD and 2D-Iterative Detector at CWL20 with random 

LDPC and GDLD codes (left). Corresponding complexity plot for 2D-JVDD showing the average number of 
survivors in the JVDD trellis (right). 

 

IV. CONCLUSION 

In our work we have proposed the JVDD as an alternative algorithm to the conventional iterative detector 
and here we are extending the JVDD into the second (cross-track) dimension. Preliminary work has been done 
over TDMR channels modeled using the GFP channel model. Results indicate that performance gain is 
available from 2D-JVDD over 2D iterative detector/decoder at short CWL’s and further effort is ongoing to 
see how the JVDD might be extended to longer CWL’s  
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I. INTRODUCTION 

Two-dimensional magnetic recording (TDMR) is a promising technology that can provide additive areal density 
gains over bit patterned media (BPM) and heat assisted magnetic recording (HAMR).  While BPM and HAMR are 
based on careful lithographic and energy delivery at nano-scales, TDMR is primarily a signal processing and systems 
driven solution. Read channel signal processing for TDMR majorly involves non-linear compensation, equalization 
and timing recovery followed by optimum signal detection and decoding within a two-dimensional framework. In 
this talk, we will focus on timing recovery algorithms and data aided architectures for TDMR technology. We model 
timing errors to accommodate phase, frequency and jitter artifacts. The timing module comprises of a timing error 
detector based on the 2D phase locked loop (PLL) along with an optimal interpolation timing recovery algorithm to 
estimate the timing offsets. The architecture is amenable for digital implementation within read channels architecture. 
We evaluate the efficacy of the proposed architecture via simulations over the TDMR channel response.  

II. RESULTS

Figure 1 shows the schematic of a data aided timing recovery architecture for the TDMR read channel 
architecture [1]. Readback samples post equalization are fed into the timing recovery circuit. First, we model the 
timing error offsets within a non-separable framework since phase offsets in a certain direction can lead to frequency 
errors in the orthogonal direction. The timing error detector uses a 2D digital PLL comprising of a phase comparator, 
loop filter and feedback loop for tracking phase and frequency errors in the presence of electronic noise. We use a 
higher order (>2) PLL in our design. The tracking of timing errors can be done using two methods (a) using a 2D 
joint estimate with modified version of the Mueller and Muller algorithm (b) using two independent 1D PLLs acting 
in tandem [2]. By carefully controlling the proportional and integral gain parameters, it is possible to track noisy 
frequency drifts ensuring stability in the feedback paths. In order to estimate the timing drifts better, we extend the 
concept of interpolated timing recovery (ITR) in 2D. Figure 2 shows the schematic of oversampling in 2D over the 
nominal sampling rate. By oversampling approximately 5% higher than the original sampling rate and using an 
optimum interpolating filter, we can compensate for normalized fractional timing errors 1,0 <≤ yx µµ . The ITR 
scheme facilitates batch processing of data since read back samples can be buffered and subsequently processed. 

Figure 3(a) shows the performance of the 2D PLL for various configurations for an uncoded 2D sector of size 
1.25Kbyte. The joint 2D timing estimate converges to the true timing offsets within 10% of the readback samples. 
The two 1D interacting PLLs take nearly twice the time and with a slightly higher error variance relative to a 2D 
joint PLL estimate. However, the two 1D PLL system is much easier to design than the 2D case. Figure 3(b) shows 
the timing estimates for the ITR scheme compared to the 2D joint PLL estimate. The ITR scheme is nearly 2x better 
than the standalone 2D joint PLL in terms of the error variance and settles faster when the initial phase offsets are 
estimated carefully. However, the ITR scheme will need an additional overhead of lookup tables for storing the 
interpolation filters during filtering. 
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Fig. 1 Architecture of the interpolated timing recovery (ITR) scheme for TDMR. The timing error detector (TED) 
comprises of a PLL that trains from received equalized samples corresponding to a preamble data. The timing 
estimates from the TED are refined by means of a 2D interpolation filter via oversampling. 

Fig. 2 Schematic of the 2D oversampling concept. Tx and Ty are the original sampling rates along x and y directions. 
Tsx and Tsy are oversampled rates. ),( nmxµ  and ),( nmyµ  

are the interpolating values at position (m, n). 

3(a) 3(b) 
Fig. 3 (a) Simulation results of a joint 2D PLL, 2 interacting and non-interacting PLLs over 100x100 
2D samples with )001.0,0(005.001.02.0 Ν+++= yxxτ  and )001.0,0(01.001.01.0 Ν+++= yxyτ . (b) Snapshot 

of 2D tracking along the diagonal. The ITR settles to steady state faster than the 2D joint PLL scheme. The samples 
in (red) in Figure 3(b) indicate the error variance while the data points in blue and green are actual timing estimates. 
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I. INTRODUCTION 

Heat Assisted Magnetic Recording (HAMR) is currently considered being the most promising future hard disk 
drive (HDD) recording technology for surpassing the fundamental limitations of conventional perpendicular 
magnetic recording (PMR). In a typical HAMR recording design, the head consists of a waveguide that 
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. 
This writing technique allows one to use ultra-high anisotropy media for reduced grain size thus maintaining 
the requirements of thermal stability and writability [1]. 
From the magnetic media development perspective there is agreement that the most promising pathway for the 
successful implementation of HAMR media is the use of thin granular FePt L10 based magnetic recording 
layers most commonly deposited onto MgO(001) seed layers [2-5]. By doing a careful comparison between the 
designs of currently used PMR CoCrPt and future HAMR FePt L10 media we will pinpoint crucial differences 
in the two media concepts, highlight additional requirements regarding thermal design for HAMR and 
emphasize specific challenges that become important for the media optimization process when moving from 
PMR to HAMR technology. 

II. COMPARISON BETWEEN PMR AND HAMR MEDIA

While PMR media stacks use CoCrPt alloy that is entirely sputter deposited at ambient temperature, for FePt 
L10 based HAMR media implementation it is necessary to heat up the substrates and the underlayer stack to 
elevated temperature in the range of 400-700°C in order to establish the required high anisotropy L10 phase of 
alternating Fe and Pt mono-atomic planes. An MgO seed layer helps breaking the symmetry of the cubic A1 
FePt phase, so that the ordered tetragonally distorted FePt L10 phase forms with alternating chemical layers of 
Fe and Pt planes normal to the film surface i.e. creates a well-defined easy anisotropy axis in the preferred 
out-of-plane direction. During the high temperature media deposition process the MgO seed layer acts as a 
diffusion barrier to prevent any intermixing of the FePt with materials further down in the media stack, such as 
for example the heat sink layer that is required for creating high lateral thermal gradients within the media 
grain structure during writing. A simplified cross sectional HAMR media structure is compared with a 
conventional PMR media structure in Fig.1. 
While for PMR media the out-of-plane easy axis direction, the grains size and the grain isolation can be 
initiated step by step in different underlayers in order to prepare for the final CoCrPt magnetic media 
deposition, in current HAMR media based on MgO seed layers only the out-of-plane easy axis direction can be 
controlled, but grain size and grain isolation have to be intrinsically tuned in the high temperature media 
deposition process itself. In PMR media the grain structure of the high pressure Ru seed layer and the CoCrPt 
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based media layer are one to one correlated [5], i.e. the high pressure Ru grain structure determines and 
controls the media layer grain structure. In HAMR media FePt grains are completely uncorrelated with the 
grains of the underlying MgO seed. Both situations are illustrated in the insets of Fig.1. 
In my talk I will highlight challenges and opportunities in currently ongoing HAMR media development  
include achieving less spherical and more columnar grain growth for sufficient readback signal, reduction of 
misaligned in-plane grains in the media layer and possible sources of undesired sigma T distributions. 
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Fig. 1 Comparison of PMR media (left side) and HAMR media (right side): We show cross-sectional 
transmission electron microscopy (TEM) images of the media layer and grain structure. Basic features of the 
deposition, media layer growth and underlayer structure are listed and complemented for PMR and HAMR. 
Additionally schematic plan-view grain correlations of the magnetic media layers and their corresponding seed 
layers are illustrated as well. 
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I. INTRODUCTION 

    Heat Assisted Magnetic Recording (HAMR) is one of most promising technologies to extend the areal 
density (AD) growth of hard disk drives (HDD) beyond current perpendicular magnetic recording (PMR) 
technology. A basic technology demonstration of HAMR recording at a density of 1.0 Tbit/in2 was presented 
at this conference in 2012 by Wu et al. [1], and recent progress in L10-based FePt HAMR media design was 
presented by Y. Peng et al.[2] at INTERMAG 2014. For successful commercialization of HAMR HDDs, one 
of the key requirements for improving drive reliability and lifetime is lowering the recording laser power [3]. 
However, experimentally for a given head and media design combination, we often observe an envelope in the 
signal-to-noise ratio (SNR) against required laser power as shown in Figure 1. SNR in HAMR recording 
among other factors is strongly dependent on the thermal gradient achieved in the media [4]. For technology 
demonstration purposes, a media design that maximizes thermal gradient by using a thick and highly 
conductive heatsink will result in higher SNR and AD at the expense of higher laser power. However, this 
approach does not provide a viable solution for improving HAMR drive reliability. It is necessary to push this 
envelope towards high SNR combined with lower laser power. In our presentation, we will discuss possible 
approaches for HAMR media designs with higher media SNR with reduced recording laser power.   

II. EXPERIMENTAL DETAILS

A typical HAMR media layer stack consists of substrate / adhesion layer / heatsink / interlayer / 
FePt-based magnetic recording layer / carbon overcoat (COC). The critical factors in the thermal 
design of the media are the lateral and vertical thermal conductivity of the magnetic recording 
layer, the interlayer, the heatsink and their respective interface resistances. For the heatsink, a 
number of high thermal conductivity (100~400W/m-K) materials such as copper, silver, 
chromium, molybdenum, ruthenium or tungsten can be used. Within a given materials system 
the required laser power increases monotonically with the HS thickness, and any SNR gain is 
usually associated with higher laser power. In this study, we will discuss modeling as well as 
experimental results for various layer structures and their optimization for high SNR, low laser 
power recording. 

III. RESULTS

Figure 2 shows SNR and the laser power of major three media design nodes, including the media used for the 
1.0 Tbit/in2 demonstration. Note this set of data was taken with a single integrated recording head of a recent 
design. 1dB gain in SNR has been obtained with about 10% laser power reduction, providing guidance for 
media design towards higher media SNR with reduced recording laser power.  

REFERENCES 
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Figure 1. The universal trade-off curve [1] 

 

 

 
 

Figure 2. Trend in SNR and laser power performance of major media design revisions since the 1.0 Tbit/in2 
demonstration. Note this set of data was taken with a single integrated recording head of a recent design. 
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I. INTRODUCTION 

The HDD Areal density has grown about 9-orders of magnitude since its introduction, leading to the 
continuous decrease of cost per gigabyte. Perpendicular magnetic recording (PMR) commercialized at ~100Gb/in2 is 
expected to achieve ~1Tb/in2. Additional enablers such as shingled magnetic recording and two-dimensional 
magnetic recording could cause higher track density capability to further extend PMR technology. PMR media has 
evolved into complex multilayer structures involving magnetic layers of graded magnetic anisotropy and multiple 
exchange break layers. Areal density improvements have been achieved through continuous reduction of magnetic 
switching volumes (exchange lengths). As the magnetic exchange lengths are approaching the core grain diameter of 
~7 nm, thermal instability will become the limiting factor for further areal density increase.  

Heat assisted magnetic recording (HAMR) is expected to be the next potential technology to extend the 
recording densities beyond 1Tb/in2. High magnetic anisotropy of L10 FePt-based media should support smaller grain 
diameters and switching volumes that could enable higher linear density capabilities [1]. While progress in HAMR 
technology has been made through the recent spin stand and drive level demonstrations [2-4], several challenges in 
areal density and reliability exist for the commercialization of this technology. In this presentation, we will discuss 
HAMR media challenges and some of the recent progress made through research in materials, modeling and 
recording physics. 

II. HAMR MEDIA CHALLENGES AND PROGRESS

Achieving a well-segregated microstructure with small grain size and distributions, higher grain aspect 
ratio (thickness over grain diameter) and smaller surface roughness have been key challenges for the FePt-alloy 
media. Substantial progress has been made in achieving a grain diameter of ~8 nm, distributions of ~22%, and grain 
aspect ratio of >2:1, and high magnetic anisotropy (Hk) values around 90 kOe [4, 5]. We will discuss recent 
improvements in this area including significant reduction made in media roughness. DC noise is still high in HAMR 
media likely due to defective media grains that are not correctly oriented or atomically ordered. We have evaluated 
the opportunities and challenges in DC noise reduction through modeling and experimental studies. 

In PMR, recording performance is strongly affected by the anisotropy field (σHk), and inter-granular 
interaction field distributions [6]. We carried out similar studies on understanding the impact of these parameters in 
HAMR media, comparing them to the PMR media. We also studied the temperature dependence of these parameters 
and impact on the recording parameters of HAMR media. Since HAMR writing occurs in a narrow temperature 
region near the Curie point (Tc), additional grain-to-grain Tc variations (σTc) and temperature distributions must be 
minimized for good recording performance. Some of the improvements such as σTc also lead to tradeoffs in other 
areas like grain size reduction.  

Thermal and optical designing of the media plays an important role in achieving areal density and 
reliability. Achieving a larger thermal gradient is important to achieve areal density. However, heat-sink designs that 
enhance thermal gradients are challenged by other functional requirements such as low surface roughness and head 
life. Optical properties of recording layers must also be examined and evaluated carefully. Media heat sink, magnetic 
and interlayers incorporate thermal and optical design features that are critical for good recording performance. We 
will discuss thermal and optical characterizations of layers and structures and the dependences that can be tailored 
for good AD & lifetime performances.  

Ram Acharya 
Magnetic Media Operations 
Western Digital Corporation 
1710 Automation Parkway, San Jose, CA 95131 
Tel: 408-576-2186 
E-mail: Ramamurthy.Acharya@wdc.com 
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Adjacent track interference (ATI), commonly observed in PMR, is the degradation of the neighboring 
tracks as a result of the magnetic field generated by the write head. In HAMR, the high temperature of the track 
being written may lead to increased degradation of the neighboring tracks. Consequently, the system optimization to 
minimize ATI becomes more complex. We will discuss the trade-off between the temperature and the magnetic field 
at a constant magnetic write width and how they affect ATI and the areal density capability. 
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HAMR THERMAL RELIABILITY VIA INVERSE ELECTROMAGNETIC DESIGN 
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I. INTRODUCTION 

To ensure thermal stability of data in hard disks of beyond 1 Tb/in2 areal density, the magneto-crystalline 
anisotropy must be increased while scaling the magnetic grains to smaller dimensions. However, the current 
state-of-art employs writing electromagnets that are already limited by magnetic field saturation in metals, 
placing an upper bound on the strength of magnetic field that can be applied during the recording process. 
Heat-Assisted Magnetic Recording (HAMR) has promise to allow for writing to highly anisotropic media, by 
temporarily heating the area of a single datum to its Curie temperature while simultaneously applying a 
magnetic field from a conventional electromagnet. In practice, a metallic optical antenna or near-field 
transducer (NFT) focuses light and locally heats a 30 x 30 nm2 spot on the disk to near 600 K. However, since 
the metal comprising the NFT is itself highly absorbing at optical frequencies, the NFT also heats by several 
100s K. This NFT self-heating can be a significant cause of failure in HAMR systems, because the metallic 
NFT with dimensions as small as 30 nm degrades in shape at extreme temperatures. Hence, an important 
Figure of Merit for reliability in a HAMR system is the temperature ratio between the media and NFT. 

II. MEDIA - NFT TEMPERATURE RATIO

To understand the temperature ratio between the media and NFT, one may start with a simple model of 
spherical heat conduction from heat sources due to optical absorption in the media hotspot and the tip of the 
NFT, as shown in Figure 1. Taking into account electromagnetic boundary conditions at the NFT-air-media 
interface, one can derive the following dimensionless ratio 

∆!!"#$%
∆!!"#

=    !!"#$%
!! !!"# !

!!"#
!! !!"#$% !   

!!"#!!"#
!!"#$%!!"#$%
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where ε is the permittivity, ε’’ is the imaginary part of the permittivity, K is the thermal conductivity, and Ω is 
the solid angle of thermal conduction. Clearly, there are significant factors that are not accounted for in this 
expression, like the anisotropic thermal conductivity of HAMR granular media and its underlayers. However, 
this expression correctly emphasizes some key design choices for a low temperature NFT. 1) The media should 
have the minimum amount of heatsinking. 2) NFT metallurgy should be optimized for 𝐾!"# 𝜀!"# !/𝜀!"#!! . 3) 
NFT design should include the largest solid angle of heat conduction at the tip of the NFT. 

III. INVERSE DESIGN

For low temperature operation, a crucial NFT design choice is to have the largest solid angle of thermal 
conduction from the tip of the NFT, as shown in the right side of Figure 2. This proposed structure functions 
differently than the familiar Lollipop or disk antenna. Through 3D FDTD modeling, we find the incident mode 
that illuminates the disk antenna, such as a parabolic slab waveguide, is not a good mode match to the 
proposed large solid angle NFT. However, by using Berkeley’s Photonic Inverse Design software 
(http://optoelectronics.eecs.berkeley.edu/PhotonicInverseDesign/), we optimized the structure by adding holes 
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of low index material into the slab waveguide to improve the mode match between the incident light in the 
waveguide and the optical antenna. The optimized holey waveguide is shown on the right side of Figure 2, and 
it offers an optical coupling efficiency similar to the traditional disk antenna system. According to thermal 
FEM modeling, we expect that the NFT of larger solid angle will operate ~ 40% lower compared to a NFT 
with a typical cylindrical heatsink, which is far away from the peg and offers little solid angle. For practical 
implementation, the exact waveguide mode that illuminates the NFT must be included in the optimization. 
Also, in addition to optimizing the waveguide, the Photonic Inverse Design software can also optimize the 
shapes of the NFT and heatsink. 

Fig. 1: Model of spherical heat conduction from media hotspot and NFT tip. 
hemisphere and cone. 

Fig. 2: Comparison of a typical disk antenna versus a large solid angle NFT. The NFT on the right is 
illuminated through a mode-matching waveguide structure, generated by Photonic Inverse Design software. 
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I. INTRODUCTION 

One of the most important design criteria for near field transducers for HAMR is the temperature that the 
near field transducer reaches during operation. It is desirable to keep the NFT as cool as possible, which 
allowing the medium to reach its required temperature. In this paper we examine the following aspects of 
keeping the NFT below a target temperature: 

1) Optical coupling topology: The type of excitation that is used to excite the plasmonic modes on the NFT.
Fig. 1 shows an example of the different approaches to exciting the NFT through a) far-field illumination, 
b) near field or evanescent illumination and c) through direct conversion of electron-hole pairs in an optical
gain medium (excitons) to the modes of the NFT. 

2) NFT-medium coupling efficiency: The efficiency with which the NFT couples its power to the medium.

3) Medium thermal impedance: The efficiency with which the medium turns absorbed optical power into
temperature rise, and typically is quoted in units of K/µW. 

4) Required medium temperature: The temperature the medium must reach for HAMR recording to work.

5) NFT heat sinking: The temperature that NFT reaches as a function of absorbed power, also in K/µW.

6) NFT thermal durability: This is the temperature that the NFT can endure in the steady state.

The values of these different parameters are discussed, reasonable ranges of values are identified, and 
approaches to improving the NFT lifetime through the adjustment of each one are discussed in the context of 
the literature. 

II. ANALYSIS DETAILS AND RESULTS

In addition to review of the literature, this work includes simulation using the COMSOL finite element 
program to compute the temperature that the NFT’s and media reach under various strategies of optical 
coupling. Some of the thermal conductivities and interface thermal conductances used in these simulations are 
measured using frequency domain thermoreflectance [1]. Some examples of insights gained through this 
analysis are as follows: 

Fig. 1 show examples of typical values of power that must be provided by the optical source in order to 
deliver the same amount of heat to the medium (100 µW). As optical coupling become more intimate with the 
NFT, the level of power required by the source can be reduced. The power required to at the medium is held 
constant and is also a typical number. It represents a compromise between the medium thermal isolation 
(which reduces the required power) and medium heat sinking (which raises the required power, but is 
necessary to achieve acceptable medium cooling speed. The implication of relatively inefficient methods like 
far field coupling (Fig 1a) is that even small inefficiencies can leave a large amount of excess power dissipated 
in the NFT, raising its temperature. 

