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TMRC 2018 Invited Presentations

Session A: HAMR System and Recording Physics
Session chairs: Ganping Ju (Seagate), Barry Stipe (WD)

Presentation Wed AM Title Speaker

A1 9:00-9:30 AM

A2 9:30-10:00 AM

A3 10:00-10:30 AM Skew and Curvature in Heat Assisted Magnetic Recording Zenyuan Liu, Seagate

10:30-10:45 AM Break

A4 10:45-11:15 AM Julius Hohlfeld, Seagate

A5 11:15-11:45 AM Ian Gilbert, Seagate

A6

Session B: HAMR HDI, Advanced HDD
Session chairs: Randy Victora (UMN), Chris Rea (Seagate)

Presentation Wed PM Title Speaker

B1 1:30-2:00 PM Spacing Control in Heat Assisted Magnetic Recording

B2 2:00-2:30 PM

B3 2:30-3:00 PM

3:00-3:15 PM Break

B4 3:15-3:45 PM ATI Considerations in Helium-filled Hard Disk Drives

B5 3:45-4:15 PM HDD Fully Active Head-Media Spacing Control in Vacuum Peter Goglia, L2 Drive

B6 4:15-4:45 PM Side Reading in Soft Biased Stabilized Readers

B7 4:45-5:15 PM

Wednesday August 8th, 9:00 am to 12:15 pm

Optical Absorption in Heat Assisted Magnetic Recording 
Media

Randy Victora, Univ. of 
Minnesota

Magnetization Reversal Mechanism in L10 FePt Granular 
Thin Films for HAMR Applications

Cristian Papusoi, Western 
Digital

Dissecting Transition Noise in HAMR: Separation of Jitter 
and Remanence Contributions

Measuring Thermal Gradient in HAMR using 
Pseudorandom Bit Sequences

11:45 AM-12:15 
PM

Analysis of Partially Pole-Embedded Heat Assisted 
Magnetic Recording Head

Kwaku Eason, Symphonious 
Technologies

Wednesday August 8th, 1:30 pm to 5:15 pm

Shaomin Xiong, Western 
Digital

Novel Ultra-sensitive Air Bearing Excitation based 
Resonance Contact Detection in Heat Assisted Magnetic 

Recording

Sukumar Rajauria, Western 
Digital

Max-phase Films as Heat Sinks for Heat Assisted 
Magnetic Recording

Ulf Wiedwald, Univ of 
Duisburg-Essen

Richard Brockie, Western 
Digital

Goncalo Albuquerque, 
Western Digital

Asynchronous Joint Track Equalizer for Array Reader 
based Interlaced Magnetic Recording

Euiseok Hwang, Gwangju 
Institute of Science & 

Technology
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TMRC 2018 Invited Presentations

Session C: MAMR and Reader

Presentation Thur AM Title Speaker

C1 9:00-9:30 AM

C2 9:30-10:00 AM

C3 10:00-10:30 AM Hirofumi Suto, Toshiba

10:30-10:45 AM Break

C4 10:45-11:15 AM

C5 11:15-11:45 AM

C6

Session D: Future MRAM Technologies

Presentation Thur PM Title Speaker

D1 1:30-2:00 PM Novel Spin Memory and Logic: Physics and Materials

D2 2:00-2:30 PM Investigation of Future MRAM Technologies

D3 2:30-3:00 PM

3:00-3:15 PM Break

D4 3:15-3:45 PM Domain Wall Devices for Information Storage

D5 3:45-4:15 PM

D6 4:15-4:45 PM

D7 4:45-5:15 PM Jiaxi Hu, Univ of Minnesota

Thursday August 9th, 9:00 am to 12:15 pm

Session chairs: Daniel Bai (WD), Zengyuan Liu (Seagate)

Microwave Assisted Switching Behavior of CoCrPt Based 
Granular Media

Nobuaki Kikuchi, Tohoku 
University

Micromagnetic Model Simulations Considering Write 
Head, Spin-Torque Oscillator and Double-Layered 

Medium Altogether

Yasushi Kanai, Niigata 
Institute of Technology

Microwave-Assisted Magnetization Switching of 
Antiferromagnetically Coupled Magnetic Bilayer with 

Perpendicular Magnetization

Dipolar Field Interaction between Two Adjacent Vortex 
Spin Torque Oscillators: Synchronization and Coupling 

Strength Quantification

Yi Li, SPEC, CEA Saclay

A Study on Envelope Detection using Temporal 
Magnetization Dynamics of Resonantly Interacting Spin-

Torque Oscillator for Three-Dimensional Magnetic 
Recording

Yasuaki Nakamura, Ehime 
University

11:45 AM-12:15 
PM

Development of CPP-GMR Sensors with Reduced Layer 
Thickness and Large Magnetoresistive Outputs