A particularly powerful solution to NFT temperature reduction is to increase the efficiency by which the 
NFT couples to the medium. However, getting this number above 10% can be quite challenging, as the air-gap 
presents a large capacitive load at the NFT and matching to this load is challenging given the materials 
structures needed in the medium. In the absence of greater efficiencies, greater heat sinking of the NFT can be 
accomplished by using more conductive dielectrics to encapsulate the NFT, as shown in Fig 2, which shows 
that raising this value to 50 W/m-K as offered by AlN films, (as opposed to the value of 1-2 W/m-K that is 
seen in SiO2), can reduce NFT temperature by over an order of magnitude. However, in this situation, the 
interface thermal impedance quickly becomes the limiting factor, with direct Au/AlN interfaces having values 
typical of the point labeled Ex 1 in the figure. Strategies for improving to the Ex 2 condition will be discussed. 

REFERENCES 

[1] Schmidt, Aaron J., et al., Rev. of Sci. Instr. 80.9 (2009): 094901; 
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Figure 1: Approaches to coupling optical sources to the NFT through a) far field optical propagation, b) near 
field or evanescent coupling and c) direct conversion of excitons to plasmonic modes. 

Figure 2: Temperature rise of the NFT as a function of the power dissipated in the NFT per nm of length vs the 
thermal conductivity of the dielectric that encapsulates the NFT. Three different values of interface thermal 
conductance, Gth, are shown. The example points (Ex 1 and Ex 2) show how significant interface thermal 
conductance can be when encapsulation thermal conductivity is raised to value like 50 W/m-K. 
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I. INTRODUCTION 

The maximum bit density that can be stored on magnetic media comprising randomly distributed magnetic 
grains is ultimately limited by the size of these grains. However, simply reducing the grain size is not enough 
to enable increased magnetic storage densities. Instead, the corresponding reduction of the grain volume must 
be balanced by an increase of the magneto-crystalline anisotropy to prevent information loss due to thermally 
activated magnetization reversal Storage densities of several Tbit/inch2 require materials of such high 
anisotropy that they cannot be written on by conventional means. One solution to this writeability problem is 
heat assisted magnetic recording (HAMR)1. HAMR combines thermo-magnetic writing, where localized 
heating is used to temporarily lower the anisotropy of the media below the writeability limit, with giant- or 
tunnel-magneto-resistance based read-back schemes. The reliance of HAMR on temperature-induced 
reductions of the anisotropy field causes the maximum achievable areal density to depend predominantly on 
the size and shape of the temperature profile in the recording medium. Having found ways to create heat spots 
confined to some tens of nanometers 2, there is need for experimental techniques enabling the characterization 
of the temperature and write field profiles in actual recording systems. 

II. EXPERIMENTAL DETAILS

We use a HAMR head to write single frequency (120 MHz) patterns on L10-ordered FePt based magnetic 
media in the presence of slow (100 kHz) modulations of write- and operating-laser-current magnitudes, 
controlling the applied write field and heating power, respectively. Recording is at a radius of 0.88inch along 
with 10500 RPM and we read/store the waveforms with 100 ps temporal resolution. The modulation-induced 
shifts of the recording position along the down-track direction are determined by comparing the measured 
transition locations to those expected for a non-modulated signal. Combining the results for various 
combinations of the control currents set points and modulation amplitudes, we obtain a complete map of the 
relative recording position, xW, as function of the write- and operating-laser-current (cf. Figure 1). 

III. RESULTS

Assuming that the write field HW(xW) equals the reduced anisotropy field HK(T(xW)) at the write location 
xW, we can calculate the write current dependence of the write field at a certain write location via 

𝐻! 𝑊𝐶, 𝑥! = 𝐻!!! 1 − 1 − !!"#$
!!!
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Above, 𝐻!!=67 kG denotes the media anisotropy field at zero temperature, while 𝑇!=290 K and 𝑇!=750 
K are the ambient and Curie temperature, respectively. The resulting field map is shown in Figure 2. The 
differences of the write current to write field relation measured for different down-track positions indicates that 
the effective field angle depends on the maximum applied heating power. This finding further corroborated by 
the fact that the fields shown in Figure 2 yield exactly the same underlying temperature profile when being 
transformed into write temperatures and scaled by the respective heating powers as shown in Figure 3. The 
inset of Figure 3 provides a good estimate of the accuracy of the derived write fields by showing the variations 
of the temperature profile that would be observed if the derived field values were 10% too large.  

Our approach to characterize temperature and field profiles comes close to a complete experiment, i.e. it 
only requires 𝐻!! and 𝑇!  as input parameters. It can and will be extended to the cross-track direction 
thereby eventually providing two dimensional temperature and write field maps. 

REFERENCES 
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2) W.A. Challener et al., Nature Photonics, 26, 1, (2009).
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Figure 1 Relative down-track write position as function of the write- and operating-laser-current.  
 

 
Figure 2. Write field to write current relation for various down-track positions. 

 
Figure 3. Down-track temperature profile as derived from the field map shown in Fig. 2. Inset: Spread of 
derived temperatures if the field values were 10% too large. 
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Areal density growth in perpendicular magnetic recording is currently challenged by our ability to scale the 
magnetic grains in granular media while maintaining thermal stability and writeability. Among the various 
technologies currently under investigation to extend magnetic recording beyond 1Tb/in2, magnetic recording 
on bit patterned media, BPM, stands as the only option that does not depend on grain scaling. Because every 
bit is lithographically and deterministically patterned, granular media noise from independent grains is 
eliminated. Thermal stability comes from the large volume of the entire island (large KuV) and writeability can 
be addressed with alloys of moderate coercivity.[1] More than being limited by recording physics, the main 
challenge to BPM lies in the fabrication of the sub-10 nm features needed which set BPM technology apart 
from any other lithographic application in industry. 

With fabrication requirements for individual features in the single-digit nm scale, placement tolerances 
below 1 nm and geometrical arrangements on seamless circumferential tracks, BPM is not only a potential 
solution to higher areal density media, but also a nanofabrication platform that keeps pushing the limits of 
what is possible beyond optical lithography. The core of the lithographic challenges concentrate at the 
fabrication of a master template for nanoimprint lithography, NIL, from which replication and transfer to 
individual magnetic recording disks can be made. To achieve sublithographic resolution on circumferential 
tracks with constant angular pitch, rotary e-beam directed self-assembly of block copolymer films seems to be 
the most likely solution.[2] While fabrication of round bit islands arranged in hexagonal arrays is the most 
direct and efficient way to obtain the highest areal densities from cylinder or sphere forming block copolymers, 
magnetic recording and simulation data indicate that track misregistration can be reduced and recording 
performance can be improved by using rectangular bit cells.[1] However, when compared to a hexagonal 
lattice and in order to achieve the same areal density, a rectangular lattice calls for even smaller lithographic 
features and a two-step fabrication process involving two sets of orthogonally intersecting stripes made from 
lamellae forming block copolymers.[3] Furthermore, even the resolution of the most mature of block 
copolymer materials, namely PS-b-PMMA, can only reach down to about 22 nm full pitch which is not enough 
to enable densities above 1Tdot/in2, assuming rectangular bit cells. While other block copolymer materials are 
under investigation, a likely and timely solution is to add a self-aligned double patterning, SADP, after the 
block copolymer lithography to reach sub-20 nm pitch.[1]  

With the current set of PS-b-PMMA block copolymer materials and an SADP process, this fabrication 
strategy could be extended to reach densities in the range of 3-4 Tdot/in2 and as new block copolymer 
materials reach maturity, the fabrication strategy could extend well into the 5Tdot/in2 regime enabling enough 
areal density gain to extend the roadmap of magnetic recording. 
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Fig. 1. Fabrication strategy for bit patterned media 
with rectangular bit cells. The color map shows the 
areal densities that are achievable for various 
dimensions of bit pitch and track pitch. The diagonal, 
dashed lines indicate the corresponding bit aspect 
ratios. Dimensions above ~22nm pitch can be 
fabricated directly from PS-b-PMMA block 
copolymers. Below 22nm, an additional SADP 
process or a higher χ block copolymer is needed. 

 
 
Fig. 2. Magnetic bit patterned media at a density of 
1.2Tdot/in2 made on a rectangular bit cell with of 20.5 
nm x 27 nm (bit pitch x track pitch) 
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I. INTRODUCTION 

Magnetic patterning in a nanoscale without substantial side effects is essential for achieving an ultra-high 
density not only in magnetic recording storage but in magnetic solid-state devices such as magnetic random 
access memories, spin-logic and spin-quantum computing devices. Among methods of nanopatterning, an ion 
irradiation technique is in particular promising for the development of bit patterned media (BPM) capable of 
several Tb/in.2 since it has very significant advantages over conventional methods [1]. Firstly, it does not 
require a number of complicated fabrication steps such as physical or chemical etching, non-magnetic 
materials filling, and planarization to create an array of ferromagnetic islands (or bits). As a matter of fact, 
those manufacturing processes have often generated lethal side effects on ferromagnetic islands. They are 
physical damage and imperfections during the processes. Non-uniform sizes of islands and of gaps between 
islands have also been an obstacle to achieve such an ultra-high density in magnetic recording, though the 
state-of-the-art semiconductor process technology has been applied. Manufacturing cost also increases with the 
number of process steps. Secondly, the ion irradiation technique has demonstrated its capability of controlling 
magnetic properties of as-prepared films as designed. Whereas applying different materials for films or thermal 
tretment of as-prepared films has been the most popular method to modulate the magnetic properties, it 
controls the energy of accelerated ions during the bombardment to change the magnetic properties of the 
as-prepared films. Various ferromagnetic metallic systems, such as Co/Pt, Co/Pd, CoCrPt/Cr superlattices, 
FeAl, and CrPt3, with ion sources such as He, Ar, Ga, and Xe in the energy range of 10s keV~10s MeV have 
been explored with successful results. Local destruction of an interfacial structure or a crystal structure by 
bombardment with energetic ions has been a fundamental mechanism to change the properties and to achieve 
magnetic patterning. However, such a promising ion-irradiation technique too has unavoidable drawbacks of 1) 
defect formations owing to high energy and/or heavy ion bombardments, 2) ferromagnetic cross-talk or 
exchange coupling between magnetic islands via an unpatterned ferromagnetic medium, resulting in a loss of 
control over magnetic switching, and 3) limitations in the use of various material systems such as oxides, 
nitrides and sulfides. 

Our approach was completely opposite to the others reported [2]. Firstly, we chose the smallest and lightest 
ion, proton. Secondly, we used the proton irradiation with very low energy far below 1 keV, instead of using 
keV~MeV that has been conventionally used. Our intension of those approaches is to ensure minimal damage 
to the physical and chemical structures of the materials during the bombardment. Lastly, we applied our 
irradiation for not a metallic, ferromagnetic system but an oxidic, paramagnetic system. Proton irradiation with 
0.3 keV has indeed succeeded in local phase transformation from an oxidic, paramagnetic [Co3O4/Pd] to a 
metallic, ferromagnetic [Co/Pd] superlattice without any noticeable damages. In this presentation, we 
demonstrate that an array of ferromagnetic nano-islands patterned by the local phase transformation of a 
Co3O4/Pd superlattice with proton irradiation has high quality to achieve ultra-high density of magnetic data 
storage over 2.5 Gb/in2, which is much larger than the current magnetic-recording density of under 1 Tb/in2. 
All of the advantages which we found in this study can be breakthrough for BPM technology [3]. 
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II. EXPERIMENTAL DETAILS 

A paramagnetic Co3O4/Pd superlattice was prepared onto a Si (100)/SiO2 200 nm (thermally-oxidized) 
substrate using an ultra-high vacuum (UHV) DC magnetron sputterer, whose base pressure was less than 
4.0×10-9 Torr. The structure of the superlattice was Ta 4.0/Pd 3.0/[Co3O4 0.6/Pd 1.0]10/Pd 2.0 (nm). Proton 
plasma was generated at a working pressure of 1×10-2 Torr using microwave power at 2.5 GHz, and the 
protons were then accelerated to a voltage of 0.5 kV on the Co3O4/Pd superlattice. Pattern images were 
obtained using magnetic force microscopy (MFM), and scanning photoelectron microscopy (SPEM) on the 
8A1 beam-line at the synchrotron light source of the Pohang Accelerator Laboratory. Transmission electron 
microscopy (TEM) specimen of the patterned superlattice was prepared using a focused ion beam lift-off 
technique with Ga ions accelerated at 5 kV. A nano-hole array and a Hall cross bar were fabricated using 
electron-beam lithography to pattern the array of nano-islands in a pillar shape and to study the magnetic 
properties. 

 

III. RESULTS 

Electrical, chemical, and magnetic images were obtained using scanning electron microscopy (SEM), MFM, 
and SPEM. The SEM and SPEM images present that the patterns are chemically well-defined. The MFM 
image also reveals that the proton-irradiated region has been transformed to the ferromagnetic. They are direct 
evidence of successful magnetic patterning through chemical and magnetic phase transformations by the 
proton irradiation. We investigated the crystalline structure of the patterned Co3O4/Pd superlattice by 
cross-sectional high resolution TEM. The fast Fourier transformed (FFT) diffraction patterns from the 
un-irradiated area of the superlattice under the mask show a Co3O4 (111) plane while those without mask show 
the absence of Co3O4 (111), indicating that the proton-irradiated area is reduced to an FCC Co/Pd (111) 
metallic phase. TEM study also confirms that the interfaces between the reduced Co and the Pd layers were 
still intact and well preserved after patterning. Switching properties and thermal stability of the patterned dot 
array were measured using anomalous Hall effect (AHE) magnetometry. Magnetic anisotropy (Ku), switching 
field distribution (SFD), minimal dot size and thermal stability factor (KuV/KBT) of the patterned dot array are 
listed in Table 1. Our Stopping and Range of Ions in Matter (SRIM) simulation demonstrates that spacing 
between patterned dots can be reduced to ~7 nm. Therefore, the minimum pitch of the array patterned by the 
proton irradiation can be less than 15 nm with a KuV/kBT of 83, which means that a storage capacity of more 
than 2.5 Gb/in.2 is achievable.  

 

Table 1. Ku, SFD, minimal dot size and KBT/KuV of the patterned dot array 

Ku SFD minimal dot size (pitch) KuV/KBT 

3.78×106 erg/cm3 8% < 8.2 nm (< 15 nm) 83 
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I. INTRODUCTION 

The choice of magnetic materials for bit patterned recording (BPR) has evolved as the island size has 
decreased, requiring thinner films of high anisotropy in order to maintain recording properties and thermal 
stability. Early BPR media used multilayers, such as Co/Pd, to generate perpendicular anisotropy [1], and has 
been replaced with high anisotropy Co alloy layers similar to that used in conventional perpendicular media [2]. 
BPR media employing ordered compounds with very high anisotropy has been used to achieve even higher 
areal densities [3]. In this paper we restrict ourselves to media around the 1Tb/in2 regime, where alloys of Co 
with Cr, Pt, Ta etc. can provide sufficient thermal stability and narrow switching field distribution in layers 
thin enough to be adequately etched. In particular, we consider how subtractive and additive methods to form 
media islands influences the choice of materials and processes used. 

 
II. MATERIALS FOR ETCHED MEDIA 

One frequently exercised method for generating BPR media is to form magnetic islands from a continuous film 
of exchange coupled grains by etching trenches around the islands. As areal density increases and islands 
become smaller it is necessary to etch shallower trenches in order to keep the trench width from growing too 
large, and as a result thinner magnetic layers must be deposited. As a consequence the magnetic volume V of 
the island is reduced, and to maintain a large stability parameter KeffV/kBT it is necessary to increase the 
overall anisotropy Keff. This can be achieved by changing alloy composition to increase the volume anisotropy, 
for example by decreasing Cr content. Another means of increasing Keff is to make surface anisotropy larger by 
appropriate choice of interfaces. We find that we can increase Keff by more than 10%. We can also improve 
the stability, magnetic properties and recording performance of BPR media by annealing a BPR disk to high 
temperatures after it is etched. Fig.1 shows that significant Cr migration to island boundaries occurs from 
annealing, decreasing Cr content within the islands and effectively changing the composition within the island. 
Annealing may also repair damage to the island perimeter caused by etching. Our work shows that Co alloys 
can deliver adequate recording performance beyond 1Tb/in2.    

 

III. MATERIALS FOR TEMPLATED GROWTH MEDIA 

An alternative to etching a full film to obtain patterned islands is to grow the magnetic stack on a pre-patterned 
surface, with plateaus on which the media is to be grown that are separated by trenches. This approach, using 
multilayers of Ni/Co and Co/Pd, was used to obtain media at areal densities several hundred Gb/in2 [4]. 
However, magnetic material could be deposited in the trenches causing additional media noise. Extension of 
these structures to small island sizes would require that the island plateaus remain sufficiently flat to properly 
grow multilayers. Despite these challenges, a means of creating bit patterned islands by an additive process 
remains attractive because of its potential to reduce the number of critical fabrication steps and because 
damage caused by etching or subsequent corrosion can be avoided. We have developed just such a method that 
combines shadow growth with epitaxial growth on the same surface feature to obtain isolated islands of 
magnetic material with high crystallographic orientation and good magnetic properties. The surface feature is 
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formed, using lithographic techniques, from a layer of Pt oriented with (111) texture perpendicular to the disk 
surface, similar to features reported recently [5]. SEM images of the patterned surface before and after media 
growth is shown in Fig 2, and shows registry of the surface feature and the island formed on it. Cross section 
TEM reveals that the subsequent layers grow epitaxially, consistent with X-ray measurements that show only a 
modest increase in the rocking curve width of the magnetic material deposited. Kerr magnetometry of media 
produced in this way shows comparable magnetic behavior to etched media but with a higher switching field 
distribution. Magnetic recording investigations with a static tester show that generally each island switches as a 
single magnetic unit and that an on track error rate of about 10-2 can be achieved. Our work suggests that 
templated growth of BPR media has potential to achieve high areal densities. 
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Fig. 1 TEM cross section of media a) before anneal, b) after anneal showing segregation of chromium. 

    
Fig. 2. a) Overlay of SEM images from a disk with pattern features before deposition and a disk with 

templated growth media after deposition, b) On-track error rate vs write phase with respect to the bit lattice for 
a templated growth bit patterned disk. 
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I. INTRODUCTION 

Continuing areal-density growth is critical for magnetic recording technology to meet the increasing 
demand of data storage. As extending perpendicular magnetic recording (PMR) is becoming challenging and 
considered to be reaching the limit, new technologies, such as heat-assisted magnetic recording (HAMR), are 
expected to be introduced. Bit-patterned media (BPM), which stores one bit of information on 
lithographically-defined single magnetic dots, is considered to extend the areal-density beyond the limit 
imposed by the granular media used in PMR and HAMR.  

BPM, however, presents extreme fabrication challenges in lithography and media fabrication because of 
the small feature size and the tight spacing tolerance requirements. In addition, many drive-system integration 
issues need to be addressed, including physical track-following, and write timing-synchronization.  

  

II. EXPERIMENT 

Directed self-assembly (DSA) of block copolymers is a viable lithography solution for BPM patterning. 
DSA process with sphere-forming polystyrene-block-polydimethylsiloxane (PS-b-PDMS) for coherent dot 
patterning over large area at density of up to 3.2 tera-dots per square inch (Tdpsi) has been developed. 
Furthermore, a complex servo pattern has been integrated using a two-step DSA process, combined with 
conventional optical lithography to define separate data and servo zones [1]. This method has been 
successfully applied to fabricate a servo-integrated BPM quartz template for nano-imprint lithography (NIL) at 
density of up to 1.5 Tdpsi. Magnetic media have been patterned by NIL followed by a reverse-tone process and 
ion-beam etching for recording demonstration.  