Tomoya Nakatani, National 
Institute of Materials 

Science

Thursday August 9th, 1:30 pm to 5:15 pm

Session chairs: Goran Mihajlovic (WD), Jimmy Zhu (CMU)

Jian-Gang Zhu, Carnegie 
Mellon University

Jordan Katine, Western 
Digital

MRAM, CRAM and Magnetic Logic – New Physics and 
Materials

Jian-Ping Wang, Univ of 
Minnesota

S.N. Piramanayagam, 
Nanyang Technological 

University

Ultrafast 3-Terminal and 2-Terminal MRAM enabled by 
Spin-Orbit Torque or Thermally Assisted Switching

Shan Wang, Stanford 
University

Combination of Computational and Experimental 
Material Search for Efficient Magnetization Manipulation 

and Information Storage

Alan Kalitsov, Western 
Digital

Non-local Lateral Spin Valve enabled Alternate Memory 
Architectures
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TMRC 2018 Invited Presentations

Session E: Spin Transfer Torque MRAM
Session chairs: Daniel Worledge (IBM), Jordan Katine (WD)

Presentation Fri AM Title Speaker

E1 9:00-9:30 AM Towards High Density STT-MRAM at Sub-20nm Nodes 

E2 9:30-10:00 AM

E3 10:00-10:30 AM

10:30-10:45 AM Break

E4 10:45-11:15 AM

E5 11:15-11:45 AM Spin-Transfer-Torque MRAM

E6 How Embedded MRAM enables Decentralized AI Market

Session F: Novel MRAM Concepts, Materials and Modeling Approaches
Session chairs: Pedram Khalili (Northwestern University), Bruce Terris (WD)

Presentation Fri PM Title Speaker

F1 1:30-2:00 PM Dmytro Apalkov, Samsung

F2 2:00-2:30 PM

F3 2:30-3:00 PM

3:00-3:15 PM Break

F4 3:15-3:45 PM

F5 3:45-4:15 PM

F6 4:15-4:45 PM

Friday August 10th, 9:00 am to 12:15 pm

Steven Lequeux, Univ. 
Grenoble Alpes//CNRS

Current-induced Magnetization Switching in Atom-thick 
Tungsten Engineered Perpendicular Magnetic Tunnel 

Junctions with Large Tunneling Magnetoresistance

Weisheng Zhao, Beihang 
University

Development of Perpendicular STT-MRAM for Last Level 
Cache Applications

      Luc Thomas, TDK-
Headway

Perpendicular Magnetic Tunnel Junction Array Processing 
for STT MRAM

Mahendra Pakala, Applied 
Materials

Daniel Worledge, IBM 
Almaden Research Center

11:45 AM-12:15 
PM

Terry Torng, Gyrfalcon 
Technology

Friday August 10th, 1:30 pm to 4:45 pm

Thermal Stability Determination by Current-driven 
Switching: Limitations of Macrospin Model

Voltage-induced Magnetic Switching: Towards the Limits 
of Energy Efficiency and Speed in Spintronics

Pedram Khalili, 
Northwestern University

The Dzyaloshinskii-Moriya Interaction in Magnetic 
Multilayers

Hans Nembach, National 
Institute of Standards and 

Technology

A Novel STT-MRAM Design with Field Assisted Synthetic 
Anti-Ferromagnet Free Layer

Lei Wang, Xi'an Jiaotong 
University

L10-phase FePd Fully Perpendicular Magnetic Tunnel 
Junctions for STT-MRAM Application

Delin Zhang, Univ of 
Minnesota

Accelaration Tests for Data Retention and Endurance in 
STT-MRAM

Sumio Ikegawa, Everspin 
Technologies
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TMRC 2018 Poster Sessions

Poster session 1

Poster session 1 includes posters from the invited talks of Sessions A, B, and C as well as the following contributed posters

Title Presenter, affiliation

P1-1 EXCHANGE COUPLED FeCo/L10-FePt BI-LAYER THIN FILMS FOR ULTRA HIGH DENSITY DATA STORAGE

P1-2

P1-3 HIGH TRACK PITCH CAPABILITY FOR HAMR RECORDING: 1M TPI Chris Rea, Seagate Technology

P1-4 Steven Granz, Seagate Technology

P1-5

P1-6

P1-7 EFFECT OF SPIN TORQUE OSCILLATOR ANGLE IN MICROWAVE ASSISTED MAGNETIC RECORDING Simon Greaves, Tohoku University

P1-8  PROBING SFD OF BIT PATTERNED MEDIA USING EHE MEASUREMENT

P1-9 TIMING RECOVERY FOR LOW-SNR MAGNETIC TAPE RECORDING CHANNELS Simeon Furrer, IBM Research

P1-10 ION IMPLANTATION INDUCED DISORDER IN FePt-C FILMS

P1-11 THREE-PATH SOFT OUTPUT VITERBI ALGORITHM FOR STAGGERED BIT-PATTERNED MEDIA RECORDING Jaejun Lee, Soongsil University

P1-12 PERFORMANCE OF INTERLEAVED ERROR CORRECTION CODES WITH BURST ERRORS Roy Cideciyan, IBM Research

P1-13

P1-14 LARGE UNIAXIAL ANISOTROPY Co50(Pt1-xRhx)50 THIN FILMS FOR MICROWAVE ASSISTED MAGNETIC RECORDING

P1-15 A STUDY OF TDMR FOR MAGNETIC TAPE SYSTEMS

P1-16 SELF TRAINING FOR PATTERN-DEPENDENT NOISE PREDICTION Shanwei Shi, Georgia Tech. 

P1-17 Toshiki Yamaji, AIST Japan

P1-18 CONTROL OF GRAIN DENSITY IN FePt-C GRANULAR THIN FILMS Ippei Suzuki, NIMS Japan

Poster session 2

Poster session 2 includes posters from the invited talks of Sessions D, E, and F as well as the following contributed posters

Title Presenter, affiliation

P2-1 Guodong Wei, Beihang University

P2-2

P2-3 ENHANCING MAGNETIC MATERIALS AT THE ATOMIC SCALE USING LIGHT ION IRRADIATION

P2-4 ULTRAFAST MAGNETIZATION REVERSAL BY PICOSECOND ELECTRICAL PULSES

P2-5 TRENDS AND APPLICATIONS FOR EMERGING MEMORY TECHNOLOGIES

P2-6 SPIN-ORBIT TORQUE MAGNETOMETRY BY WIDE-FIELD MAGNETO-OPTICAL KERR EFFECT

P2-7

P2-8

P2-9 Shinji Eda, Hoya Corporation

Wednesday August 8th, 5:15 pm to 7:00 pm

Poster 
digest code

Garima Vashisht, University of 
Delhi

INFLUENCE OF ADDITIVE ELEMENTS ON THE MORPHOLOGY AND MAGNETIC PROPERTIES FOR HIGHLY COERCIVE 
FePt THIN FILMS

Toshiyuki Shima, Tohoku Gakuin 
University

AREAL DENSITY COMPARISON BETWEEN CONVENTIONAL, SHINGLED AND INTERLACED
HEAT ASSISTED MAGNETIC RECORDING WITH MULTIPLE SENSOR MAGNETIC RECORDING

 SENSING AND MODELING HEAT TRANSFER BETWEEN A RECORDING HEAD AND MEDIUM FOR CLEARANCE 
SETTING IN HAMR

Neil Zuckerman, Seagate 
Technology

OPTIMIZATION OF THE SPIN-TORQUE OSCILLATOR FOR MICROWAVE-ASSISTED MAGNETIC RECORDING VIA 
RESPONSE SURFACE METHODOLOGY 

Susanto Rahardja, Northwestern 
Polytechnical University

Sandeep Srivastava, Central 
Institute of Technology

S. N. Piramanayagam, Nanyang 
Technological University

NONLINEAR CHARACTERIZATION OF MAGNETIC READ SENSORS USING A NONLINEAR VECTOR NETWORK 
ANALYZER

Kate Auerbach, Vienna University 
of Technology

S. N. Piramanayagam, Nanyang 
Technological University

Atsushi Musha, Fujifilm 
Corporation

THEORETICAL STUDY OF SPIN WAVE-ASSISTED SWITCHING 
OF MAGNETIZATION IN A PERPENDICULARLY MAGNETIZED NANOMAGNET

Thursday August 9th, 5:15 pm to 7:00 pm

Poster 
digest code

PHASE-TRANSITION INDUCED MAGNETISM MODULATION AND LOGIC IMPLEMENTATION IN 
NiFe/VO2 HETEROSTRUCTURE

FIELD-FREE SPIN ORBIT TORQUE SWITCHING OF PERPENDICULAR 
ANTIFERROMAGNET/FERRIMAGNET STRUCTURES FOR SOT-MRAM

Junyang Chen, University of 
Minnesota

Dafiné Ravelosona, University of 
Paris-Sud

Akshay Pattabi, University of 
California Berkeley

Tom Coughlin, Coughlin 
Associates

Tian-Yue Chen, National Taiwan 
University

CMOS-COMPATIBLE Cr/Ru-SEEDED FePd THIN FILM WITH HIGH PERPENDICULAR MAGNETIC 
ANISOTROPY FOR STT-MRAM APPLICATION

Jinming Liu, University of 
Minnesota

A NEW ULTRA-WIDEBAND (10 MHz - 26 GHz) RF MAGNETIC METROLOGY SYSTEM (RFMAG26): 
COMBINED FMR SPECTROMETER AND PERMEAMETER