In addition, a hardware channel incorporating BPM special features for write timing-synchronization has 
been developed. The system is capable of demodulating patterned-in servo for track-following and patterned-in 
timing features for write synchronization. 

 

III. RESULTS 

Figure 1(a) is a large-scale top-down SEM image of a 1.5 Tdpsi servo-integrated BPM template showing 
both servo and adjacent data zones. Shown in Fig. 1(b) and (c) are zoom-in SEM images of various servo 
patterns, and the data zone at four locations, respectively. The magnetic media fabricated using this template 
have been tested on a spin-stand equipped with a high-bandwidth actuator. Read-back signal from the 
patterned-in servo was used to close the servo control-loop to accurately position the recording head at the 
desired location to perform recording operation.  

Figure 2 shows a bit-error rate (BER) measured over a full-track using the special hardware channel. The 
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media used here was patterned at the density of 500 Gdpsi. The full-track data writing was performed using the 
channel-internal pattern-generator synchronized to the patterned-in data-dot locations on the disk surface. This 
illustrates that the synchronous writing works well over the full revolution.  

Combining the servo-integrated DSA process and system-level development for BPM specific features 
mentioned here addresses the challenges facing the realization of BPM technology. The talk will also discuss 
drive-level BPM development. 
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Fig. 1. SEM image of servo-integrated 1.5 
Tdpsi template (a), zoom-in SEM images 
of servo patterns (b), and data zones at 
four locations (c), respectively  
 

Fig. 2. Full-track BER measured with a 
special hardware channel in BPM mode 
for write synchronization  
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I. INTRODUCTION 

Accurate and precise control of the read/write head position in a hard disk drive (HDD) is performed by a 
nano-positioning servomechanism. The control strategy in conventional HDDs that contain disks coated with 
continuous media is distinct from bit-patterned media recording (BPMR) technology. That is, in conventional 
HDDs, data can be recorded continuously on the disk and it is ideally written on concentric circular tracks. In 
contrast, data bits in BPMR should be written on discrete islands, which are created by lithography on the disk 
[1]. A schematic of the ideal data tracks for these two types of magnetic recording is shown in Fig. 1. The 
servo mechanism in both technologies uses a set of pre-written servo tracks in order to measure the position of 
read/write head. An additional role of the servo tracks in BPMR is that they determine the shape of data tracks 
(c.f. Fig. 1). A servo track is usually characterized by its deviation from a circle passing through its mean, 
which is called repeatable runout (RRO). This implies that the control objective in servo design of BPMR is 
tracking a periodic trajectory that is indeed the RRO profile. Repeatable runout is caused by both imperfection 
in fabrication – e.g. e-beam and imprint error – and mechanical defects such as disk deformation by clamp and 
eccentricity of disk. These defects result in a periodic profile that only contains frequency components at the 
disk spinning frequency and its harmonics up to the Nyquist frequency of the controller.  
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Fig. 1. Servo and data tracks on continuous (left) and 
bit-patterned (right) media. 

Fig. 2. Block diagram of a servo system that uses a 
feedback and an adaptive “plug-in” controller. 

 
II. CONTROL DESIGN 

The problem of tracking the RRO in a single stage HDD can be considered as that of rejecting a periodic 
disturbance, say 𝑟, that enters the servo loop as is shown in Fig. 2. The blocks 𝐺 and 𝐶! denote the transfer 
function for the actuator (i.e. the voice coil motor) and feedback controller, respectively. Here, the desired 
control objective is to minimize 𝑒, which is the measured position error signal (PES). The adaptive controller 
𝐶!, is added in a “plug-in” fashion to attenuate the effect of 𝑟, which is equal to the RRO with negative sign. 
There are two particular challenges that are specific to BPMR. First, the RRO spectrum can spread beyond the 
bandwidth of the feedback controller and as a result it will be amplified by the feedback controller [2]. Second, 
since the RRO spectrum contains numerous harmonics (e.g. 200) of the spindle frequency, the required control 
algorithm would be in general computationally intensive. An adaptive repetitive control scheme based on a 
modified filtered-X LMS algorithm with a variable step size to attain the aforementioned control objective is 
proposed in [3]. The so called “regressor” vector in that work consists of a set of sinusoidal functions at the 
harmonics of spindle frequency. Knowing that in general the calculation of trigonometric functions is 
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computationally intensive, we present three alternatives here and compare the results. We consider a constant 
kernel vector, 𝜅 = 𝜅!, 𝜅!,… , 𝜅! , and construct the “regressor” vector, 𝜙(𝑡) = [𝜙!(𝑡),𝜙!(𝑡),… ,𝜙!(𝑡)], by 
rotating the kernel vector: 𝜙! 𝑡 = 𝜅!"# !!!,!   . The three considered learning kernels and the corresponding 
time complexity are given in Table 1. The signal 𝑟!!(𝑡) and 𝜙!(𝑡) denote the impulse response of the 
inverse closed loop transfer function 𝑅!! =    𝐺 (1 + 𝐶!𝐺) !! and the “regressor” vector given by method 1.  
Furthermore, it is determined in the table whether it is possible to attenuate selective frequency contents of the 
RRO. The convergence of these methods are compared to the result of [3] in Fig. 3. 

Method Kernel Time complexity Selective frequencies  

1 𝜅! = 1, 𝜅 = 0    2 ≥ 𝑖 ≥ 𝑁 𝑂(2𝑁) No 

2 𝜅! = 𝑎! sin 𝑖𝑗𝜔! + 𝑏!cos  (𝑖𝑗𝜔!)!
!!!   𝑂(3𝑁) Yes 

3 𝜅 = 𝑟!! 𝑡 𝜙!(𝑇! − 𝑡)
!!
!!!   𝑂(𝑁) No 

   

 

  

Fig. 3. PES convergence comparison for four chooses of regressor vector. Fig. 4. Modeling phase mismatch 

III. COMPENSATION OF PLANT UNCERTAINTIES 

The synthesis of the adaptive controller 𝐶! requires a dynamic model for the closed loop transfer function 
𝑅. The nominal transfer function for the actuator, 𝐺!, may differ from the actual transfer function 𝐺 due to 
the variation of actuators from drive to drive or dynamics variation caused by temperature changes. If the 
phase mismatch between 𝑅 and 𝑅! = 𝐺!/(1 + 𝐶!𝐺!) exceeds 90 degrees, the adaptive control will diverge 
[3]. We use the method proposed in [4] to identify and compensate the existing mismatches between 𝑅 and 
𝑅!. The phase mismatch between 𝑅 and identified transfer function 𝑅! is compared to the phase mismatch 
between 𝑅 and 𝑅! in Fig. 4.  
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Monodisperse nanoparticles can self-assemble into arrays with long-range structural order [1], and are a 
possible alternative to block-copolymers as patterning agents to create dense magnetic dot assemblies with 
small feature sizes and small pitch (< 15 nm). The goal is to use the regular pattern of the nanoparticle cores to 
template a regular pattern of magnetic dots with desirable properties for magnetic recording, with minimal 
dot-to-dot variations. Here we describe three closely related methods of nanopatterning based on self-assembly 
of surfactant-coated nanoparticles, and discuss the advantages of each and challenges that remain. These 
methods are illustrated schematically in Figure 1. All start with a flat substrate coated with a large area 
monolayer of nanoparticles (Figure 1a). The monolayers are made using Langmuir layer techniques that are 
scalable to large areas, and these nanoparticle arrays can be transferred onto a wide variety of substrates [1].  

In the first case the particles are used to create hole arrays that are then filled by deposition of other 
materials (Figure 1b). To make the hole arrays [2], the sample is cured with an electron beam to cross-link the 
surfactant molecules. An oxygen plasma removes most carbon-containing material on top of and in-between 
the particles, but leaves a small amount underneath to fix the particles to the substrate. This leaves an array of 
the inorganic nanoparticle cores with the same feature size and spacing as the original self-assembled array. To 
generate nanohole arrays, the original particle cores are dissolved in acid, leaving a shallow anti-dot array. 
Reactive ion etching can deepen the anti-dots into holes, or the anti-dots can be used directly as a template for 
deposition of new materials. If the materials are magnetic, then a magnetic dot array is created. High quality 
hole arrays can be created over large areas [2]. The main challenges in using them for magnetic recording 
media are in controlling the wetting of magnetic materials on the nanostructured template, in order to control 
the media grain size and uniformity, and in obtaining crystallographic orientation of the magnetic materials, in 
order to have magnetic uniformity on the nanoscale. 

To avoid the orientation problem associated with filling nanoholes, pillar arrays can be fabricated using the 
nanoparticle cores directly as an etch mask. The big challenge here is in the small spacing between the edges 
of adjacent cores, which restricts diffusion of etchant species. Increasing the spacing between particle cores 
can help to alleviate this problem. 10 nm diameter SiNx pillars with a 15 nm pitch have been prepared with this 
approach [3], and coated with Co/Pt multilayers in order to obtain perpendicular magnetization. An increase in 
coercivity is observed relative to that of the same multilayers on a flat substrate. One advantage of this method 
is that particle removal is unnecessary. However, there are limitations in the deposited film thickness that can 
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be achieved without creating a uniform thin film, which would defeat the purpose of patterning magnetically 
independent nanodots. 

The most desirable approach is to transfer the nanoparticle core pattern directly (Figure 1c) into a magnetic 
multilayer thin film that already has excellent magnetic properties, crystallographic orientation, and clean 
interfaces. This method also requires an increase in the inter-nanoparticle gap, as in Figure 1b, but here the 
biggest challenges are in developing pattern transfer etching chemistry suitable for magnetic materials, and in 
obtaining vertical pillars rather than tapered cones. Methanol reactive ion etching enables (RIE) patterning of 
magnetic metals and alloys, but this technique has not been as thoroughly investigated as RIE processes for 
Si-based materials. In addition, the nanoparticle cores must be removed without acid treatment that would 
damage the magnetic layers. The current status and future prospects for the nanoparticle-based patterning 
methods are discussed. 
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Fig. 1 Schematic of the nanoparticle patterning process. a.) A layer of surfactant-coated particles nanoparticles 
is deposited onto a flat substrate. After surfactant removal the particle cores remain and are used as an etch 
mask. b.) If material is deposited around the particle cores and the cores and then removed, as in a lift-off 
process, tan anti-dot template remains that can be filled with magnetic material. (c.) The antidot lattice can be 
used as a template for self-assembly of smaller particles, enabling the feature size and spacing to be varied 
independently. Reactive ion etching can then be used to generate nanopillars with the smaller feature size but 
the pitch of the original template. Magnetic material can be deposited on top of the non-magnetic nanopillars. 
d.) Alternatively the pattern can be transferred into a magnetic film, and then the particles removed.  
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I. INTRODUCTION 

Optical probing at the femto-second time scale allows investigating ultrafast magnetization dynamics 
including different fundamental interactions between spins, electrons, and lattice degrees of freedom when 
materials are far from equilibrium[1, 2][1, 3-5]. It further has the opportunity to explore the potential for novel 
technologies such as heat-assisted magnetic recording (HAMR) [6, 7]. An interesting and important outcome 
from studies of ultra-fast dynamics of magnetic systems is the demonstration that circularly polarized light can 
directly switch magnetic domains without any applied magnetic field. The initial studies showed fully 
deterministic magnetization switching in a ferrimagnetic GdFeCo alloy film using circularly polarized 
femtosecond laser pulses [8] that is now referred to as All-Optical Helicity-Dependent Switching (AO-HDS).  
Since this initial experimental discovery, there have been extensive explorations of these phenomena with a 
particular attention on the ferrimagnetic nature of the magnetic materials [9][10][11]. In all these cases, 
AO-HDS was observed for ferrimagnetic systems with two distinct sublattices that are 
antiferromagnetically-coupled and exhibit a compensation temperature near or above room temperature. An 
intriguing and important open question is whether AO-HDS is specific to a subset of ferrimagnetic materials or 
is a fundamentally general process and can be applied to more widely exploited ferromagnetic materials. 
Furthermore can it be also applied to reverse technologically important high-anisotropy granular or patterned 
materials that are anticipated for future high-density magnetic recording? 

II. EXPERIMENTAL FINDINGS AND DISCUSSION 

To address this challenge and to more generally probe optically-induced phenomena in magnetic systems 
we have developed an experimental facility for all-optical/heat-assisted magnetic switching experiments that is 
shown schematically in Fig. 1. The facility has a femtosecond laser pulse sources that ranges from 50-200 fs 
and can be tuned from UV to near IR spectral range, has pulse energy that can be varied from 1 nJ -1 mJ and 
full polarization control with a quarter wave plate. We have a transmission optical Faraday microscope with 
1-µm resolution that used a white light source and can image the film commensurate with the pulsed source. 
We have also integrated a small electro-magnetic that allows application of the magnetic fields. We have 
included a magneto-transport component that allows effects such as In this paper we demonstrate describe 
recent results showing that AO-HDS occurs for a range of ferromagnetic thin films and with perpendicular 
magnetic anisotropy including Pt/Co/Pt trilayers and Co/Pt, Co/Pd, Co1-xNix/Pd and Co/Ni multilayers. In these 
cases we only observe AO-HDS for films where the magnetic film thickness is less than ~3 nm and this 
thickness appears limited by the demagnetization energies that drive domain formation during heating by the 
laser pulses. We then show a high degree of optical control of granular FePt films currently being pursued for 
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HAMR media which exhibit a room-temperature coercive fields exceeding 3.5 T [24, 25]. Shown in Fig. 2 are 
results of optical studies for the FePtAgC granular film where we start with the film in a random magnetic 
state with equal up or down oriented magnetic grains (similar results are obtained for the FePtC film). Because 
the grain size is well below the resolution of the Faraday microscope the randomly magnetized sample appears 
grey. As can be seen from Fig. 2 there is a clear net magnetization achieved that depends on the helicity of the 
circularly polarized light and no change is observed in the image with linear polarization. This clearly shows 
that a percentage of the films is being magnetized and controlled by the polarization of the light. Shown in Fig. 
2b are images of the laser spot without scanning the laser beam. As shown there is a laser power to achieve 
AO-HDS which exists for a relatively narrow range of powers. With increasing power above the threshold 
power (~420 nW) there is a region of reversed grains. Above ~600 nW a ring forms where AO-HDS occurs at 
a particular radius (and this radius grows with increasing power). The center of the ring where the laser 
intensity is the highest the films is demagnetized, presumably from exceeding TC.  The level of control in the 
granular FePt case is determined by thermal activation of the grains after the application of the optical pulse. 
 
 
 

 
Figure 1: Schematic of the experimental facility 
for all-optical/heat-assisted magnetic switching 
experiments.  The facility has a femtosecond 
laser pulse sources with an integrated 
transmission Faraday microscope, electro-magnet 
and magneto-transport measurements. 

 
Figure 2: Magneto-photonic response in zero applied 
magnetic field of a 15-nm FePtAgC granular film sample 
starting with an initially demagnetized sample. (a) Line 
scans for various laser polarizations from top to bottom 
right (σ+) and left (σ-) circularly polarized light and linear 
polarized light (L). The laser beam was swept over the 
sample and the magnetization pattern subsequently imaged.  
(b) Images of magnetic domains for right (left column) and 
left circularly polarized light (right column) laser spot for 
various laser powers. 
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I. INTRODUCTION 

The current exponential growth rate of digital data is fueling demand for cost effective storage technologies. Magnetic 
tape systems are particularly well suited for the long term storage of less frequently accessed data due to their low total 
cost of ownership, high reliability and long media lifetime. However, to remain competitive, it is critical to maintain tape’s 
cost advantage by continuing to scale the areal density and cartridge capacity of tape systems. State of the art commercial 
linear-tape drives operate at an areal density of 2-5 Gb/in2 and provide cartridge capacities of up to 8TB. In this work, we 
demonstrate the viability of continuing to scale the tape roadmap for roughly the next 10 years [1] by performing a 
single-channel tape areal density demonstration of 85.9 Gbit/in2 on a new particulate Barium Ferrite (BaFe) medium.   

II. TECHNOLOGIES AND EXPERIMENTAL RESULTS

     The linear tape recording performance of a prototype barium ferrite (BaFe) particulate tape was investigated using a 
90nm wide giant-magnetoresistive hard disk read head and a prototype tape write head that enables the use of reduced 
volume particles with increased coercivity. The magnetic tape has a total thickness of 4.3µm and a recording layer 
composed of perpendicularly oriented BaFe particles. Key features of the improved BaFe media include: (i) a particle 
volume of 1600 nm3, approximately 24% smaller than that of IBM1 3592 JC tape; (ii) a particle coercivity of Hc=245 
kA/m (iii) a perpendicular squareness ratio of 0.87 (with demagnetization compensation); and (iv) a very smooth surface 
roughness Ra of 0.8nm measured by optical interferometry and an average roughness Rz of 22nm measured by AFM. 

The reduced volume of the BaFe particles used here provides an increase in SNR due to reduced media noise. 
However, to maintain sufficient thermal stability, the particle coercivity was increased to compensate for the reduced 
volume. This increase in coercivity creates a challenge to produce sufficient write fields to fully saturate the media using 
conventional tape heads. To overcome this challenge, we developed a new writer that consists of Ni45Fe55 poles and an 
additional 200nm layer of FexCo1-x deposited between the write gap and the trailing edge pole. This high-moment layer 
results in an increased deep gap field and sharper field gradients, enabling the use of higher coercivity media. 

Even in combination with the advanced BaFe media described above, the use of an ultra narrow 90nm wide reader 
results in a significant reduction in SNR relative to current commercial product operating points. To enable reliable 
operation under such conditions, we developed an iterative decoding technique that significantly improves user error rate 
performance. We established the target raw error rate performance for our demo by analyzing the performance of this 
technique using a product Reed Solomon code similar to what is implemented in current commercial tape drives. 
Figure 1(a) presents the results of an evaluation of this scheme, using a product code with N1=240, N2=192 and a 
rate of 0.83. The figure depicts the byte error rate after successive C1 (row) and C2 (column) decoding steps versus 
the channel byte error rate. The symbols refer to simulations results obtained using a decoding emulator, whereas the 
solid lines show the result of an analysis based on a probabilistic error rate model[2]. As indicated by the dark blue 
line, a user error rate of less than 1e-20 can be achieved with a byte error rate of 4.5e-2 after two consecutive C1 and 
C2 decoding steps. Hence we set a performance target for the demo of a raw byte error rate of < 4.5e-2 at the output 
of the detector, assuming a reverse concatenation architecture. 
  In order to determine the raw byte error rate that can be achieved over the data channel, a repeating 255-bit 
pseudo-random binary sequence (PRBS) was recorded on the BaFe tape medium at linear densities from 485 kbpi to 600 

1 IBM is a trademark or registered trademark of International Business Machines Corporation in the United States, other countries, or both. 
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kbpi using our enhanced field writer and a reel-to-reel tape transport. The corresponding readback waveforms, obtained 
with the 90nm wide hard disk GMR read head were processed by a software read channel that implements all the functions 
of an in-drive read channel. Figure 1(b) compares the performance obtained for 8-state extended partial-response class 4 
(EPR4) detection and 16-state noise-predictive maximum-likelihood (NPML) detection [3]. A post-detection byte error 
rate target of less than 4.5e-2 is achieved with both detectors and a byte error rate operating margin of approximately 2x is 
achieved with the NPML detector. 