Yunpeng Chen, Winchester 
Technologies

THINNER GLASS SUBSTRATE DESIGNED FOR 10 PLATTERS 3.5 INCH HDD AND 
HAMR APPLICATION
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OPTICAL ABSORPTION IN HEAT ASSISTED MAGNETIC 
RECORDING MEDIA 

 
R. H. VICTORA1 and A. GHOREYSHI2 

1) University of Minnesota, Minneapolis, USA, victora@umn.edu 

2) University of Minnesota, Minneapolis, USA, ghore002@umn.edu 

 

 

According to a recent International Data Corporation (IDC) white paper [1], worldwide creation of data 

will grow to 160 zettabytes (ZB) by 2025, ten times the amount of data produced in 2017. 70% of this 

enormous amount of information was predicted to be stored on HDD based cloud data centers. According 

to the ASTC technology roadmap, this massive capacity is going to be delivered by the next generation of 

HDDs.  Heat Assisted Magnetic Recording (HAMR) has been shown to be a viable technology for the 

future of magnetic data storage by, for example, the recent Seagate demonstration of 2 𝑇𝑏 𝑖𝑛2⁄  HAMR 

drives [2]. Furthermore, pilot volume manufacturing is expected to be launched by the end of 2018 [3]. In 

principle, the areal density of HAMR can be increased far beyond the current demonstration by identifying 

and mitigating different sources of recording noise that restrict scalability of the system. For instance, by 

adding a superparamagnetic layer to the storage layer (Thermal Exchange Coupled Composite media), the 

impact of Tc variation can be significantly reduced and user areal density can be increased to approximately 

4 𝑇𝑏 𝑖𝑛2⁄  (4.7 𝑇𝑏 𝑖𝑛2⁄  with shingling) [4].  
 

In addition to magnetic parameters, structural randomness is one of the main criteria that can restrict 

scalability of HAMR. We show that variation in the optical power absorption of recording grains can be 

considered to be one of the most immediate consequences of this structural randomness. Specifically,  

variation in the optical absorption can directly affect the recording owing to the large thermal boundary 

resistance of grain boundaries. Despite its crucial role, random absorption has been generally neglected by 

the averaging technique used to describe the response of media. This effective medium theory (EMT) can 

be traced to the earlier work of Maxwell and Garnett that describes the response of composite structures to 

electromagnetic excitations by effective electric permittivity approximations [5]. Generally, the fundamental 

assumption for validity of EMT is that spatial features of the geometry of interest are much smaller than the 

profile of the electromagnetic field. However, as discussed in [6], this assumption is not valid at the operating 

length scale of HAMR; as a consequence, a novel model is required to describe the optical response of the 

recording media. 

 

Contrary to the effective media approximation, a realistic recording media contains plasmonic particles 

(FePt) with random shape, size, or position that can interact with each other through the dipole-dipole 

interaction. The role of randomness in HAMR media can be quantified by studying the effects of shape and 

permittivity on the depolarization field of an isolated particle. For a linear isotropic particle located in 

vacuum, the electric field inside the particle can be written as:  

                          |𝐸|2 = |𝐸0|2  ∑ |
1

1+𝑁𝑖𝑖 (𝜖𝑟−1)
|𝑖=𝑥,𝑦,𝑧

2

                        (1) 

where 𝐸0 is the projection of applied field on 𝑥, 𝑦 & 𝑧 axis, 𝜖𝑟 is the permittivity of the particle, and 𝑁𝑖𝑖 

is the depolarization factor along different directions (𝑖 = 𝑥, 𝑦, 𝑧). Therefore, from the perspective of local 

field variation, any sort of randomness in the shape of the particle, i.e. depolarization factor, can drastically 

affect the optical response of particles. For example, our analysis indicates that oblong grains absorb much 

more optical power than circular ones. As a consequence, a combination of random aspect ratio and lightning 

rod effect at sharp corners can lead to a significant variation in the absorption of recording grains. 

R. H. VICTORA 

E-mail: victora@umn.edu 

Tel: +1- 612-625-1825 

 

15

A1



                     

 

This local field variation can be analyzed in more detail by investigating the collective response of grains. 

As discussed in [7], the weighted local density of states of the depolarization field inside the recording media 

can be described in the following form:  

      
                            𝜌(𝑟) =  ∑ |

𝛻𝜓𝑛

𝜆𝑛
|𝑛

2

                          (2) 

 

   

   

where 𝜓𝑛 and 𝜆𝑛 are the nth depolarization mode, respectively. As depicted in Fig. 1b, the behavior of 

the local field enhancement inside the recording media can be accurately understood in terms of ρ(r) and the 

spatial fluctuation in ρ(r) can be considered to be a source of local field variation in recording media. 

According to our Finite Difference Time Domain (FDTD) and heat transfer simulations, local field variation 

can have a significant impact on writing temperature, leading, in extreme cases, to temperature variation of 

10%. 

 

REFERENCES 

1) David Reinsel, John Gantz, and John Rydning. "Data Age 2025: The Evolution of Data to Life-

Critical." Don’t Focus on Big Data (2017). 

2) Steven Granz, et al. "Heat-Assisted Interlaced Magnetic Recording." IEEE Transactions on 

Magnetics 54.2,1-4 (2018). 

3) https://blog.seagate.com/craftsman-ship/hamr-next-leap-forward-now 

4) Z. Liu, Y. Jiao, and R. H. Victora. "Composite media for high density heat assisted magnetic 

recording." Applied Physics Letters 108.23, 232402 (2016). 

5) J. M. Garnet, Philos. Trans. R. Soc. London 203, 385 (1904).  

6) A. Ghoreyshi and R. H. Victora. "Optical modeling of media for heat assisted magnetic 

recording." Applied Physics Letters 108.9, 092401 (2016). 

7) A. Ghoreyshi and R. H. Victora. "Localization Noise in Deep Subwavelength Plasmonic 

Devices." Physical Review B (accepted). 

 

 
 

Fig. 1 a) weighted density of states for depolarization modes in recording media, b) normalized electrical 

field intensity inside the same recording media as calculated by the FDTD method [7].  
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CRISTIAN PAPUSOI 

E-mail: cristian.papusoi@wdc.com 

tel: +1-408-5762713 

 

MAGNETIZATION REVERSAL MECHANISM IN L10 FePt 
GRANULAR THIN FILMS FOR HAMR APPLICATIONS 

 
C. PAPUSOI1, R. ADMANA2, S. JAIN3, T. LE4, D. TRIPATHY5, M. DESAI6, P. DORSEY7 and 

R. ACHARYA8 

1) Western Digital Media, San Jose, USA, cristian.papusoi@wdc.com 

2) Western Digital Media, San Jose, USA, richard.admana@wdc.com 

3) Western Digital Media, San Jose, USA, shikha.jain@wdc.com 

4) Western Digital Media, San Jose, USA, thanh.le@wdc.com 

5) Western Digital Media, San Jose, USA, debashish.tripathy@wdc.com 

6) Western Digital Media, San Jose, USA, mrugesh.desai@wdc.com 

7) Western Digital Media, San Jose, USA, paul.dorsey@wdc.com 

8) Western Digital Media, San Jose, USA, ram.acharya@wdc.com 

 

 

I. INTRODUCTION 

THE mechanism of magnetization reversal in L10 FePt granular media is investigated. Two series of 

samples are use in this study: series (A) consist of single layer FePt (MAG) films of variable thickness in 

the range of 4 – 11 nm and series (B) are bilayers containing an FePt film of thickness variable in the same 

range as series (A) and an additional 1 nm thick Co-based (CAP) film deposited on top of the FePt film. For 

both series of samples, the coercive field HC measured at ambient temperature (TRT = 300 K) features a non-

monotonic behavior as a function of MAG thickness, displaying a pronounced maximum at a critical 

thickness of tCR = 7.5 nm. In order to understand the relationship between HC and the anisotropy field HK, 

the latter is evaluated at TRT using the 45o torque method and also using the field dependence of the transverse 

susceptibility ACT(HDC) where HDC is a DC field in the range of 0 – 8 T applied parallel to the sample plane. 

The latter is interpreted in the frame of Stoner-Wohlfarth (SW) model of coherent rotations to extract the 

average anisotropy field <HK> and the standard deviation of the anisotropy field distribution HK/<HK>. 

Figure 1 presents the dependence of HC on film thickness for both sample series A and B. The magnetization 

reversal mechanism is investigated using two types of measurements: (a) the time dependence of coercivity 

HC() measured at TRT, and (b) the temperature dependence of the AC susceptibility AC(T) in the range TRT 

– 800 K. Both these measurements are interpreted in the frame of SW model to extract the thermal stability 

factor KV/(kBT) and the short-time coercivity H0 using HC(t) and the transition attempt frequency f0 using 

AC(T). The decrease of both, HC and KV/(kBT) with increasing MAG film thickness above tCR are associated 

with a transition from coherent (below tCR) to an incoherent (above tCR) magnetization reversal mechanism 

in isolated grains. As shown in Fig.2, for a MAG thickness larger than tCR, the deviation from the coherent 

rotation reversal is enhanced by the presence of CAP (series (B)), which is thought to be an exchange spring 

effect. 

The effect of CAP layer on the Curie temperature distribution (average <TC> and standard deviation 

normalized to <TC>, TC) of the underlaying MAG layer is also investigated. Two types of measurements 

are used for this purpose: (a) the temperature dependence of AC susceptibility AC(T) and fast thermal 

erasure or remanent magnetization mThEr(T) involving the application of short-duration ( = 6 ns) heating 

pulses of variable intensity. For the same thickness of MAG layer, <TC> is higher by ~ 15 – 20 K in the 

presence of CAP (series (B)) than in the absence of CAP (series (A)). This behavior is probably a finite size 

effect due to a larger physical grain size in the presence of CAP. The same effect leads to a lower value of 

TC for series B with respect to series A for same thickness of the MAG layer.  