     To facilitate aggressive track density scaling, we made several advances in the area of track follow performance. 
First we developed a low noise experimental tape transport with a high bandwidth track-follow actuator. Second, we 
implemented a new servo channel that together with an experimental timing based servo pattern enables the generation of 
position estimates with nanoscale resolution at a high update rate. Third, we developed an FPGA based prototyping 
platform in which we implemented the servo channel and an H∞ based track follow controller, enabling real time closed 
loop track follow control. The experimental set-up was optimized to reduce the sources of delay in the control system 
and enable the synchronous operation of the controllers. The track-follow control system was designed using the H
∞ control framework. The system characteristics and performance objectives were incorporated in the formulation 
of the optimization problem using weighting functions. Specifically, the weighting functions were chosen to balance 
the low-frequency tracking of the lateral tape motion, while maintaining minimal amplification at high frequencies. 
Due to the tape-speed dependent characteristics of LTM, the H∞ controllers were optimized for each tape operating 
speed. The achieved closed-loop bandwidth derived from the sensitivity transfer function ranges from approx. 600 
Hz for low tape speeds to approx. 1 kHz for higher tape speeds. Figure 1(c) shows an example of the closed-loop 
position error signal (PES) measured at a tape speed of 2.15 m/s. Figure 1(d) depicts the standard deviation of the PES 
(σ-PES) as a function of tape velocity demonstrating a σ-PES < 10.3 nm over the speed range of 1.2 to 4.1 m/s.   
 The minimum track width is estimated using the model described by the Information Storage Industry 
Consortium (INSIC) [1] as: track width = 2√2 *3σPES + reader width. Taking a reader width of 90nm and measured σPES = 
10.3 nm leads to an estimated track width of 177 nm and a track density of 143 ktpi. Finally, combining this track density 
with the linear density of 600 kbpi achieved within the error rate target with the 90 nm reader enables an areal recording 
density of 85.9 Gb/in2. 

REFERENCES 

1) International Magnetic Tape Storage Roadmap,” Information Storage Industry Consortium, May 2012. 
2) J. Justesen, and T. Hoholdt, ITW 2007. pp.174-177 
3) J. D. Coker, E. Eleftheriou, R. L. Galbraith, and W. Hirt, IEEE Trans.Magn., vol. 34, pp. 110-117, 1998. 

      

 
 
Figure 1 a) User byte error rate versus raw byte error rate: green: before decoding, black: after C1 decoding, red: 
after C1 & C2, magenta: after C1-C2-C1, blue: C1-C2-C1-C2, cyan: after three C1-C2 iterations, dashed blue: 
channel capacity. b) Data channel SNR and byte error rate versus linear density. The dashed line shows the demo 
byte error rate target. c) PES during track follow at 2.1m/s. (d) Standard deviation of the PES versus tape speed. 
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I. INTRODUCTION 

In the last few years a large effort is being undertaken by the semiconductor industry to develop and 
productize novel memory technologies. This is because conventional memories, mainly DRAM and Flash, are 
believed to approach fundamental scaling limits beyond which their reliability will be seriously compromised. 
One of the most promising of such memory technologies, namely phase change memory (PCM), has now gone 
through over a decade of development and is well positioned for productization in the near future. PCM is 
based on the principle of reversible resistivity change that phase change materials (typically alloys of Ge, Sb 
and Te) exhibit upon the application of heat. Heat may be delivered to the material through current flow 
between two electrodes which sandwich the material and comprise the memory cell stack. The different 
physical states of the phase change material can be used to store information. PCM is a “universal” memory, in 
that it exhibits characteristics akin to both memory (low latency, high endurance) and storage (high capacity, 
low cost), as well as excellent scalability prospects. Each of the above features, however, comes with its own 
practical challenges, which need to be properly addressed at the memory array and system level for PCM to 
reach its true potential.  

In particular, in order to achieve high capacity at low cost, multilevel-cell (MLC) storage, i.e., storage of 
more than one bit-per-cell, is necessary. MLC storage in PCM is particularly challenging and comes at the 
expense of memory reliability degradation. Careful memory cell design and advanced read and write schemes 
help to mitigate some of these issues. Advanced signal processing and coding techniques provide further 
reliability improvement, to levels similar to those established by the incumbent memory technologies. This 
work focuses on describing the principles of novel signal processing and coding methods to enable MLC 
PCM.  

 

II. MULTILEVEL-CELL PHASE CHANGE MEMORY RELIABILITY 

Detection of stored data in MLC memories is conventionally accomplished by placing multiple fixed 
thresholds between cell-level distributions. Phase change materials, however, exhibit unstable behavior after 
programming; in particular, a structural relaxation process takes place that brings the material to a preferred 
stable state over time [1]. This process gives rise to drift, i.e., continuous change of a cell’s resistance as it is 
measured over time, in a stochastic manner. At the cell array level, drift causes shift and broadening of the 
stored level distributions with time [2] (see Fig.1). To cope with drift, usage of time-varying detection 
thresholds that are adaptively matched to the level statistics is necessary [3]. Adaptation of the detection 
thresholds requires knowledge, or estimation, of the level distributions from the block of cells that is accessed 
during the read operation. Estimation may be performed in a data-aided fashion, i.e., by using a small number 
of memory cells as “reference”. However, this approach leads to capacity loss and often to poor estimation 
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accuracy. We adopt a different approach, whereby detection parameters are estimated in a “blind” fashion, i.e., 
without reference cells. 

The problem then is to estimate, in the absence of any training data, the best possible detection thresholds 
for a set of multi-valued memory cell readback levels, so that the bit-error-rate at the detector output is 
minimized. One significant further complication arises from the fact that in PCM read/write accesses are of a 
small granularity, in the order of a few bytes, because of the demands of its anticipated applications. The 
problem of parameter estimation based on small data blocks is difficult by definition, as not enough data are 
available for reliable estimation. We discuss ways to accomplish this by introducing coding to assist the 
estimation and detection process. We argue that joint detection/decoding of the stored data blocks provides an 
attractive solution to the problem of reliable retrieval of MLC data in PCM. We demonstrate that the proposed 
approaches using adaptive thresholds and coding significantly outperform not only fixed-threshold strategies, 
but also detection methods based on reference cells, at similar overhead. An illustration is provided in Fig. 2, 
where the bit error rate of the proposed method is compared with that using reference cells for detection, as a 
function of time elapsed after cell programming. Significantly longer data retention is achieved by using the 
proposed schemes.  

 

REFERENCES 

1) D. Ielmini, et. al, "Reliability Impact of Chalcogenide-Structure Relaxation in Phase-Change Memory 
(PCM) Cells – part I: Experimental Study", IEEE Trans. Electron Devices., 56, No. 5, 1070-1077, (2009).  

2) N. Papandreou, et. al, "Drift-Tolerant Multilevel Phase-Change Memory", Proc. IEEE Intl. Memory 
Workshop, 147-150, 2011. 

3) H. Pozidis, et. al, "Reliable MLC Data Storage and Retention in Phase-Change Memory After Endurance 
Cycling", Proc. IEEE Intl. Memory Workshop, 100-103, 2013. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Stored 4-level distributions 50 us (t0) and 50 
hours (tR) after programming. Drift causes 
distributions to shift and broaden. 

Fig. 2  Bit-error-rate of 64 kcell PCM array as a 
function of retention time. Use of reference cells 
(REF-CELL) compared with variable detection 
thresholds (VAR-TH). 
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I. INTRODUCTION 

In the past decade, there has been a great deal of interest in solid state non-volatile memory technologies 
that could supplement or perhaps supplant established semiconductor memories such as NAND flash, DRAM, 
and SRAM.  It has been 15 years since the first magnetic bits were switched in pillar devices using the spin 
transfer torque (STT) effect.  In November 2012, Everspin announced the first customer sample shipments of 
STT-MRAM chips.  In this talk, I will describe the advances that occurred in the intervening years that have 
enabled the successful commercialization of STT-MRAM technology.  I will also describe the challenges that 
must be overcome to continue scaling this memory to smaller dimensions, and consider the potential markets 
such scaling would open up to this technology.  I will conclude with a description of preliminary work being 
done on electric-field-controlled switching of magnetic bits.  Although this research is in its early stages, it 
offers the potential for switching energies competitive with CMOS transistors, which could enable a new 
generation of non-volatile logic circuits.  
 

II. CHALLENGES 

The vast majority of the early experiments on spin transfer torque switching of magnetic bits were 
performed on devices with in-plane magnetization.  The potential scaling of such bits is limited for several 
reasons, chief among which is thermal stability.  The thermal stability of in-plane bits is created using a 
combination of in-plane crystalline and magnetic shape anisotropy.  Unfortunately, if we attempt to move 
below the 65 nm node, it is very difficult for these effects to provide a large enough energy barrier between the 
two stable memory states to prevent thermal fluctuations from randomizing the bits.  By moving to bits with 
perpendicular magnetic anisotropy (PMA), one can create bits with anisotropy fields of several thousand 
Oersted, which are thermally stable to dimensions as small as 10 nm.  In addition, in PMA-based devices we 
can use the lithographically desirable circular bit, as shape anisotropy is no longer necessary.   Despite the 
increase in thermal stability, perpendicular bits can have lower switching currents than in-plane bits, as the 
2πMs demagnetization term that must be overcome to switch in-plane bits (but provides no thermal stability), 
is replaced by the perpendicular anisotropy field.  Even with PMA materials, the currents required for 
switching these bits are still quite large – typically on the order of several MA/cm2.  This is undesirable from 
a power consumption perspective, but also because such large current pulses can create endurance issues for 
the junctions.  Furthermore, the transistor footprint required to source such currents increases the bit cell size, 
reducing the effective areal density of the memory.  Assuming the switching currents can be made low 
enough so that the transistor footprint is no longer increasing the cell size, the packing density of the bits may 
be limited by our inability to etch closely spaced bits.  At present, the processes used to etch the MTJ stacks 
rely to a large extent on physical sputtering that leads to redeposition of material on the stacks.  In closely 
spaced stacks (pitch < 4F) shadowing from neighboring stacks can block the clean-up of this redeposited 
material, leading to shunting across the tunnel junctions.  
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III. VOLTAGE-CONTROLLED MAGNETIC ANISOTROPY (VCMA) 

 

It has recently been demonstrated in CoFeB/MgO/CoFeB MTJ stacks that applying an electric field across 
the tunnel barrier can reduce the PMA at the CoFeB/MgO interface and hence decrease the energy barrier for 
reversing the magnetization of the CoFeB layer.   In other words, the voltage across the barrier can control 
the magnetic anisotropy (see Fig. 1) [1].  Although this voltage alone cannot deterministically switch the 
magnetization direction of the bit, when used in conjunction with other effects (spin transfer torques, 
unbalanced fields from the reference layer, etc.) it opens up intriguing possibilities for low-power MRAM 
switching.  It could also be useful in three-terminal MRAM devices, such as those based on spin-orbit 
switching, where the VCMA bias can almost be thought of as gate voltage for controlling the switching 
potential barrier [2] 
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Fig. 1 Schematic of the MTJ devices used to measure VCMA effects.  The MgO barrier was thick enough so 
that essentially no current passes through the barrier.  An external in-plane field of 80 Oe was applied to 
control the switching direction.  The exponential reduction of switching time with applied bias is plotted on 
the right. 
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I. INTRODUCTION 

Magnetic random access memory (MRAM) has potential to become the universal memory because of its 
unique features of non-volatility, high speed and almost unlimited endurance. Magnetic tunnel junctions 
(MTJs) with perpendicular magnetic anisotropy (PMA) are the most promising candidate for high density 
MRAM applications. In particular, MTJ stacks consisting of a MgO barrier and PMA CoFeB magnetic layers 
have attracted considerable attention, thanks to their combination of high PMA, high tunneling 
magnetoresistance (TMR) and low switching current density for spin-transfer torque (STT) induced 
magnetization switching [1]. However tunneling is a rather inefficient electronic transport process and large 
portions of energy are consumed in vain by Joule heating during STT-induced magnetization reversal. It is 
highly desirable to develop a new scheme for magnetization switching. One of the most promising solutions is 
to use electric field (EF) instead of current to manipulate the magnetization direction. EF-induced 
magnetization switching has been reported in MTJs with a current flowing through MTJ reduced by several 
orders of magnitude compared to current-induced magnetization switching in CoFeB/MgO/CoFeB tri-layer 
stacks [2-4]. However, these EF-write MRAM devices suffer from several technical challenges: 1) EF does not 
cause magnetization reversal directly, but anisotropy modulation only, as a result, another driving force needs 
to be employed for bi-state switching, resulting in difficulty in stack design; 2) the anisotropy change is quite 
small and usually achieved in MTJs with high resistance-area product (RA); 3) all reported EF switching are 
realized in a simple trilayer without proper pinning structure. In this talk, we will present the experimental 
efforts towards the enhancement of EF effect on PMA with a realistic stack structure consisting of a synthetic 
antiferromagnetic (SAF) coupled reference layer. We will also discuss the various switching mechanisms with 
EF –modulated PMA and examine the feasibility of EF-write MRAM.  

II. EXPERIMENTAL DETAILS 

MTJ stacks with top synthetic antiferromagnetic coupled pinning layer were deposited on Si wafers with 
1µm thermally oxidized SiO2 using the Singulus Timaris sputtering system. The MTJ stacks were then 
annealed at 240°C for one hour and were fabricated to a circular shape with a nominal diameter of 65 nm using 
standard photolithography process. The measurements were conducted in a testing station by applying 
perpendicular magnetic field and DC bias voltage. The positive polarity of the EF corresponds to electrons 
flowing from the top electrode (reference layer) to the bottom electrode (free layer). Magnetic properties and 
switching fields of the magnetic layers were extracted from the magnetoresistance (RH) loops. EF value is 
defined by voltage/MgO layer thickness. Simulation was performed using OOMMF [5] (Object Oriented 
Micro Magnetics Framework). 

III. RESULTS 

Figure 1 shows the change of Hc as a function of electric field for MTJs with resistance-area product (RA) 
ranged from 70 to 2.3kΩ.µm2. Hc change of as high as 420 Oe/V.nm-1 is achieved for RA ≥800Ωµm2. One can 
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see that a large Hc change can be maintained even for RA as low as 100Ωµm2. Figure 2 show the switching 
current density at various bias fields for antiparallel (AP) to parallel (P) (filled circles) and P to AP (open 
circles) switching, respectively. The bias field is applied to compensate the stray field from the SAF layers due 
to unbalanced magnetic structure. Although a switching current density of as low as 2×104 A/cm2 is achieved, 
the switching for AP to P and P to AP is found to take place at different bias fields, which means that the 
bi-state switching could not be achieved in our MTJs using E-field even if the stray field from the SAF can be 
removed. The major problem is that the STT effect is not strong enough to induce P to AP switching without 
breaking down the barrier. From detailed RH loop measurements (not given here), the observed switching is 
found to be controlled mainly by the stray field from the SAF and applied bias field. In order to realize EF 
switching, we proposed two simple switching schemes, i.e., Oersted field–guided switching and shape 
anisotropy assisted switching. As shown in Figure 3, the bi-state switching can be realized with a small 
Oersted field applied during the drop of EF pulse. For an ellipse cell, the switching can be controlled by the EF 
pulse width as shown in Fig.4(a), while no switching occurs for isotropic circle cells as indicated in Fig.4(b). 

 

 

 

 

 

 

 

Fig.1. Hc changes as EF at various RA       Fig.2. Switching current density at various bias fields 

                                      

 

 

 

 

 

 

 

Fig.3. Oersted field guided switching         Fig.4. Pulse width controlled switching with shape anisotropy 
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I. INTRODUCTION 

Current technologies for data storage are either charge-based or spin-based. Semiconductor flash memory is 
one of prime examples among the variety of charge-based non-volatile memory devices. The disadvantage of 
charge-based devices is that perturbations such as ionizing radiation can lead to uncontrolled charge 
redistributions and, as a consequence, to data loss. Compared to a broad family of charge-based device 
concepts, all commercial spin-based devices rely on one principle in which two opposite magnetic moment 
orientations in a ferromagnet represent the “zeros” and “ones”. This technology is behind memory applications 
ranging from kilobyte magnetic stripe cards to, megabyte magnetoresistive random access memories 
(MRAMs), and terabyte computer hard disks. Since based on spin, the devices are robust against charge 
perturbations, i.e., are intrinsically radiation-hard. Moreover, they are non-volatile and, compared to flash 
memory, MRAM offers short read/write times suitable for main random-access computer memories. However, 
the ferromagnetic moments can be unintentionally reoriented and the memory erased by disturbing magnetic 
fields generated externally or internally within the memory circuitry. We have explored the introduction of 
antiferromagnetic materials for the realization of spin-based memories. Antiferromagnetic materials are 
magnetic inside, however, their microscopic magnetic moments sitting on individual atoms alternate between 
two opposite orientations. This antiparallel moment configuration makes the magnetism in antiferromagnets 
invisible on the outside, and concomitantly insensitive to the application of external magnetic fields, meaning 
electromagnetic-hard. 

II. EXPERIMENTAL DETAILS

All the thin film samples in the present study were fabricated by dc magnetron sputtering. X-Ray Diffraction 
(XRD) and atomic force microscopy. Transport experiments were 4-probe resistance measurements carried out 
using the Physical Property Measurement System by Quantum equipped with a horizontal rotator module. 
(Maximum magnetic field and temperature allowed by the transport measurement set-up are 9 T and 400 K, 
respectively.) 

III. RESULTS

Our main results are summarized in Fig. 1. We have grown a 100 nm thick, single-crystalline film of the 
FeRh AFM on a cubic MgO substrate. The AFM-FM transition occurs in FeRh close to 400 K; at this 
temperature, we have applied a magnetic field (HFC) to align its magnetization and the corresponding 
magnetic moments of FM FeRh along the applied magnetic field. The sample is then field-cooled below 
room-temperature (200 K) and HFC is after removed. In this AFM state with no applied magnetic field we 
perform a series of 4-probe resistance measurements. The same protocol is repeated several times with HFC 
applied during field-cooling either along the [100] or [010] substrate crystal direction (see Fig. 1a). The 
resulting resistances in the AFM state are stable and fully reproducible in the successive write-read cycles, and 
the two cooling-field directions define two distinct resistance states of the AFM. They remain distinct not only 
upon removing the magnetic field but also when warming the AFM up to room-temperature, as shown in Figs. 
1b,c. 

We will review the attempts using the current technologies to extract information on the elusive 
antiferromagnetic state (neutron diffraction, SQUID-magnetometry, torque magnetometry, X-ray linear 
dichroism, electrical transport), as well as the strategies proposed so far to edit the antiferromagnetic states 
seeking for analogies with successful approaches employed by ferromagnetic-based technologies. 

In principle, the envisaged applications may range from mid-capacity, stand-alone memories to 
high-capacity, main computer memories. It implies that secure data storage realized in antiferromagnetic 
memories can impact our everyday life, as well as the most safety-demanding applications in military, airplane, 
or space applications. Antiferromagnets have not been previously used for storing data. In this exploration, we 
will enumerate alternative metals which may be candidates to realize similar antiferromagnetic spintronics 
demonstration. 
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Fig. 1 (a) Sketch of a possible writing strategy for an antiferromagnetic spintronic device. Field-cooling across 
a ferromagnetic-into-antiferromagnetic transition is employed to imprint a specific spin configuration in the 
material while the sensing current j remains fixed by the device fabrication. (b) Two distinct resistance states 
corresponding to two the magnetoresistance of an FeRh strip after field-cooling along two perpendicular 
in-plane directions. (c) Robustess of the imprinted magnetoresistance states to the external magnetic field of up 
to 1 T, at room temperature. 
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I. INTRODUCTION 

A heat assisted magnetic recording (HAMR) medium should be comprised of magnetically isolated L10-ordered 
FePt nano-sized grains of less than 6 nm with a narrow size distribution of less than 10% with a strong [001]-texture. 
We have demonstrated 3.5 T coercivity (µ0Hc) well isolated microstructure in FePtAg-C granular films [1]. Although 
it was found that the addition of Ag was effective in enhancing µ0Hc to the required level, the role of Ag is not well 
understood yet. Using a continuous polycrystalline films, Barmak et al. reported the kinetics for L10 ordering is 
enhanced by the addition of Ag, and they attributed the effect to the rejection of Ag from the FePt phase [2]. On the 
other hand, in our previous investigation, we have reported the uniform dissolution of Ag in the FePt grains in the 
(FePt)0.9Ag0.1-40%C medium using energy filtering transmission electron microscopy (EF-TEM) [3]. Theoretically, 
Chepulskii et al. reported the strong surface segregation tendency of Ag by the first principle calculation [4]. 
However, there is no direct evidence for the Ag segregation in (FePt)0.9Ag0.1-C media. In this presentation, we report 
the experimental evidence for the presence of FePt/Ag core/shell structure in the (FePt)0.9Ag0.1-28vol%C granular 
film and discuss the mechanism of µ0Hc enhancement by the Ag addition to the FePt-C system. 