The effect of CAP on media writeability is investigated using the dependence of thermoremanent 

magnetization (TRM) on the applied field. It is shown that TRM saturates in lower applied fields in the 

presence of CAP, suggesting that CAP enhances the writeability of MAG layer. This is thought to be the 

consequence of the higher Curie temperature of CAP as compared to that of MAG layer. At the writing 
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CRISTIAN PAPUSOI 

E-mail: cristian.papusoi@wdc.com 

tel: +1-408-5762713 

 

temperature of MAG, CAP has a non-zero saturation magnetization. As a result, an applied field of low 

intensity is able to orient the CAP magnetization. The orientation of the CAP magnetization is conveyed to 

that of the MAG layer during the refreezing process via the exchange coupling between CAP and MAG. 

 

REFERENCES 

1) Thermal stability and magnetization reversal mechanism in granular L10 FePt thin films, C. Papusoi, S. 

Jain, H. Yuan, M. Desai and R. Acharya, J. Appl. Phys. 122, 123906 (2017) 

2) The effect of film thickness on Curie temperature distribution and magnetization reversal mechanism for 

granular L10 FePt films, C. Papusoi, S. Jain, R. Admana, B. Ozdol, C. Ophus, M. Desai and R. Acharya, J. 

Phys. D: Appl. Phys. 50, 285003 (2017) 
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SKEW AND CURVATURE IN HEAT ASSISTED MAGNETIC 

RECORDING 

 
Zengyuan LIU1, Ian GILBERT1, Stephanie HERNANDEZ1, Chris REA2, Steven GRANZ1, Hua 

ZHOU2, Martin BLABER2, Pin-Wei HUANG3, Chubing PENG2, Ganping JU3, and Tim 

RAUSCH1 

1) Seagate Research Group, Seagate Technology, Shakopee, MN, USA 

2) Recording Head Operations, Seagate Technology, Bloomington, MN, USA 

3) Recording Media Operations, Seagate Technology, Fremont, CA, USA 

 

 

I. INTRODUCTION 

The contributions of transition curvature and skew are known to negatively impact the areal density 

capability (ADC) of Heat Assisted Magnetic Recording (HAMR) systems in addition to normal media 

noise [1]. The near field transducer (NFT) in HAMR generates a circular thermal profile, thereby 

producing curved transitions. Skewed patterns are observed at disk locations where both magnetic writer 

and temperature profiles become asymmetric due to rotation of head. Recording performance degradation 

caused by skew are also shown to be related to facts of worse curvature at track center. With increasing of 

HAMR areal density capacity (ADC), it is critical to understand effects from curvature and skew, and seek 

possible solutions to mitigate the resulting noise. 

 

II. RECORDING CURVATURE 

It has been demonstrated that cross-track field gradient provided by parabola-like profile can help 

correcting the curvature [2]. In figure 1, the general field profile characteristics are shown as inset A. By 

using this technique, we obtained straight transitions under different H_min and a cross track field gradient 

of 200 Oe/nm. The data points show the signal to noise (SNR) ratio as a function of the minimum field 

H_min. For comparison, inset B shows curved transitions when a uniform field of 10 kOe is applied. The 

dotted line represents the SNR at this condition (around 11dB). Inset C shows straight patterns under 

H_min=10 kOe. Compared to the curved transitions, over 1.5 dB SNR improvement is obtained. Although 

largely due to curvature reduction, this SNR gain may be partially from the increased field at track edges. 

However, SNR decreases with decreasing H_min. For example, inset D demonstrates how the remanence 

regions are degraded when H_min=4 kOe. This is expected given insufficient minimum field at track 

center. Therefore, minimum field of the parabola-like profile are required to be large enough to preserve 

any SNR gains by curvature reduction. 

To make systematic comparisons with curved transitions, recording performance of HAMR 

conventional magnetic recording techniques (CMR) are evaluated at same track pitch density and linear 

density. Laser power are optimized for each case. By achieving same magnitude of SNR, straight 

transitions are shown to have 20% PW50 reduction. PW50 is the width of the derivative of the reader 

response to a transition at the 50% amplitude point, which is a measure of transition sharpness and 

down-track reader resolution. These improvements on PW50 can provide higher linear density capability. 

 

III. RECORDING SKEW 

Figure 2 shows the SNR at different skew angles. The skew angle is defined at the rotation angle of 

field and thermal profiles to the relative to the cross track direction. The linear velocity is kept constant 

~20 m/s. SNR decreases by approximately 1 dB as the skew angle is varied by 15 degree. To reveal the 

underlying causes, the recording patterns, and a schematic view of pattern asymmetry are shown in figure 

3. Compared to recording patterns under zero skew, the yellow arrows show that we may attribute the SNR 

loss at non-zero skew angle to curvature effects caused by pattern asymmetry. 
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Figure 1 SNR performance under different minimum field in the 

cross track field gradient technique 

Figure 2 SNR under different skew angle of head 

Figure 3 Recording patterns under different skew. Dashed 

green line marks the reader location. 
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I. INTROCUCTION 

The linear density capability of magnetic hard disk drives is limited by transition jitter in the read-back 

waveform, jexp. Though measured jitter originates from imperfections of the written pattern as 

characterized by written-in jitter jw, it is also sensitively affected by the spatial resolution of the reader. 

Conventional interpretations of jexp take only the finite cross-track resolution of the reader into account 

and predict 𝑗𝑒𝑥𝑝 = 𝑗𝑤 /√𝑛, where n is the number of grains / micro-tracks within the effective reader width 

[1, 2]. They also assume that i) the random distribution of the location and size of magnetic grains, and ii) 

the ratio of the switching field distribution and the gradient of the effective write field are the only two 

sources for measured jitter [2]. Heat assisted magnetic recording (HAMR) is developed to extend the linear 

density capability of conventional perpendicular recording on the promise that it can reduce both these 

sources of jitter simultaneous ly. The thermo-magnetic writing process of HAMR not only allows for media 

comprising much smaller grains but also yields much larger effective write field gradients [3].  

In a previous study [4] we have shown that the finite reader resolution along the down track direction, 

R, causes measured jitter to depend on the degree of media saturation, as quantified by the noise-to-signal 

ratio in the center of long bits, NSRREM. From this, that we proposed to describe measured jitter via  

𝑗𝑒𝑥𝑝 = √𝑗𝐺𝑆
2 + 𝑗𝑆𝐹𝐷

2 + 𝑗𝑅𝐸𝑀
2   ,       (1)  

where the magnitude of the remanence dependent pseudo-jitter, jREM, is given by 

 𝑗𝑅𝐸𝑀 = 𝑁𝑆𝑅𝑅𝐸𝑀  ∙  ( 
𝑑𝑆

𝑑𝑥
|
𝑥0

)
−1

  = 𝑁𝑆𝑅𝑅𝐸𝑀  ∙ √
𝜋

2
∙ 𝜎𝑅        (2) 

The presence of jREM and the importance of eq. 1 for correct data interpretations have been confirmed 

by two independent studies [5, 6]. 

 

 

II. JITTER AND HEAD FIELD RISE TIMES 

When measuring jitter as function of write current (write field), linear disk velocity and overshoot 

amplitude (head field rise time), we found a strong increase of jitter with increasing rise time and disk 

velocity that became more pronounced at low write fields and could not be explained in terms of eq. (2). 

We suggested [4], that the discrepancy between measurement and expectation could be explained via the 

competition between write-bubble- and disk-velocity, that can cause write fields at transitions to be 

signif icantly smaller than the ones governing media saturation in the center of long bits. This suggestion 

implied general validity of eq. (2) if NSRREM is understood as a measure of the media saturation in the 

vicinity of transitions. Here, we test this conjecture via a new data analysis scheme that allows separation 

of written-in and pseudo-jitter.   

 

III. SEPARATION OF WRITTEN-IN AND PSEUDO JITTER 

All noise, including jitter, refers to differences between observed and expected behavior. Most studies, 

including ours, use averaging of measured periodic signals, shifted by multiples of the period length, to 

obtain noise-free waveforms representing the expectation. However, the averaged waveform often differs 

from the ideal waveform one would expect for a noise free system. For the example of a square wave that 

is subject to written-in jitter and read with a reader of down-track resolution R, the width of the error 
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function describing the transitions of the averaged waveform is given by 𝜎𝑎𝑣𝑒 = √𝜎𝑅
2 + 𝑗𝑤

2  instead of R 

as expected for the ideal waveform. Only when all equivalent transitions are aligned to one particular but 

arbitrarily chosen transition before averaging, will the width of the averaged waveform at this transition 

be 𝜎 𝑎𝑙𝑖𝑔𝑛 = 𝜎𝑅 . However, the width of all other transitions becomes even larger 𝜎𝑎𝑛𝑡𝑖 = √𝜎𝑎𝑣𝑒
2 + 𝑗𝑒𝑥𝑝

2 . 

We will show, that simultaneous analyses of signals, noise and jitter obtained via ordinary averaging as 

well as averaging after alignment to a single transition allow the separation of written-in and pseudo-jitter. 

Exemplary data and results of such analyses are shown in Figures 1 a) and 1 b), respectively.  