II. EXPERIMENTAL

We deposited amorphous NiTa (60nm)/MgO(nm) layers on a heat resistant glass substrates by the magnetron 
sputtering technique. (FePt)0.9Ag0.1-28vol%C (hereafter, FePtAg-C) and FePt-28vol%C (hereafter FePt-C) films 
were deposited by co-sputtering Fe, Pt, Ag and C targets on a pre-deposited MgO layer at 600°C under 0.48 Pa Ar 
with a deposition rate of 0.18 nm/s. In this work, we employed a new alternating layer deposition technique to 
control the grain growth in the perpendicular direction suppressing the growth of the randomly oriented spherical 
grains on the [001] textured FePt granular layer [5]. The film stack was glass/a-NiTa(60nm)/ 
MgO(15nm)/[(FePt)0.9Ag0.1-48vol%C or FePt- 48vol%C(0.25)/FePt(0.15)]25 deposited on a heat resistant glass 
substrate. The number in the parenthesis is the thickness of each layer in nm. The film structures were examined by 
the standard x-ray diffraction (XRD) technique and transmission electron microscopy (TEM). The magnetic 
properties were measured using a superconducting quantum interference device vibrating sample magnetometer 
(SQUID-VSM) with an applied magnetic field of up to ±7 T. 

III. RESULTS

XRD patterns (data not shown here) of both FePtAg-C and FePt-C films showed only diffraction lines from 
{00l} of FePt and MgO, which indicates a strong [001]- texture of FePt grains. The degree of L10 order estimated 
from the ratio of the integrated intensities of (001) and (002), I(001)/I(002), was 2.2 and 2.6 in FePt-C and FePtAg-C, 
respectively. It indicates that the Ag addition promotes the degree of the L10 order during the film deposition. Figure 
1 shows the in-plane and out-of-plane magnetization curves of (a) FePt-C and (b) FePtAg-C films. Both of the films 
show strong perpendicular anisotropy due to the strong c-axis texture. µ0Hc of FePt-C and FePtAg-C films are 3.0 
and 3.9 T, respectively. Figure 2 shows in-plane TEM bright-field images and the size distribution of FePt-C (a) and 
FePtAg-C (b). Both show well-isolated uniform microstructure. The average grains sizes are 10.5 nm and 10.0 nm in 
FePt-C and FePtAg-C, respectively. The higher µ0Hc in the FePtAg-C film in spite of the similar microstructure is 
attributed to the higher degree of the L10 order of the FePt grains in the FePtAg-C film. Figure 3 shows STEM-EDS 
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elemental maps of (a) Fe, (b) Pt, (c) Ag and (d) a combined map of Fe and Ag in the FePtAg-C film. The elemental 
mapping shows that FePt grains are enveloped by Ag-rich shells. Since the Ag showed a uniform dissolution in the 
film deposited at RT (data not shown here), we conclude that Ag atoms are rejected from FePt grains during the 
deposition at 600°C since Ag has little solubility with both Fe and Pt and the atomic diffusion is possible at this 
temperature. The themodynamical driving force for the phase separation of Ag from FePt induces the long range 
diffusion of Ag, which requires atom replacements through vacancies, enhancing the A1→L10 ordering compared to 
the FePt-C system. 

This work was supported in part by IDEMA, ASTC and the Grant-on-Aid for Yong Scientists (A)(Grand 
No.23686100). XAFS measurements were performed with the approval of SPring-8 (No. 2013B1917). 
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Fig. 1 In-plane and out-of-plane magnetization curves 
of (a) FePt-C and (b) FePtAg-C granular films. 

 
Fig. 3 EDS mappings of (a) Fe, (b) Pt, (c) Ag  
and (d) Fe and Ag of FePtAg-C granular film. 

 
Fig. 2 In-plane BF-TEM images and size distribution of 
(a) FePt-C and (b) FePtAg-C granular films. 
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I. INTRODUCTION 

A macroscopic model that accurately incorporates temperature effects is needed for magnetic media near 
the Curie temperature (Tc). The atomistic Landau-Lifshitz equation has been used as a starting point for 
developing macrospin equations which interpolate between the Landau-Lifshitz equation below Tc and the 
Bloch equation above it [1]. The first step in this derivation is to write the Fokker-Planck (FP) equation that 
corresponds to the atomistic Landau-Lifshitz equation. Subsequently a number of assumptions must be 
invoked to arrive at a convenient form of the Landau-Lifshitz-Bloch (LLB) equation. We present an algorithm 
for solving the FP equation directly, thereby avoiding most of the approximations inherent in LLB.  

 

 
II. APPROACH 

The FP algorithm employs the expansion of the spin distribution function to spherical harmonics [2]. In 
this formulation, diffusion due to non-negligible temperature acts as a natural truncation mechanism, such that 
the number of terms required in the expansion diminishes rapidly for temperatures approaching Tc. This is 
confirmed in our numerical implementation which allows for an arbitrary number of terms to be included and 
is valid for any temperature. The FP scheme is suitable for Heat-Assisted Magnetic Recording (HAMR), 
because the relevant temperatures are close to Tc and the first few terms in the expansion suffice to describe 
the physics. To exploit this property and achieve comparable performance between the FP approach and LLB 
schemes, we have also developed a specialized diffusive FP (dFP) code, valid only at high temperatures, and 
benchmarked it against our general FP code. Excellent agreement between the two FP models is found for 
temperatures in excess of 0.75Tc. 

 

 

III. RESULTS 

We have compared the FP codes against LLB schemes and observed good overall agreement. Differences 
arise in the vicinity of Tc and are most pronounced for phenomena characterized by short time-scales. One 
such benchmark is shown in Figure 1, where the normalized magnetization is plotted as function of the 
temperature for the cooling of a (9nm)3 FePt grain over a nanosecond time-scale. An external 7.5kOe field is 
applied at a 75° angle with the anisotropy axis during the entire cooling process. 
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Figure. 1: |m(T)| using the Landau-Lifshitz-Boch (blue line) and Fokker-Planck (red line) codes. A 7.5kOe 
field is assumed at a 75° angle with the anisotropy axis. 
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I. INTRODUCTION 

In order to continue increasing the magnetic recording density, the magnetic grain size needs to reach sub 5 
nm sizes in order to reach the 5Tb/in2 areal density, however, at this size scale, care must be taken to avoid the 
superparamagnetic limit in order to maintain thermal stability. Using a hard magnetic material with Ku on order of 5 
x 107 erg/cm3, the thermal stability could be maintained at the small grain sizes necessary to continue increasing the 
areal density, however, due to the large switching field of these materials, a traditional recording head would not be 
able to write the bits made of such ultra-hard magnetic materials. In order to solve this dilemma, heat assisted 
magnetic recording (HAMR) has been proposed as a new magnetic recording scheme to support high density 
recording, and a recording areal density of 1Tb/in2 has been demonstrated [1,2]. FePt has two phases—the 
disordered A1 phase, and the ordered L10 phase, which are magnetically soft and hard, respectively. L10-FePt is 
considered a promising candidate for the next material in magnetic media due to its large magnetocrystalline 
anisotropy of 7 x 107 erg/cm3 and its chemical stability—this high Ku allows for thermal stability grain sizes of 3nm 
[3].  

Traditional techniques for preparing FePt films have produced large coercivity or small grain structure, 
however, both small grain size and large coercivity have yet to be obtained simultaneously due to a fundamental 
competition between the sputtering conditions necessary for small grain size and L10-FePt. Embedded mask 
patterning (EMP) is a novel patterning technique, which allows for the competition between small grain size and 
large coercivity associated with traditional methods to be removed [4]. In EMP a Ru-SiO2 hard mask is deposited on 
a continuous film, using dry etching techniques, the self-assembled hard mask pattern is transferred to the 
underlying layers; Figure 1 shows an overview of the process. The etching process has been observed to decrease 
the coercivity of the FePt films, and is believed to be caused by damage to the crystalline order. In this work, we 
examine the effects of the etching process on the L10 ordering of the FePt, and methods to maintain a high coercivity 
after patterning for hard drive media application.  

II. EXPERIMENTAL DETAILS

Samples in this work were deposited onto MgO substrate and amorphous carbon TEM grid substrates using an 
8-target ultra-high vacuum magnetron sputtering system at a base pressure of 1 x 10-7 Torr or better. Reactive ion 
etching (RIE) was used to pattern the samples, and with varying process parameters to determine optimal conditions. 
The samples where characterized by hysteresis loops, obtained from VSM and SQUID magnetometry, X-ray 
diffraction (XRD), atomic force microscopy (AFM), and transmission electron microscope (TEM) images. After 
patterning, samples were annealed in a rapid thermal annealer (RTA). 

III. RESULTS

A plan view TEM image of the Ru-SiO2 hard mask can be seen in Figure 2a, showing an average grain size of 4 
nm. Hysteresis loops show that prior to etching, the samples show typical exchange coupled continuous film 
behavior, and after etching, granular exchange decoupled behavior is observed, however, the coercivity decreased in 
the process. Adding a post annealing step in the RTA shows the coercivity can be increased, at an optimal 
temperature of 650C (Figure 2b); RTA was chosen over a traditional furnace since it may reduce the chance of 
changing the sample microstructure. Figure 2b shows the etching process damages the ordering of the FePt, as some 
grains may have reverted to the A1 phase, however, the L10 state can be partially restored through additional 
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annealing. Furthermore, it may be possible to minimize the damage by optimizing the etch conditions for a more 
anisotropic etch. This poster will cover the effects of the patterning process conditions on the magnetic properties of 
FePt. 

This work was supported by Seagate Technology through MINT membership. The authors acknowledge Dr. 
Yinfeng Ding and Dr. Bin Lu for invaluable discussion. 
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Fig 2: (a) Plan view TEM image of the Ru-SiO2 hard mask 
(b)Hysteresis loops of MgO\Cr(12)\Pt(3)\FePt(5) before 
etching, after etching, and after rapid thermal annealing at 
varying temperatures. 

b) 

a) 
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Bit patterned media (BPM), which offers a path to higher density magnetic recording, requires low cost 
production of large arrays of islands with single-digit nm-scale dimensions on magnetic disks. Nanoimprint 
lithography (NIL) is viewed as a viable solution for high volume pattern replication for BPM. As a 1X 
patterning technology, NIL requires templates with the same sub-10nm feature sizes as the finished disks. At 
such small dimensions, conventional mask-making technologies such as e-beam lithography are insufficient, 
and more advanced approaches are necessary.  

Directed self-assembly of block copolymers (BCPs) is part of the solution to this problem, but single-level 
patterning with BCPs cannot easily make arrays of islands with bit aspect ratio (BAR) > 1 (i.e., rectangular 
islands) which is the preferred pattern for compatibility with HDD head and servo technology. To make 
rectangular patterns, we create two separate and orthogonal grating patterns (referred to as “submaster” 
patterns), one being an array of circumferential concentric rings (determining track pitch) and the other radial 
spokes (determining the island pitch along each track). The final pattern of rectangular islands is formed from 
the intersection of these two submaster patterns. [1] 

Using a mature BCP self-assembly process with PS-b-PMMA, we create grating patterns down to 22nm 
pitch. While future advanced BCP materials may offer smaller pitch, we currently use self-aligned double 
patterning (SADP) to further subdivide the pitch by an additional factor of 2 where needed. We have 
demonstrated grating patterns down to 11nm full pitch, which is sufficient to reach 2-D pattern densities as 
high as 5 Td/in2, depending on BAR. 

To achieve target error rates in BPM recording, tolerances for both feature size and feature placement need 
to be tightly controlled. The final pattern quality is strongly influenced by the line edge, width, and placement 
roughnesses of the submaster grating patterns, which in turn depend on tight control of the BCP and SADP 
processes. The quality of SADP lines depends on the initial quality of the sacrificial undoubled lines, known as 
mandrels, which are transferred from the BCP defined lines. New techniques, such as block-selective 
infiltration synthesis, are used to achieve tight control of mandrel tolerances. Edge, width, and placement 
roughnesses for mandrels have been controlled to within 2.5nm (3σ). Atomic layer deposition (ALD) is used 
for conformal and highly spacer deposition on mandrels. SADP lines (Fig. 1) of three different pitches 
(20.5nm, 18.5nm and 14.5nm) have been successfully used to generate high BAR patterns (Fig. 2) with areal 
densities of about 1.2Td/in2, 1.6Td/in2 and 2.0Td/in2. Dimensional and placement tolerances of the final 2-D 
patterns is controlled to < 3nm (3σ). Another factor that needs to be well controlled in SADP is the periodic 
variation of the pitch (referred to as “pitch walking”) due to the mismatch between mandrel and spacer widths. 
The pitch walking of our SADP lines is typically less than 4% of the pitch. 
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There are several process options for using the submaster grating patterns to create either quartz imprint 
templates or finished BPM disks with the final 2-D pattern. [2] The first option involves creating a grating of 
radial lines on a substrate using BCP and SADP, followed by a second DSA of BCP or NIL process to create 
circumferential lines on top of the radial lines on the same substrate. The radial lines are cut via pattern transfer 
from the circumferential lines, yielding the target 2-D pillar pattern.   

A second option makes use of sequential imprints from two separate submaster grating patterns, either to 
create a quartz working template, or to directly pattern disks. The first imprint is used to transfer a radial line 
pattern to a hard mask, which is in turn cut by transfer of a circumferential line pattern from the second imprint.  
An advantage of using this dual-imprint approach is that both the radial and circumferential submaster patterns 
are reusable; it is not necessary to create new grating patterns to make additional copies of working templates 
or disks. 

Nanoimprinting, by virtue of its nature as a “molding” process, results in an image tone reversal between 
the template pattern and the imprinted resist. While this tone reversal can in principal be taken into account and 
the overall process (from basic pattern generation all the way to finished BPM disk, for which there may be 
multiple tone reversals), the preferred approach is to transfer patterns from imprint resist using a tone-reversal 
process, so that the tone reversals of the imprint and pattern transfer result in a positive tone image transfer.  
Using this strategy, we use pillar-tone (“feature proud”) patterns on our templates at every imprint step.  
Advantages of this approach include better resist flow, elimination of resist pattern collapse, superior etch 
selectivity in pattern transfer, and reduced sensitivity to residual layer thickness of imprinted patterns. 

A factor which facilitates creation of usable templates and BPM disks is the relatively generous defect 
allowance for a BPM recording system. Compared to semiconductor applications, defect levels can be orders 
of magnitude higher for BPM. Currently the physical island defect rate is in the 10-3 range, which is sufficient 
for recording demonstrations; eventual product requirements may be slightly tighter.  
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Fig. 1.  14.5nm full pitch radial lines 
fabricated using DSA and SADP.  
 

Fig. 2.  1.65Td/in2 master pattern with 
27nm track pitch and 14.5nm bit pitch.  
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I. INTRODUCTION 

Bit patterned media (BPM) is a key enabler for maximizing the areal density potential of magnetic 
recording [1]. By replacing the segregated random grains of granular media with lithographically defined 
single domain islands, BPM offers a path to thermal stability and low media noise at these high recording 
densities. Yet, creating high density bit patterned media suitable for magnetic recording is challenging [2]-[3]. 
The necessary lithographic tolerances and magnetic distributions are tight and difficult to maintain at 
decreasing lithographic dimensions. In addition, the need to provision for track misregistration tolerance shifts 
the design optimum to higher bit aspect ratios, further decreasing the smallest lithographic dimension for a 
given areal density [3]. 

We report on the successful fabrication of 1.6 Td/in2 bit patterned media using nanoimprint lithography 
with defect rates and switching field distributions sufficient for shingled magnetic recording with write error 
rates below 1e-2. The magnetic island array is rectangular with a down-track pitch of 18.5 nm and a 
cross-track pitch of 22 nm (bit aspect ratio = 1.2). Recording experiments with a drag tester and conventional 
PMR heads are presented that demonstrate the quality of the recording medium. The 1.6 Td/in2 BPM disk 
demonstrated a two-dimensional bit error rate (BER) of less than 1e-2. 
 

II. RESULTS 

The bit patterned media used in this work was created following a double imprint process using a 
radial-lines submaster template with 18.5 nm pitch and a circumferential-lines submaster with 22 nm pitch. 
The radial submaster was obtained by directed self assembly of 37-nm-pitch PS-PMMA block copolymer 
patterns, followed by self-aligned line doubling. The circumferential submaster was generated by directed self 
assembly of 22-nm-pitch block-copolymer patterns. A crossed-line tone reversal process was used to obtain a 
two-dimensional island pattern carbon hard mask. The discrete magnetic islands resulted from Ar ion milling 
of a CoCrPt recording layer through the carbon etch mask. Fig. 1a shows a scanning electron microscopy 
(SEM) image of the magnetic islands, demonstrating the high pattern quality of the finished 1.6 Td/in2 disk. 
The dot size is 17.1 nm with a 1-sigma distribution of 1 nm. The dot placement has a distribution of 1.1 nm 
1-sigma down-track and 1.2 nm 1-sigma cross-track.  

Recording experiments with the bit patterned media disk were performed on a drag tester using 
conventional PMR heads. The recording performance of the 1.6 Td/in2 disk was examined by writing pseudo 
random data to the patterned islands at different down-track and cross-track head-island registrations. After 
readback and decoding an on-track bit-error-rate (OTER) map versus write registration was obtained (Fig. 2a). 
The OTER map shows wide margins at 1e-2 error rates and below in both the cross-track and down-track 
directions. Analysis of the error-rate floor show a defect error rate of 6e-3. A 2D map of the write rate (WR) 
versus write registration was also derived from the experiment (Fig. 2b). The write width of the head was 117 
nm, more than 5 time the track pitch. The performance of the BPM system for shingle magnetic recording 
could be evaluated by adding the adjacent-track overwrite rate (ATWR) to the OTER. The combined ATWR 
and OTER is shown in Fig. 2c and indicates wide margins for sub 1e-2 BER recording at both corners of the 
write head. 
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Fig. 1 (a) SEM image of etched 1.6 Td/in2 media. (b) Drag tester readback image of the disk after AC 
demagnetization in an external field. 

 
Figure 2. (a) Log10 on track bit error rate versus down-track and cross-track write head registrations to BPM 
islands. (b) Log10 of overall write rate versus down-track and cross-track write head registrations. (c) 
Combined on-track and adjacent track actual error rate versus write head registrations showing 
two-dimensional bit error rate under shingle recording conditions. 
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I. INTRODUCTION 

L10-FePt based thin films have been proposed as a potential recording media for future ultrahigh-density 
magnetic recording. Perpendicular exchange coupled composite (ECC) FePt/[Co/M]N (M = Pt, or Ni) films 
have been paid attention because of its high thermal stability. [Co/M]N are used as the soft layer, and then both 
the soft and the hard region are perpendicular. Recently, perpendicular antiferromagnetically-coupled films are 
suggested as an approach to further increasing thermal ability [1,2]. This kind of bit-patterned media is 
predicted to decrease coercivity, as well as switching field distribution. In this poster, L10-FePt/[Co/Ni]5/Ru/ 
[Co/Ni]10 (FePt-CN-Ru), with a synthetic antiferromagnetic exchange coupled sandwich is proposed. As 
shown in Fig. 1, on the perpendicular ECC FePt/[Co/Ni]5 film, a Ru interlayer and a [Co/Ni]10 layer are 
deposited respectively. [Co/Ni]5 and [Co/Ni]10 are antiferromagnetically coupled through the Ru interlayer. 

II. EXPERIMENTAL DETAILS

All samples were prepared by using a DC magnetron sputtering system with base pressure better than 
2×10-8 Torr. After the deposition of L10-FePt at 550 oC, [Co/Ni]5/Ru/[Co/Ni]10 was deposited at room 
temperature, respectively. The thickness of Co layer was 0.2 nm, and that of the Ni was 0.6 nm. 
Antiferromagnetic exchange coupling was obtained in the sandwich [Co/Ni]5/Ru/[Co/Ni]10 with an optimum 
Ru thickness. The magnetic properties were measured by a vibrating sample magnetometer with a maximum 
field of 22 kOe. Time-dependent coercivity was use to characterize the thermal stability. 

III. RESULTS

Figure 2 shows the hysteresis loops of FePt, FePt/[Co/Ni]5 and FePt-CN-Ru(t nm). As shown in Fig. 2(a), 
L10-FePt film has large coercivity (HC = 13.8 kOe) and perfect perpendicular anisotropy. When [Co/Ni]5 is 
deposited on it, the coercivity of the FePt/[Co/Ni]5 film decreases to 7.1 kOe (Fig. 2(b)). After the deposition of 
Ru/[Co/Ni]10, three kinds of magnetization reversal are presented. When Ru layer thickness t = 0.21 nm, the 
loop of FePt-M-Ru is similar to that of a conventional ECC film. When t = 0.63 nm (and 1.27 nm), however, 
magnetization decreases gradullay with the increase of the negative applied field, but reduces drastically after 
it passes over a critical field. The coercivity is 4.4 kOe. When t = 0.84 nm, a two-step loop appears and the two 
magnetic layers FePt/[Co/Ni]5 and [Co/Ni]10 reverse individually. When t = 0.63 nm (and 1.27 nm), there is an 
antiferromagnetic exchange coupling between FePt/[Co/Ni]5 and [Co/Ni]10. With the decrease of the applied 
field, [Co/Ni]10 reverses first, resulting in the gradual reduction of magnetization. After the field is larger than 
the critical field, sharp magnetization reversal of FePt/[Co/Ni]5 occurs.  

Fig. 3(a) shows the reversal curve of the FePt-CN-Ru (t=0.63 nm) composite with an antiferromagnetic 
structure. Upon removal of the applied field (≤4 kOe), the reversal curve returns along the major loop. But for 
an applied field larger than 5 kOe, a magnetization reduction is revealed after the field is removed. Therefore, 
FePt-CN-Ru(t=0.63nm) exhibits ECC characteristics though there is an antiferromagnetic coupling in the 
composite. The remanance magnetization curve in Fig. 5(b) shows that the remanance is regardless of the 
applied field. Considering the side-fringing field of a writer in the neighbor tracks, this benefits the stable 
magnetic bits. The remanance is 40% of the saturation magnetization, less than half of conventional recording 
media. This greatly reduces the demagnetized field applied at the data bits, and then the composite has high 
thermal stability. Fig. 3(c) shows the angular dependence of remanant coercivity HCR of FePt-CN-Ru. HCR is 
nearly the same until the angle between the applied field and the film normal reaches 45o. Excellent angular 
tolerance is demonstrated, which also is favourable in magnetic recording. Moreover, Moreover, its thermal 
stability is better than that of a conventional ECC films.  
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Figure 1: The schematic structure of the FePt-CN-Ru composite film. 

 
Figure 2: The hysteresis loops of FePt, FePt/[Co/Ni]5 and FePt-CN-Ru films: (a) FePt; (b) FePt/[Co/Ni]5; (c) 
FePt-CN-Ru, t=0.21 nm; (d) t=0.63 nm; (d) t=0.84 nm; (d) t=1.27 nm. 

 

 
Figure 3: The magnetic properties of FePt-CN-Ru(t=0.63nm): (a) Hysteresis loop and the reversal curves; (b) 
remanance curve; (c) the angle-dependent remanance coercivity. 
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I. INTRODUCTION 

The magnetic storage system faces thermal stability, writability and write in error problems when it reaches 
an ultra high areal density. As the granular cells become smaller, high media anisotropy constant which causes 
strong coercivity is required for thermal stability. This problem can be solved by using shingle magnetic 
recording (SMR) with exchange coupled composite (ECC) media. Because SMR technology applies relatively 
large head to provide enhanced writability. While ECC media [1] which consists of ferromagnetically 
exchange-coupled hard and soft regions possesses reduced switching field when keeping sufficient thermal 
stability. However, the ECC coercivity is dependent on the angle between the media easy axis and the stray 
field produced by the shingled head. The recording bit is switched under the footprint fringe field of the SMR 
head and field gradient is not steep enough to avoid the problem of adjacent track erasure (ATE). In this digest, 
we target at an areal density of 10 Tbit/in2 by implementing SMR system. An optimized trapezoidal shingled 
head is designed to produce strong field strength to record on the ECC media. The bit error rate (BER) on 
adjacent track is investigated to reduce the noise caused by angular dependence of the media coercivity. Our 
analysis shows that if bits are properly arranged, BER induced by stray field can be decreased to as low as less 
than 5×10-4 by using shingled head and ECC media. 

 
II. MODELS AND METHODOLOGY 

All The shingled writing head which is designed as trapezoidal shape is consisted of three parts: the tapered 
pole tip, half wrapped around shield and soft magnetic underlayer (SUL). The head magnetic configurations 
are the same with Greaves et al [2]. The targeting areal density of the recording system is 10 Tb/in2. The 
granular cell is designed to be the cylindrical shape with a soft layer (height ts) and a hard layer (height th), the 
total height (ts + th) is 7 nm and the diameter is 5 nm. The bit pitch and track pitch are 8 nm (cell-to-cell 
spacing is 3 nm). Without concerning the magnetostatic interactions between two subgrains of the composite 
media, the energy barrier of the bit cell is given by [3] 

 ( )(1 )h h s s
u u

sw

HE K V K V
H

γΔ = + − ,              (1) 

where, Ku and V are the anisotropy constant and volumes of the soft (denoted by ‘s’) and hard (denoted by ‘h’) 
magnetic layers. H is the external field and Hsw is the switching field, γ is 2 for the uniaxial anisotropy granular. 
The thermal stable factor ΔE/KBT is set as 55. Thus, the anisotropy constant Ku

h, Ku
s, and cell volume Vh, Vs 

are constrained proportionally. The soft and hard layer are strongly coupled by the intragranular exchange 
coupling field which is deduced by: 
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where Jex is the exchange coupling constant and decides coupling field. Here, Jex is 9 Merg/cm in our 
calculation. The switching field of the ECC media can be obtained by means of calculating the M-H hysteresis 
loop. The shingled pole and the ECC grains are meshed into tetrahedral cells with edge length of 1 nm. The 
finite element micromagnetic (FEM) method is used to simulate the relaxation process. Since the neighboring 
tracks may be potentially erased by the head stray field, considering the maximum affected bits and assuming a 
Gaussian distribution for statistical fluctuations, the BER of the affected bits is given by 

0.5 (1 ( ))
2

sw erasure
erasure

H

H H
P erf

σ
−

= × − ,             (3) 

where Herasure is the erasure field and σH is the field variances (σH is 750 Oe in our calculation). 

 

III. RESULTS & DISCUSSION 

An anisotropy constant Ku
h of the hard layer is 25 Merg/cm3 to keep thermal stability and the volume ratio 

of the soft and hard layer is 9:5. Fig. 1(a) shows the M-H hysteresis loop of the ECC media, single magnetic 
media and ECC media with 10º deviated anisotropy orientation. As illustrated, the ECC media is easier to be 
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reversed with angle deviated from the easy axis. It is noticed that the intragranular exchange field is helpful for 
the reverse of the hard layer, but the switching field of the ECC media is not very sensitive to Jex. As shown in 
Fig. 1(b), the coercivity field of ECC media is dependent on the angle between the easy axis and the external 
field. Although the media has lower switching field when the easy axis is deviated from in-plane direction, this 
is not reasonable because cells at the neighboring tracks are likely to be erased unintentionally. The easy axis is 
uniformed in perpendicular direction to discuss the track erasure. The erasing field of the adjacent track has 
more than 10º of deviation with the anisotropy axis, which means that bits on the adjacent track are likely 
switched potentially. Fig.1(c) illustrates the erasing field and angles (embedded figure) that erasing field on 
adjacent track is deviated from the anisotropy axis. The BER of the most affected neighboring bits is show in 
Fig. 1(d). The maximum ATE field (green dot) causes BER as high as 40×10-4. But if properly arranged, the 
BER of adjacent bit (blue dot) and the immediately erase bit (red bit) can be decreased to 1.96×10-4 and 
1.48×10-4, respectively.  
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Fig. 1. (a)M-H hysteresis loop of three different media. (b)The ECC switching field is angular dependent. (c)The erasure field 
on  the adjacent track. (d) The BER of the most affected neighboring bits. 
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I. INTRODUCTION 
Increases in read/write speeds and data density have occurred, with a corresponding decrease in the thickness of the 
protective coatings and lubricant layers.  Currently, a scratch protocol is used to characterize the resistance of the 
protective overcoat to mechanical damage.  However, recent advances in instrumented “nano” indentation now 
allow measurement of thin coatings to be done under a purely perpendicular load, reducing tip wear while 
generating truly quantitative data.  Through-tip electrical characterization can then be used in conjunction with 
tunneling models to extract barrier thickness and voltages of overcoats.  These experiments can also be ported into 
an electron microscopy, coupling advanced imaging methodology and mechanical measurements. 

II. EXPERIMENTAL
Nanoindentation at very low depths requires a high-bandwidth, low-noise transducer.  A MEMS based electrostatic 
actuated, capacitance sensing transducer developed by Hysitron is used for these tests.1 The 2kHz RMS noise is 
1.1nN in force and 11pm in displacement. The linear spring actuated system makes a perpendicular contact to the 
sample surface, without rocking, sliding, or bending modes.  Samples are anonymously grown diamond like carbon 
(DLC) on a glass platter, of thickness 3nm, 6nm, 9nm, and 12nm.  Additionally, (100) silicon was tested 
immediately after a piranha (oxide) etch as a control.  The tip is actuated from air into the sample, holding for 1s at 
maximum displacement, with n=5 tests for each maximum displacement, figure 1. 

Figure 1: A single displacement controlled indent on a 3nm 
DLC/glass sample.  The attractive regime of the approach curve 
is a smooth function, with no jump to contact.  The zero 
displacement is the recrossing of the long range “zero” force line. 
The maximum displacement in this case is 1.4nm. 

III. ANALYSIS
The stiffnesses, which increase as contact area increases, are found from the slopes of the unloading curves, figure 
2a and 2b.  However, the Oliver-Pharr analysis is not sufficient for determining the reduced modulus as the contact 
depths are on the order of, or greater than, the coating thickness.  Here we use Yu’s solution for a pressure 
distribution under an indenter, along with a numerical model which incorporates both elastic and plastic deformation 
can be iterated to be solved for the contact pressure.2,3  The inputs to this are the tip area function, measured 
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stiffness as a function of depth, the load, and the properties of the substrate.  The output is then the substrate 
independent modulus.   

Figure 2a: Measured stiffness with standard deviation for n=5 indents on freshly etched Si. b: Measured stiffness 
for n=5 indents on DLC/glass samples.  There is a clear decrease in stiffness for thinner films. 

Electrical characterization on ultrathin films is demonstrated in chromia films that contain pinholes, figure 3a.. 
These pinholes prevent definitive characterization of the samples, but the measured depths, figure 3b-c, are similar 
to that given by both GIXR and angular XPS characterization of 1.6 and 2.0nm, respectively. 

Figure 3a: Schematic of set-up, with approximate resistances. b: Normalized differential conductance fit using a 
Brinkman-Dynes-Rowell approximation. c: Fit of the apparent thickness as a function of indentation depth. 

IV. CONCLUSION
A high bandwidth MEMS based transducer can be used to perform quantitative mechanical tests on thin films, 
giving quantitative numbers for reduced modulus.  Additionally, permanent plastic deformation is seen to occur in 
the glass substrate with no indication of failure in the DLC.  Electrical measurements performed with an indenter 
tip can be used to characterize protective coatings on a conductive substrate. 
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I. INTRODUCTION 

Over 2Tb/in2 high density recording for requires a shield-to-shield read gap of less than 20nm. 
However, it is difficult for conventional spin valves to reduce the sensor thickness to less than 20nm 
because of thick reference layer. On the other hand, non-local spin-valves (NLSVs) with lateral structure, 
which use a spin current, can reduce the sensor thickness. However, previous papers have reported 
extremely small output: ~10 µV for metallic NLSVs [1][2] or ~ 0.6 mV even for NLSVs with MgO barrier 
(RA ~ 1 Ωµm2) [3]. Increase of output is one of the critical issues for NLSVs. In this paper, we report the 
marked output increase to ~ 0.7 mV for all-metallic NLSVs by reducing element size to ~ 50nm. 

 
II. EXPERIMENT 

Fig. 1 (a) shows the schematic image of our test chip structure. The width of NM-wire and two 
FM-wires, and the gap between the two FM-wires were scaled down from 150 ~ 50 nm with the same 
dimension W. Polycrystalline Co2Fe0.4Mn0.6Si1 (hereafter CFMS) anneal at 400 degree C was used for 
FM-wires. Cu was used for a NM-wire. Fig. 1 (b) shows a SEM image of our NLSVs with W = 150nm. 
Spin-polarized current was injected into Cu wire through the junction of Cu and CFMS1 wires. Spin 
current flows from CFMS1 to CFMS2 in Cu wire. Spin signal ΔV generated at the junction of Cu and 
CFMS2 was detected as a function of external fields at room temperature. 

III. Results  

Fig. 2 shows the output as a function of the element size W. In the case of W~150nm, ΔV ~10 µV is 
almost the same as that of previous report using single crystal CoFeGeGa or CoFeMnSi Heusler alloys and 
Cu wires [1][2]. ΔV increased 40~50 times by element size reduction from 150 nm to 50 nm, resulting in 
ΔV ~ 0.7 mV at 1mA for W = 40~50 nm. The experimental data can be well explained by 
one-dimensional-model simulation [4] with a Cu spin diffusion length of 200 ~ 300 nm. Large output 
value, comparable to tunneling junction NLSVs [3], has been demonstrated even for all-metallic NLSVs 
by element size reduction. 

This study was partially supported by NEDO Strategic Innovation Program for Energy Conservation 
Technologies. 
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FIG. 1  (a) Schematic image of test chip structure. (b) SEM image of fabricated NLSVs with W = 150 
nm. 
 

 
 
FIG. 2  Spin signal ΔV at 1mA vs. size W 
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I. INTRODUCTION 

Due to the rapid increase of the amount of the digital information, the development of the large capacity hard 
disk drives (HDDs) is strongly required. Since the resolution of the read sensor depends on the total thickness of the 
device, the read sensor with less than 10 nm in thickness is desired for further increase of the areal density. However, 
currently used magnetic tunneling junctions (MTJs) and succeeding current-perpendicular-to-plane giant 
magnetoresistance (CPP-GMR) will face a big trouble in reducing the total device thickness, because both of the 
devices need relatively thick antiferromagnetic layers. On the other hand, lateral spin valve (LSV) device, which is 
composed of laterally expanded CPP-GMR structure, does not have the thickness problem because only two metallic 
layers are required in the sensor part. However, low spin signal is a problem for any application. Recently, Yamada 
et al. obtained a very large spin signal of 200 mΩ using the combination of MgO tunneling barrier and CoFeB 
ferromagnetic layer [1]. However, for good high frequency response, low device resistance is necessary. According 
to the one-dimensional spin diffusion model [2], a large spin signal is expected in all metallic systems with highly 
spin polarized materials. In this presentation, we will report the all-metallic LSV devices using highly spin polarized 
Heusler alloy, Co2Fe(Ga0.5Ge0.5). 

 
 

II. EXPERIMENTAL 

The multilayer films were deposited by a high vacuum magnetron sputtering system. The film 
stack is MgO(001) sub./Cr(1)/Ag(10)/CFGG(25)/Cu(10)/SiO2(2). The number in the parenthesis is the 
film thickness of the each layer and the unit is nm. LSV devices were microfabricated by top-down 
method using EB lithography and Ar ion milling. The ohmic contact between CFGG and Cu was 
realized by the deposition of Cu just after the ion milling of Cu/SiO2 layers.. 
 

III. RESULTS 

Figure 1 shows the cross sectional HAADF and EDS maps of the device. As shown in these images, 
clean CFGG/Cu interfaces without any impurity were realized. Nano-beam diffraction patterns show 
that the Cu channel on top of the CFGG grows epitaxially with the B2 ordered CFGG layer. Figure 2 
shows the change of the resistance as a function of the magnetic field. The spin signal was 17.3 mΩ, 
which was one of the highest values in the all-metallic LSV devices. Fitting the spin signals with 
various CFGG-wires distances to the one dimensional spin diffusion model, the spin polarizations of 
the interface was estimated to be 0.6. Therefore, we concluded that the large spin signal was 
attributed to the large spin polarizations of not only CFGG but also the interface. Fig. 3 shows the 
spin signal change as a function of the distance between two CFGG wires at RT and 5 K. By reducing 
the temperature to 5K, the spin signal achieved 103 mΩ. The large increase of the spin signal is due to 
the enhancement of the spin polarization of CFGG and the spin diffusion length of Cu. Large spin 
signal would be possible if the high spin polarization of CFGG can be maintained up to RT.  

This work was partly supported by the Grant-in-aid for Scientific Research (A) (Grant Nos. 22246091 and 
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Fig. 2 Spin signal change as a function of 
magnetic field.. 

 
Fig. 1 Fig.2, HAADF-STEM and EDS maps of 
LSV device 
 

 
Fig. 3 Spin signal change as a function of 
two CFGG wire distance at RT and 5K. 
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I. INTRODUCTION 

Due to their applications in MRAM and hard disk drive read-heads, magnetic tunnel junctions have been 
extensively studied. In particular, double barrier magnetic tunnel junctions (DBMTJs) are receiving a 
particular interest due to high tunnel magnetoresistance (TMR) ratios [1] and significantly slower TMR 
decrease rate as a function of bias voltage, compared to single MTJs [2]. Furthermore, it has been proposed 
that, in such structures, spin transfer torque (STT) exerted on the magnetization of the central free layer can be 
enhanced [3], correlatively yielding a decrease in the critical current for STT magnetization switching [4, 5]. 
This is realized by sandwiching the storage layer between two polarizing layers in antiparallel configuration, 
the polarizing layers being separated from the storage layer by non-magnetic spacers (tunnel barrier or 
metallic). In this configuration, there are additive contributions of the two spin transfer torques exerted by the 
two polarizing layers on the storage layer magnetization, yielding the increase of the overall STT efficiency. In 
this letter, we address the case of DBMTJs developed for low power consumption STT-RAMs. We show that 
we can take advantage of both barriers to enhance the torque exerted on the free layer magnetization or 
decrease it depending on the relative orientation of the ferromagnetic electrodes. This modulation of STT 
efficiency is highly interesting since it could allow reading out the memory state at significantly higher voltage 
than in conventional STT-RAM without risk of write disturb during read. This can significantly improve the 
read error rate and speed [6].  

II. MRAM WITH WRITE/READ MODES

Let us consider a stack with a dual MTJ structure. The top magnetic layer is called the mode select layer, 
the central one, the storage layer and the bottom one, the reference layer. The structure is designed so that the 
magnetization of the mode select layer and that of the storage layer can be switched independently. This is 
achieved by switching the storage layer magnetization by spin transfer torque whereas the mode select layer is 
switched by field pulse (eventually combined with thermal assistance). We can take benefit from two magnetic 
configurations, one enhancing STT efficiency, the other reducing it [6] (see schematics on Fig. 1 and 2). When 
reference and mode select layers magnetizations are antiparallel, STT amplitude is maximum, yielding an easy 
writing. This configuration is called write mode. On the contrary, if they are parallel, STT amplitude vanishes 
so that the probability of writing, even at voltages of the order of 0.2 to 0.5V, is almost zero, thus allowing a 
high readout speed in the so-called read mode.  

Measurements were performed on the following stack : Ta 3 / CuN 30 / Ta 5 / PtMn 20 / CoFe 2 / Ru 0.8 / 
CoFeB 2 / MgO 1.2/CoFeB 3/ MgO 1.6 / CoFeB 1.8 / Ru 0.9 / CoFe 0.5 / NiFe 1.5 / FeMn 12 / Ru 2 / Ta  5 
(nm), where reference and mode select layers are synthetic antiferromagnets (SAF). 

III. MEASUREMENTS AND RESULTS

For each configuration of the electrodes magnetizations, we performed resistance versus current loops for 
different applied magnetic fields and plotted the mean value of the resistance between forth and back 
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measurements (Fig.1). To facilitate the visualisation of STT effects, we rather plotted the difference between 
the low and high resistance levels during the R(I) loops (Fig.2). To switch from one configuration to the other, 
we annealed the sample at 200°C under applied field to overcome the blocking temperature of FeMn 
antiferromagnet, while PtMn remains pinned. When mode select layer and reference magnetizations are 
parallel (Fig.1), the storage layer cannot be switched, whatever the applied current and for any chosen field. By 
contrast, when electrodes magnetizations are antiparallel, we observe, for applied field sufficiently balancing 
the stray field from the mode select and reference layers , that STT triggers storage layer switching to both low 
and high resistance levels, depending on the sign of the current (Fig.2). This observation demonstrates the 
possibility to modulate the STT efficiency in DBMTJs. 

Figure1: (1)(a) Example of a R(I) loop for H = 15 Oe when mode control and reference layers are antiparallel 
(write mode). (b) Phase diagram obtained with several R(I) loops at different fields. (2) Phase diagram 
obtained with several R(I) loops at different fields when mode control and reference layers are parallel (read 
mode). 

IV. CONCLUSIONS

This effect could pave the way toward fast readout STTRAM with minimal write error rate during read. The 
stack must be further improved so that the state of the storage layer stays unchanged when switching from 
configuration (1) to configuration (2). This can be achieved by replacing the standard central magnetic layer by 
a compensated synthetic antiferromagnet. The field pulse required to change the magnetic orientation of the 
mode select layer can be shared by all bits of a same word thus minimizing the associated power consumption. 
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I. INTRODUCTION 

The 85.9 Gb/in2 areal density demonstration for magnetic tape recording presented at this conference [1] 
pushes the limits of the technology, and shows the feasibility of maintaining the growth trend in areal density 
for commercial tape products. This demonstration required the use of a hard disk drive (HDD) head with a 
90-nm-wide read element to meet the track-density operating point. 

Because the head-medium interface design of a tape head is very different from that of an HDD head, it is 
not obvious that an HDD head would give adequate readback, if any, when used in a tape system. Whereas the 
HDD head-disk interface relies on a carefully engineered air bearing, the head-tape interface in modern tape 
drives inhibits the formation of an air bearing in order to promote stable close contact and minimize magnetic 
spacing. In this work we present results from an investigation into the interface between tape and an HDD head 
and demonstrate that, within a specific range of operating conditions, good readback performance can be 
achieved with an HDD head on tape. 

II. EXPERIMENTAL DETAILS

A tape transport system was built around a white-light interferometer microscope, such that the height 
profile of the backside of tape can be measured while running tape over the head. The HDD head slider 
assembly is fully constrained and is mounted on a 3-axis tilt/rotation stage for precise angular alignment with 
the tape. Two guide rollers close to the HDD head can be adjusted in height to obtain different leading and 
trailing wrap angles. The HDD read element is connected to a commercial tape drive card to capture the 
readback signal. Read-after-write experiments with pseudo-random bit sequence (PRBS) patterns were 
performed in a separate low lateral-tape-motion tape transport system, using a 8.75 µm track-width tape writer 
[1], such that closed-loop track-following was not needed. 

III. RESULTS

Moving tape is attracted to the HDD head in both forward and backward tape directions, see Figure 1. 
However, readback was only observed while running tape in the backward direction (read element at leading 
edge), and only for positive leading and negative trailing wrap angles. For other configurations, the pressure 
distribution and the resulting tape height profile is such that the tape-head spacing at the read element is too 
large. Figure 2 shows that the largest magnetic noise signal amplitude (a measure of tape-head spacing) is 
obtained for the smallest leading wrap angle of 0.3 degrees.  

To estimate the magnetic spacing d (plus transition parameter a), we use timing-synchronized PRBS 
readback captures and fit the spectral peaks to an analytical model of a magneto-resistive head scanning over 
perpendicular media without soft underlayer (see Fig. 3). The model fits well with the measured data, and the 
obtained estimates all indicate a d+a value of approx. 30 nm for leading and trailing angles of approx. 0.4 and 
-0.4 degrees, 0.7 N tape tension, and 3.5 m/s tape velocity. Our poster presents additional results for varying 
tape velocity and tension, as well as signal-to-noise ratios and bit-error rates at different linear densities. 
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Figure 1. Height measurements of the HDD head surface (left), tape running over the head in forward 
bottom-to-top direction (middle) and backward top-to-bottom direction (right). Leading and trailing 
wrap angles are (0.1°, 0.1°) and (0.3°, -0.2°) in forward and backward directions, respectively. 
The read element is located at the intersection of HR and VR. 

Figure 2. Media noise readback signal spectrum and 
longitudinal height profile along VR (see Fig. 1) for 
0.3, 1, and 2 degrees leading angle. 

Figure 3. Spectrum of PRBS data readback signal 
and the model fit (red) with d+a=28 nm. 
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I. INTRODUCTION 

There is a strong demand for expanding the storage capacity of data storage media because of the rapid increase 
in the total volume of digital data. Particulate magnetic tapes on linear tape storage systems are widely used for 
data backup and archival use owing to their low cost, long-term stability, and high reliability as compared to hard 
disk drives (HDD). Therefore, magnetic tapes are expected to continuously increase their storage capacity per 
cartridge. Generally, the areal density of magnetic tapes is increased by reducing the magnetic particle volume. 
However, it is difficult to reduce the particle volume of iron–cobalt-based metal particles (MPs), which are mainly 
used for magnetic tape. To address this problem, high-density recording studies on barium–ferrite (BaFe) 
particulate tape were carried out and they demonstrated an areal density of 6.7 Gb/in.2, corresponding to an 8 TB 
cartridge capacity in 2006 [1], and that of 29.5 Gb/in.2, corresponding to 35 TB in 2010 [2]. In this work, we 
develop an advanced BaFe tape technology in order to scale the future tape roadmap. 

II. BARIUM–FERRITE MEDIA TECHNOLOGIES AND RESULTS

The key media technologies needed to enhance areal density are (i) fine barium–ferrite particles, (ii) 
perpendicular orientation, and (iii) surface profile design.  

(i) Fine barium–ferrite particles:  Figure 1 shows the particle volume dependence of the particle coercivity for 
BaFe particles, which were prepared for a feasibility study of fine particles. It also shows the data for metal particles 
for comparison. Metal particles cannot maintain their coercivity at particle volumes less than 3000 nm3 because 
coercivity originates from the shape anisotropy. On the other hand, BaFe particles, which have crystalline magnetic 
anisotropy, show high coercivity, even though their particle volume is approximately 1000 nm3, which is 
approximately 48% smaller than that of the BaFe product tape. Table 1 shows BaFe particle properties. As shown in 
the table, particle B, with volume 1000 nm3, has been developed to ensure a sufficiently high thermal stability factor 
KuV/kT to maintain thermal stability. Here, Ku is the anisotropy energy density, V the particle volume, k the 
Boltzmann constant, and T the absolute temperature. For preparing media in this work, we selected particle A, with 
volume 1600 nm3, which is approximately 24% smaller than that of the BaFe product tape. 

(ii) Perpendicular orientation:  Because BaFe particles are platelet-shaped, with the axis of magnetization being 
perpendicular to the platelet face, they tend to orient in a perpendicular direction during the coating process. It was 
reported that perpendicularly oriented BaFe media showed a high signal-to-noise ratio compared to nonoriented 
media [3]. Therefore, we tried to enhance the perpendicular orientation by improving the orientation technology. 
Figure 2 shows cross-sectional images of the magnetic layer observed by transmission electron microscope (TEM) 
of the new BaFe tape, BaFe product tape, and latest MP product tape. The new tape fabricated by using the 
improved orientation technology shows many perpendicularly oriented particles compared to the BaFe product tape. 
As a result, the new BaFe tape achieved a perpendicular squareness ratio of 0.87 (with demagnetization 
compensation), whereas the perpendicular squareness ratio of the BaFe product tape is 0.62.  

(iii) Surface profile design:  In order to reduce the head–media spacing, the tape surface should be made as smooth 
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as possible. Figure 3 shows the surface profile images measured by optical interferometry of the new BaFe tape, 
BaFe product tape, and latest MP product tape. The new tape is much smoother than the product tapes because of 
reduction in the long-range surface roughness, with the wave length of a few tens of microns. As a result, the new 
BaFe tape achieved an average roughness (Ra) of 0.8 nm, whereas that of the product tapes is 2.0 nm. 

III. SUMMARY

We developed an advanced BaFe tape with a magnetic particle volume of 1600 nm3, perpendicular squareness 
ratio of 0.87, and surface roughness of 0.8 nm on particulate media. This advanced BaFe tape demonstrated an areal 
density of 85.9 Gb/in.2 by the combination of advanced tape drive technologies [4]. In addition, fine BaFe particles 
with particle volumes of 1000 nm3 were also developed. Therefore, we believe that tape storage systems can 
continuously expand their areal density to more than 100 Gb/in.2. 
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Fig.2 Cross sectional images of magnetic layer observed by TEM 
(a) New BaFe tape, (b) BaFe product tape, (c) MP product tape 

Fig.1 Particle volume vs. coercivity 

Fig.3 Surface profile images measured by optical interferometry 
(a) New BaFe tape, (b) BaFe product tape, (c) MP product tape 

(a)  (b)  (c) 

Ra = 0.8nm Ra = 2.0nm Ra = 2.0nm 
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I. INTRODUCTION 

Aggressive track-density scaling has been identified [1] as a key means of sustaining areal-density and 
capacity scaling in magnetic tape recoding. To write and read data on extremely narrow tracks, the tape head 
needs to be positioned over the tracks with nanometer precision. To estimate the head position, state-of-the-art 
tape systems use timing-based servo (TBS) [2] patterns which are factory pre-formatted in dedicated servo 
bands. In this work, we evaluate the limits of the lateral position resolution achievable with TBS schemes by 
means of an analytical framework of lower bounds on the mean-squared estimation error and compare it with 
experimental results of the closed-loop track-following servo performance achieved with a low-disturbance 
servo platform used in the 85.9 Gb/in2 areal density demonstration presented at this conference [3]. 

II. RESULTS 

TBS patterns [2] consist of bursts of servo stripes written at two different azimuth angles ±α. Shielded 
magneto-resistive servo readers scan over the magnetic transitions of the TBS stripes and produce a readback 
signal [4], which is processed by a servo channel in the tape drive. By measuring the relative timing between 
sequential bursts of servo stripes, the servo channel estimates both the tape velocity and the tape head lateral 
position. A very high estimation accuracy is needed to achieve high track densities. 

To quantify the estimation accuracy/resolution limits achievable with TBS schemes, we developed an 
analytical framework of bounds. Specifically, we present Cramer–Rao lower bounds (CRLB) on the 
mean-squared value of the open-loop position error signal (PES) estimate assuming zero lateral tape motion. 
The bounds are functions of the readback signal shape and the signal-to-noise ratio (SNR). They provide 
insight into how to jointly choose essential system parameters, such as the servo reader width W, the servo 
stripe width s, and the azimuth angle α, to achieve optimal position estimation performance. Figure 1 shows 
the resolution limit based on the CRLB for a pattern with α = 18°, s = 1.25 µm and W = 2 µm, assuming 
stationary noise (AWGN). Numerical results based on simulations of a synchronous servo channel (SSC) 
indicate that the lower bounds are well suited to predict the position estimation resolution. As shown in Fig. 1, 
resolution limits of < 5 nm are achievable for servo pattern readback SNRs of 20 dB or more. 

To explore the track-following servo performance limits in a real-world environment, we built and 
optimized a servo hardware platform, depicted in Fig. 2. This platform includes a precision flangeless tape path 
with grooved rollers and pressured air bearings to minimize disturbances, a high-bandwidth head actuator and 
an FPGA system, which implements hardware servo channels and a floating-point accelerated microcontroller 
running an H∞-based servo controller. Figure 3 shows an ensemble of captured readback signals from a 3.5 µm 
wide servo reader, as well as an average of 300 servo bursts (black). A closed-loop σ-PES of 9.4 nm at 3.1 m/s 
and < 10.3 nm over the speed range of 1.2 to 4.1 m/s was achieved using an experimental TBS pattern with an 
α = 18° azimuth angle and a 50 µm subframe length. We estimate the resolution of the experimentally 
measured position signal to be 5.7 nm by observing the noise floor of the power spectral density of the PES. 
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   The poster also presents an extension of the bounds to transition-jitter noise and discusses the joint 
optimization of the system parameters such as read-head geometry, servo format and media properties, to 
achieve nanometer resolution. 
 

 
Fig.1: Resolution limits based on the CRLB and SSC 
simulation results. The inlay shows the modeled 
readback signal [4] of a servo stripe (dibit). 
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Fig.3: Ensemble of captured readback signals with 
an averaged waveform overlaid in black and noise 
after removal of the averaged signal (offset by –128). 

 
Fig.2: Experimental closed-loop track-following 
servo hardware platform with low-disturbance tape 
transport system, high-bandwidth head actuator, 
current driver, and FPGA-based hardware servo 
channels and servo controller. 
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I. INTRODUCTION 
 

      The size of a bit in magnetic recording is typically limited by the onset of superparamagnetism. To suppress this 
effect materials with a large uniaxial anisotropy are utilized. This generally requires large writing fields. To address 
this problem heat assisted magnetic recording (HAMR) is utilized. However heating medium above the Curie 
temperature leads to other problems including thermal hysteresis of the magnetic response, reduced write speeds due 
to increased relaxation time of all processes, media degradation and so on. 
     Here we present a novel method of room-temperature perpendicular magnetic recording based on our recently 
observed photo-induced magnetic effects [1]. 
                    
 
 

II. EXPERIMENTAL PROCEDURES 
 

       Room-temperature illumination of an epitaxial Mg0.75 Mn 0.21 Co0.04 Fe2O4 ferrite film with a low-intensity (0.4 
Wcm-2) circularly polarized laser light (CPL) at λ = 633 nm, along with a static magnetic field H (of about 3 kOe) in 
the Faraday effect geometry leads to the appearance of an inverse Faraday effect magnetization MIFE with properties 
that depend on field-light combination H,σ (σ is the light helicity). Using H+,σ+ and H−,σ− (“writing”) combinations 
results in the photo-induced magnetization (PIM) with a long relaxation time (years), accompanied by a 
unidirectional anisotropy and a shift  in hysteresis loops; the Curie temperature increases by 140o C.  As was shown 
in [2], the inverse Faraday effect (IFE) does not have symmetry restrictions and thus is allowed in all media 
regardless of their crystallographic and magnetic structure. The IFE appears within a femtosecond interval in a 
manner similar to the Raman scattering. The residual PIM cannot be erased with a conventional AC 
demagnetization, but can be removed using two other (“erasing”) field-light combinations. The residual PIM MIFE, 
residual magnetizations Mr, and hysteresis loops were measured by us using both a torque magnetometer and 
SQUID. In ferrites, the MIFE remanence has a very long relaxation time. The long-lived at room temperature PIM 
might appear due to a formation of the complex PI defects, which produce strongly localized defect’s energy levels 
[1]. Since the PIM spreads through all of the ferrite film, the individual bits must be patterned. For Mg-Mn-Co-
ferrite films, the smallest bits could exhibit rectangular pillars with size of 20 nm × 20 nm × 2 µm. 
 

III. RECORDING 
 
    “Writing” field-light combinations can be used to record information in a direction perpendicular to the medium 
surface [3, 4]. The simplified setup for recording is depicted in Fig. 1. PIM that appears during illumination 
represents a bit of information “1”. A non-illuminated bit is the “0”. Readout of information is carried out by 
measuring the remanence  Mr  for the shifted (“1”) and non-shifted (“0”) hysteresis loop associated with the 
patterned site is shown in Fig. 2. Mr, can be measured, for example, using MFM. This new recording technology has 
a number of valuable features: (i) operating at stable room temperature excludes thermal fluctuations; for our ferrite 
film with above size of bits and Ku = 1.33x104 ergcm−3, the calculated stability factor S = Ku V/ kB T, where Ku is the 
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magnetic anisotropy constant, V is the bit volume, kB is the Boltzmann constant, T is temperature, is equal to 263, 
which is much larger than that used for HAMR materials (S = 70); (ii) a write magnetic field is of 3 kOe (instead of 
10 − 20 kOe for HAMR); (iii) any effective writing field gradient is not necessary; (iv) the one-layered recording 
medium is economical and chemically stable ferrite material (instead of five layers, including SUL for HAMR). The 
new method can be an alternative technology, which can possibly compete with HAMR. 
 

IV. ILLUSTRATIONS 
 
_________________  
 
 

 
Fig. 1. Simplified scheme of recording [3]. (1) the soft FM yoke with two poles, (2) the gap, (3) the conductor 
with the current creating a magnetic field), (4) the Mg-Mn-Co ferrite film,  (F ) illuminated surface, (5) a MgO 
substrate, (6) the opening in the yoke, (7) the laser beam,  (8) laser diode, (9) the focal lens, (10) the polarizer, 
(11) the quarter-wave plate. 

 

 
 
Fig. 2. Hysteresis loops M(H) for Mg-Mn-Co-ferrite measured [1] at 296 K (a) after 530o annealing; (b) after 
illumination with H−, σ− with different remanences Mr for marks “0” (2a) and “1” (2b).  
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 ABSTRACT 

The application of spin torque tunneling technology to MRAM devices has opened new opportunities for 
higher density circuits which may be very competitive with DRAM as well as SRAM. STT RAM devices have 
the potential of significantly reducing SOC dimensions while maintaining similar functionality and storage 
capacity. By converging the functions of DRAM, FLASH, ROM and SRAM this non volatile technology can 
provide a new generation of high density circuits which will simplifying system architecture and enhance 
performances.[1]  

                   
STT RAM exhibits a much higher endurance and reliability as compared with FLASH memories, for 

example, so that an STT RAM embedded memory can be considered a strong link in circuit architecture. STT 
RAM processing consists of a simple addition to a low voltage CMOS process in which the deposition of a 
GMR stack as a latter step after processing creates the device. [1]  
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A standard reactive ion etching process forms the magnetic stack on top of this CMOS transistor in a high 
yield process. Unlike FLASH, STT RAM processing is more compatible with the CMOS transistor structure 
and configuration. Since this magnetic stack has an area much less than the CMOS transistor, the density of 
this STT RAM memory device is in fact the density of the underlying CMOS transistor. There is a strong 
possibility that future investigations will develop a STT RAM device having multiple magnetic stacks per 
transistor which would in effect produce a multi-bit cell which would have storage densities far beyond those 
available today for all memory technologies. Today a 64 Mb storage device has been announced for the 
market.[2] 

The STT RAM technology has the potential for further scaling to > 10 nm lithographic which will allow 
continue scaling of the technology.[3] The magnetic stack is almost identical with that used in GMR read 
heads for hard disk drives. There is an excellent business opportunity for drive manufacturers to enter the STT 
RAM area to increase head production volumes resulting in a significant decrease in head costs.   
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I. INTRODUCTION 

In order to achieve higher recording densities in the next-generation magnetic recording systems, the 
spacing between tracks needs to be reduced. This results in increased inter-track interference (ITI) in addition 
to the inter-symbol interference (ISI). This two-dimensional (2-D) interference can degrade the system 
performance significantly. In contrast to the Viterbi or the BCJR algorithm for one-dimensional (1-D) ISI 
channel detection, there does not exist simple detection algorithm for 2-D interference channels. In the 
previous studies of 2-D interference channel detection, some suboptimal detection algorithms have been 
proposed, the complexities of which grow exponentially with the dimension of the 2-D interference channels. 
The high computational complexities of those algorithms prevent the algorithms from being adopted in 
practice. In this study, we propose and investigate a simple joint-track iterative detection algorithm for 2-D 
interference channels. 

 
 

II. SYSTEM AND ALGORITHM DETAILS 

For ease of demonstration, let’s consider a discrete-time 2-D interference channel model represented by the 
following 3 3×  channel response matrix: 
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Then, the read-back signal can be expressed as: 
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where { }, 1,1i jx ∈ −  is the input data and ,i jv  is the additive white Gaussian noise (AWGN) with variance 
2σ . Note that for most cases, the entries in the corner of the channel response matrix, i.e., 1, 1h− − , 1,1h− , 1, 1h − , 

and 1,1h , are some small values. Thus, we can consider the contributions of the corner terms separately and 

express the channel model as follows: 
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where * *
, , ,i j c i j i jr x v= ∗ +H  is the equivalent read-back signal corresponding to channel response matrix 

*
cH . The idea of the proposed simple joint-track iterative detection algorithm is to modify the traditional BCJR 

algorithm to account for the ITI contributions based on *
,i jr  as in (3). Then we iteratively update the bit 

probability and subtract the corner entries using tentative hard decision. The schematic diagram of the 
proposed algorithm is shown in Fig. 1. 
 

 

III. RESULTS 

Figure 2 shows the BER comparisons of various detection methods. The curve labeled "Proposed Algorithm, 
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ignore corner" corresponds to the above joint-track iterative detection algorithm in which we simply ignore the 
corner entries. We also plot Nabavi's result using 2-D generalized partial-response (GPR) Zero-ITI forcing 
method [1] as a reference. The upper bound of maximum-likelihood page detection (MLPD) [2] is also shown 
as a benchmark. It can be seen that our proposed joint-track detection algorithm performs significantly better 
than the 2D GPR Zero-ITI Forcing method and approaches close to the MLPD upper bound. Besides, our 
proposed algorithm has a relatively simple trellis structure. It doesn't require row-wise and column-wise 
iterative detections as some other algorithms [3]-[4] do. Therefore, the proposed algorithm offers a good 
trade-off between complexity and performance. Furthermore, as the proposed algorithm works with soft 
information, it's easy to incorporate soft-input soft-output (SISO) error-correcting codes such as LDPC codes 
to further improve the system performance. 
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Fig. 1 Schematic diagram of proposed detection algorithm. 

Figure 2. BER comparisons of various detection methods. 
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I. INTRODUCTION 

Low-Density Parity Check (LDPC) codes, a class of linear block codes discovered by Gallager in 1962 [1] 
achieves outstanding error correction performance approaching Shannon limit [2]. LDPC code and its related 
error correction solution attract significant attentions in recent years and are applied into hard disk drive. 
Quasi-Cyclic (QC) LDPC codes, a special class of LDPC codes, possess the regular structure on their parity 
check matrices, and consequently, simplify the corresponding encoding and decoding with the efficient 
hardware design but without noticeable performance loss [3]. One of the most dominating challenges of LDPC 
solution development is how to build LDPC codec including encoder, decoder and code description to meet 
different application requirements including error correction capability, throughput, power, area, latency, etc. 
As a block code, LDPC code’s straightforward encoding is to multiply user bits to be protected with the 
generator matrix G which is systematic encoding. LDPC code’s parity check matrix Hc = [A B] is converted 
into the format of H = [−PT In−k] = Hc·B−1 (assume Hc is full-rank) where In−k denotes an identity matrix, n is 
the code word length and k is the number of user bits. Therefore, the systematic LDPC code generator matrix 
is in the format of G = [Ik P], and it is direct to verify that GT ·H = GT ·Hc·B−1 = 0. Since B is full-rank, GT ·Hc 
= 0 meets dual condition. Typically, LDPC decoder works on parity check matrix, and the systematic encoding 
method requires generator matrix G. From code description point of view, both generator matrix and parity 
check matrix have to be stored if the systematic encoding is applied. Given a high rate code of R = 0.9, the 
generator matrix G could be around 9 times larger than its parity check matrix H which forms an obstacle to 
reduce encoder area. In practice, LDPC code construction faces the reality of the generated LDPC code whose 
parity check matrix is singular. One example is the regular binary QC-LDPC code with even-numbered 
column weight. It is easy to prove that certain row is inevitably linear dependent with the rest rows in parity 
check matrix. Therefore, row and column permutation is not able to adjust the parity check matrix into the 
approximated lower triangle format to get the inverse matrices. Then, the classical approximated lower triangle 
encoding method may not be available here. This paper presents the methods for encoding rank-deficiency 
parity check matrix with both shortened latency and reduced area. In this paper, LDPC code description only 
uses parity check matrix to avoid holding the relatively bigger generator matrix, and the proposed encoding 
techniques efficiently remove the encoding constraints of the LDPC codes with rank-deficiency parity check 
matrices. The encoding flow and hardware architecture are covered with details. 
. 

II. PSEUDO-INVERSE MATRIX BASED ENCODING

Fig.1 shows the permutation of LDPC code’s parity check matrix, and the corresponding encoding procedure. 
With the rank-deficiency parity check matrix, we derived that parity P0 which is linearly-dependent to other 
bits can be treated as non-trivial and we set them to fixed patterns for hardware simplification. We proposed 
the encoding using the pseudo-inverse matrix on singular sub-matrices and converted the small dimensional 
generated vector back to the normal length. The encoder’s architecture is also determined in Fig.2 to 
implement the high-throughput bubble-less encoder supporting multiple channels in time-division manner 
which reduces the number of encoder instantiated in parallel. The bubble-less is to ensure the continuity of 
LDPC protected bits during transmission.    

III. RESULTS

Fig.3 shows the format of proposed inverse matrix after dimension adjustments. The proposed method 
identifies the trivial parity and applies the augmented pseudo-inverse matrix to handle the high-throughput 
encoding. This method’s encoding equivalence on generating parity bits of the LDPC codes with 
rank-deficiency parity check matrix is verified both theoretically and by Monte-Carlo simulations. This work 
describes the hardware-efficient encoding technique for many LDPC codes with hardware details. Furthermore, 
it is seen that the pseudo-inverse matrix no longer sustains quasi-cyclic structure, and is dense in term of 
non-zero elements. Further encoding improvements and architecture is also covered by this talk with detailed 
comparisons and analysis.    
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Fig.1. Encoding algorithm for LDPC codes with rank-deficiency parity check matrices: (a). Parity check 
matrix permutation for two-stage encoding; (b). Encoding flow to generate parity bits of LDPC codeword. 
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I. INTRODUCTION 

In shingled magnetic recording (SMR) [1], the intertrack interference (ITI) along the cross-track direction 
becomes one of the dominating noise sources. The multi-head/multi-track detection scheme draws a lot of 
attention because of its ability to better combat ITI compared to the single-head/single-track scheme [2][3]. In 
this work we consider a two-head/two-track channel model as shown in Fig. 1. The construction of a trellis for 
a traditional maximum likelihood (ML) detector requires the knowledge of ITI level 𝜖, which is spatially 
varying and generally unknown to the receiver. We propose a novel and practical multi-head detection 
algorithm, called the weighted sum subtract joint detection (WSSJD), whose trellis is independent of 𝜖. In 
WSSJD, the task to estimate 𝜖 reduces to a gain control problem. A gain loop can be applied to adaptively 
estimate 𝜖. The simulation results show that the use of such a gain loop with the proposed WSSJD leads to 
better performance than the traditional detector that uses a static estimate for 𝜖. 

      
(a)        (b) 

Fig. 1 Two-head/two-track channel model: (a) physical model. (b) mathematical model. In (b), 
𝑥!(𝐷) and 𝑥!(𝐷) are bipolar data sequences. ℎ(𝐷) represents the ISI channel polynomial. 𝑟!(𝐷) 
and 𝑟!(𝐷) are received sequences from head 1 and head 2, respectively. 𝜖 denotes the ITI level. 
 

 
II. WEIGHTED SUM SUBTRACT JOINT DETECTION 

•  Preprocessing. Before detection, WSSJD calculates the summation and difference of two received 
sequences, creating a “sum channel” and a “subtract channel”. 
𝑟! 𝐷 = !

!!!
𝑟! 𝐷 + 𝑟! 𝐷 , 𝑟! 𝐷 = !

!!!
𝑟! 𝐷 − 𝑟! 𝐷                     (1) 

By introducing 𝑧! 𝐷 = 𝑥! 𝐷 + 𝑥!(𝐷) and 𝑧! 𝐷 = 𝑥! 𝐷 − 𝑥!(𝐷), 𝑟!(𝐷) and 𝑟!(𝐷) can be viewed 
as the outputs obtained by separately passing 𝑧!(𝐷) and 𝑧!(𝐷) though ℎ(𝐷) with different added noise 
power. 
𝑟! 𝐷 = 𝑧! 𝐷 ℎ 𝐷 + 𝑛! 𝐷 , 𝑟! 𝐷 = 𝑧! 𝐷 ℎ 𝐷 + 𝑛! 𝐷                 (2) 
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where 𝑛! 𝐷 = !
!!!

𝑛! 𝐷 + 𝑛! 𝐷 ,     𝑛! 𝐷 = !
!!!

𝑛! 𝐷 − 𝑛! 𝐷   . Notice that the sum channel has 
higher SNR than the subtract channel. 

• Weighted branch metric. WSSJD is a Viterbi algorithm based detector. A trellis branch is given by

𝑧!!!! ⋯ 𝑧!!!!

𝑧!!!! ⋯ 𝑧!!!!

!!
!

!!
!

!!
!

!!
! 𝑧!!!!!! ⋯ 𝑧!!

𝑧!!!!!! ⋯ 𝑧!!

which is independent of 𝜖. Since the sum channel and the subtract channel have different SNR, the branch 
metric should be weighted to put more emphasis on the better channel. The optimal weights are chosen to 
maximize the log likelihood function, So WSSJD will find the sequences pair (𝑧! 𝐷 , 𝑧! 𝐷 ) which 
minimizes  

(1 + 𝜖)! 𝑟! 𝐷 − 𝑧! 𝐷 ℎ(𝐷) ! + (1 − 𝜖)! 𝑟! 𝐷 − 𝑧! 𝐷 ℎ(𝐷) !             (3) 

III. ESTIMATION OF ITI LEVEL

As indicated in Eq. 1, the estimation of the ITI level becomes a gain control problem. The normalization 
factors 1/(1 + 𝜖) and 1/(1 − 𝜖) are adjusted using the gain loop to maintain a unit signal gain in 𝑟! 𝐷  and 
𝑟! 𝐷 . In this work we adopt the well-known least mean square (LMS) adaptive algorithm to update the value 
of estimators 𝑔!! and 𝑔!! whose true values are 1/(1 + 𝜖) and 1/(1 − 𝜖), respectively. The WSSJD trellis can 
be constructed without the knowledge of 𝜖. At each time step the new values of 𝑔!! and 𝑔!! are immediately fed 
back to WSSJD to weight the branch metric.  

IV. SIMULATION RESULTS

We simulate WSSJD with gain loop on the two-head/two-track channel with single-track channel polynomial 
ℎ 𝐷 = 1 + 𝐷. The sequence length 𝑁 in one sector is 4096 bits. The value of 𝜖 is spatially varying, and 
modeled as a discrete-time sinusoidal function 𝜖 𝑘 = 𝜖! + 0.1sin  (4𝜋(𝑘/𝑁)). In the gain loop setup, the 
step-size parameter 𝛽  is  0.005 and the delay is 𝑚 = 5. We compare the performance of WSSJD with the 
traditional two-track ML detector that uses a static value 𝜖!. The simulation results show that the use of an 
adaptively estimated value of 𝜖 can provide a 0.3~0.5dB gain in system bit-error-rate performance.  
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I. INTRODUCTION 

The latest International Storage Industry Consortium tape technology roadmap has identified track-density 
scaling [1] as the primary means of scaling the areal density and cartridge capacity of future magnetic tape 
systems. In the 85.9 Gb/in2 areal density demonstration presented at this conference [2], a 90 nm-wide data 
reader was used to demonstrate the feasibility of operating with a track width of 177 nm and a track density of 
143 ktpi corresponding to a 27-fold increase in track density when compared to the Generation-6 Linear Tape- 
Open (LTO) [3] format. However, a significant reduction in the signal-to-noise ratio (SNR) compared to 
commercial magnetic tape products is observed when data recorded at a linear density of 600kbpi is read with 
such a narrow reader [2]. Therefore, to reliably retrieve data that has been recorded on perpendicular BaFe 
media and read under low-SNR conditions of about 11 dB, we use an error-correction coding scheme based on 
a Reed-Solomon product code, which is decoded with an iterative hard-decision decoding scheme. In this work, 
we analyze the error-rate performance achievable with iterative decoding and compare it with results obtained 
from a fast decoding simulator implemented in C++. 

II. RESULTS 

State-of-the-art linear tape recording systems employ product error-correction codes (ECC) that encode data in 
two-dimensional arrays, where each row is an (N1, K1) Reed-Solomon (RS) codeword referred to as a C1 
codeword and each column is an (N2, K2) RS codeword referred to as a C2 codeword. The achievable 
performance of hard-decision iterative decoding of RS product codes has been evaluated by means of a 
probabilistic analysis and simulations.  

Figure 1 shows the results of evaluating the performance of a product code with parameters N1= 240, K1= 230 
and N2 = 192, K2 = 168. The ECC code rate is 0.83 which is similar to typical code rates used in tape storage. 
The dots in Fig. 1 correspond to numerical results obtained by a fast C++ simulator decoding up to 100 million 
46080-byte product codewords for each data point. For each product codeword, the simulation generates a list 
of random byte-error locations for a specified average channel byte-error rate. The errors in each product 
codeword are then progressively corrected by iterating between decoding rows and columns. In each row 
(column) decoding step, all errors within a row (column) are eliminated if the number of byte errors in this row 
(column) does not exceed the error-correction capability T1 = 5 (T2 =12). Otherwise no action is taken, i.e. the 
unlikely occurrence of a miscorrected codeword is neglected. The curves in Fig. 1 represent the output byte- 
error rates after C1 decoding (black), after C1-C2 decoding (red), after C1-C2-C1 decoding (magenta) etc.  

To estimate the performance at the target user byte-error rate of 1e-19 as required in state-of-the-art linear tape 
recording systems, we have extended the probabilistic analysis technique in [4] to the cases where row and 
column codeword lengths and the associated error-correction capabilities are unequal, i.e., N1≠ N2 and 
T1 ≠ T2. Our analysis tracks the distributions of the remaining errors in rows and columns as the iterations 
between decoding rows and columns progress, and assumes that T1 and T2 errors per row and column, 
respectively, can be corrected by the code. It further assumes that decoded error locations in rows and columns 
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are randomly distributed in columns and rows, respectively. The relevant row and column byte-error 
distributions are characterized by Poisson and truncated Poisson distributions. For the specific product code 
considered here, Fig. 1 also depicts the results of this probabilistic analysis (solid lines), which are in good 
agreement with the simulated performance. The results indicate that a post-detection channel byte-error rate 
target of less than 4.5e-2 is sufficient to achieve the target user byte-error rate of 1e-19. Furthermore, the 
channel byte-error rate required to achieve the target user byte-error rate of 1e-19 after three full C1-C2 
iterations (it = 3) is about half of Shannon’s channel capacity of 0.102. 

To provide evidence in support of the assumption of uncorrelated byte errors at the input of the decoder, we 
have captured the readback signals of a 90 nm wide hard disk GMR head reading 255-bit pseudo-random 
binary sequences (PRBS) recorded on a prototype perpendicular BaFe tape sample at linear densities ranging 
from 485 kbpi to 600 kbpi and have processed them by a software read channel with noise-predictive 
maximum-likelihood (NPML) detection [2]. The bit stream out of the detector has been converted to a byte 
stream, and subsequently mapped to I = 8-way byte-interleaved C1 codewords. Figure 2 shows the probability 
of k byte errors within a C1 codeword of length N1 = 240 for the data capture at 600 kbpi with a detected 
byte-error rate (Pbyte) of 2.4e-2 and a C1 uncorrectable codeword rate (C1uc) of 5.1e-1. Comparison with a 
binomial distribution (red) shows a good match and therefore validates the assumption of uncorrelated byte 
errors. 
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I. INTRODUCTION 

We study the data recovery problem for bit-patterned media recording (BPMR) with written-in errors, in 
particular, bit insertions and deletions. The Davey-MacKay (DM) concatenated code construction is applied to 
combat written-in errors with a twist by dropping the watermark string. This is made possible through the 
proposed inner code design procedure. The overall system performance with the proposed inner codes on a 
staggered BPMR channel corresponding to an areal density of 10 Tb/in2 is presented. 

II. THE IMPROVED INNER CODES

Partially capturing a key property of the write channel model that synchronization drifts are at most ±1, 
we propose that a good binary inner code 𝐶  of size 𝑄  and length 𝑛  should minimize the quantity 
𝐹 𝐶 = 𝐹 𝐶,𝒙𝒙∈!  where 𝐹 𝐶,𝒙  is defined to be 

1
𝑄

𝑃 𝒚 𝒙
𝒚∈!∖ 𝒙

+
1
2

𝑝!𝑝!! + 𝑝!!𝑝!
𝑝!! + 𝑝!𝑝! + 𝑝!!

𝑃 𝑦!!, 𝑟 𝒙
𝒚∈!∖ 𝒙!∈ !,!

+ 𝑃 𝑟, 𝑦!!!! 𝒙
𝒚∈!∖ 𝒙!∈ !,!

𝑝! and 𝑝! are the insertion and deletion probabilities as in [1], 𝑦!! is the sequence of bits in codeword 𝒚 
corresponding to indices 𝑎 to 𝑏, and 𝒒, 𝒕  denotes the concatenation of vectors 𝒒 and 𝒕. The probability 
metric 𝑃 ∙ ∙  is computed in a similar manner to [1], noticing that drifts outside ±1 are not allowed. With 
the given objective function, finding the global minimum is generally intractable. We therefore propose a 
computationally efficient greedy-strategic procedure to obtain a suboptimal solution as follows. 𝐶 is first 
initialized to 𝐺𝐹 2 !. Then, we repeat finding 𝒙 ∈ 𝐶 such that 𝐹 𝐶,𝒙  is largest and assigning 𝐶 ≔ 𝐶 ∖
𝒙 , until the size of 𝐶 is reduced to 𝑄. 

III. SIMULATION RESULTS

Fig. 1 shows the frame error rate (FER) plots for different inner coding schemes of rate 4/5 and 8/9 
with the same outer low-density parity-check (LDPC) code for each rate, on the write channel of [5] for 
various insertion/deletion probabilities (which are set to be equal). Inner codes considered include the DM 
sparse codes, the single parity-check (SPC) codes and our improved inner codes. Evidently, the improved 
codes with no watermark string outperform the other schemes. Moreover, when a random watermark string is 
added, their performance worsens. The rate-8/9 inner coding schemes considered in Fig. 1 are further 
employed on a staggered BPMR write-read channel, which is obtained by concatenating the write channel of 
[5] to the single-track staggered BPMR read channel of [3]. The hexagonal array of island distribution 
proposed in [4] for areal density of 10 Tb/in2 is considered and the signal-to-noise ratio (SNR) of the read 
channel is set to 12 dB. The FER performance is presented in Fig. 2. As expected, the improved inner code 
without watermark yields the best FER performance. 
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Fig. 1 FER plots corresponding to different inner coding schemes on the write channel. 𝑛 = 5 (resp., 𝑛 = 9) 
for rate 4/5 (resp., 8/9). “Watermark 2/2!” refers to the watermark string design from [2]. “Random 
watermark” refers to a randomly generated watermark. The substitution error rate is 10-3. Burst errors are not 
considered. 
 

 
Fig. 2 FER performance corresponding to different inner coding schemes of rate 8/9 on the write-read channel 
with areal density = 10 Tb/in2 and read channel SNR = 12 dB. Sector length is 5112. The soft-input inner 
decoder of [2] is used. The extended multi-track detection scheme of [3] is employed to effectively mitigate 
the 2D intersymbol interference. The substitution error rate is 10-3. Burst errors are not considered. 
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Zhu,	  Jian-‐Gang	  (Jimmy)	   A1	   15	  
Zhu,	  Jian-‐Gang	  (Jimmy)	   B2	   29	  
Zhu,	  Jingxi	   A1	   15	  
Zhu,	  Xiaobin	   D2	   55	  
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