    

Fig. 1 a) Variations of jitter with write current as measured at linear disk velocity of 16.6 m/s for three 

different overshoot amplitude amplitudes given in the legend. b) Corresponding variations of 𝑗𝑤/√𝑛 (solid 

symbols), and of jREM (open symbols). 

To our big surprise, we find that the increase of measured jitter is not only due to an increase of jREM, 

but also due to an increase of jw. This finding triggered us to perform additional simulations which 

revealed the presence of thermal-fluctuation induced jitter, jth, the magnitude of which increases with the 

product of disk velocity and head field rise time. Thus, analyses of jitter measured in HAMR should 

consider four different contributions   

𝑗𝑒𝑥𝑝 = √𝑗𝐺𝑆
2 + 𝑗𝑆𝐹𝐷

2 + 𝑗𝑅𝐸𝑀
2 + 𝑗𝑡ℎ

2  .       (3) 
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I. INTRODUCTION 

The downtrack thermal gradient is a key metric characterizing the performance of heat assisted 

magnetic recording (HAMR) heads and can limit performance by determining the achievable transition 

width and hence linear density. A robust and accurate method for measuring the downtrack thermal 

gradient is consequently of great importance for evaluating HAMR head performance. Here we describe a 

method for determining the downtrack thermal gradient by measuring the shift in write location caused by 

an abrupt step in laser current while writing a series of pseudorandom bit sequences (PRBS’s). The 

technique works for small perturbations of the laser current, operates at realistic linear densities, and can 

correct for several artifacts that affect the accuracy of thermal gradient measurements. 

 

II. PRBS THERMAL GRADIENT 

 When a HAMR head’s laser power is increased, the thermal spot size produced on the disc 

becomes larger, increasing the track pitch and shifting the write location in the downtrack direction (see 

Fig. 1). This shift in write location produces a measurable phase jump in the read signal. If we increase the 

laser power by a controlled amount and measure the resulting shift in the write location, then we can 

approximate the downtrack thermal gradient using the equation 

dT/dx = (Tw – Ta )A% /δ                                                              (1) 

where Tw is the write temperature, Ta is the ambient temperature, A% is the fractional change in laser power, 

and δ is the shift in write location in nm [1,2]. 

We measure the shift δ using time-domain correlation of PRBS periods written before and after a 

laser power step. PRBS’s are chosen for this measurement because 1) PRBS’s provide minimal 

cross-correlation except when they overlap exactly, 2) they provide a long time base for the measurement 

(e.g., 127 or 255 bits), and 3) they simulate user data more accurately than single tones. The true period of 

the PRBS patterns is determined by finding the period that maximizes the average cross-correlation 

between different periods. Then the periods before the laser power step are averaged together to remove 

electronic and media noise. The periods after the step are also averaged. Then the correlation between the 

two average PRBS’s is calculated as a function of the relative time delay between them. The delay 

maximizing the correlation is then used to calculate δ using the linear velocity. 

This PRBS thermal gradient measurement technique can address a number of sources of error in 

thermal gradient measurements. First, equation (1)’s derivation involves truncation of Taylor series in A% 

to first order only. The second-order term introduces an error of ~5% under typical measurement 

conditions. Averaging the transition shift δ measured for positive and negative laser current steps, however, 

makes the error due to this second-order term cancel. Second, changes in the response of the head/media 

system with changing laser power (e.g., curvature) can produce a change in the odd part of the dibit 

response which introduces a spurious transition shift in addition to that produced by the increasing thermal 

spot size. We can extract the dibit response from the PRBS signals before and after the laser power step 

using the methods of Ref. [3] and exactly determine this shift and so correct the thermal gradient 

calculation. Third, the PRBS method places no constraints on the linear velocity or data rate used, which is 

important—our measurements indicate that the thermal gradient of typical HAMR heads depends 
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significantly on data rate. 

III. RESULTS AND CONCLUSIONS 

We used the PRBS-based technique to measure the thermal gradient of HAMR heads under a variety of 

recording conditions. The measurements correlate well with corresponding results from similar techniques 

[1] and provide insight into how to optimize the performance of HAMR. As expected, the thermal gradient 

varies significantly with laser power, but it also changes with data rate, perhaps due to the frequency 

dependence of head field. The dibit response correction to the thermal gradient mentioned earlier can be as 

large as several percent. 
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Fig. 1 The effect of increasing laser power on track width and write location. 

 

 
 

Fig. 2 Schematic of the process for calculating the downtrack thermal gradient from PRBS signals.  
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ABSTRACT

Though significant progress has been made, the continued progression of hard-disk-drive technologies
towards  10  Tbpsi  remains  a  challenging  endeavor.   A panoptic  view  of  the  HAMR  technology,  in
particular, indicates several factors that contribute to the challenge, including media as well as recording
head  design  challenges.  The  HAMR  head,  specifically,  has  the  broad  responsibility  of  producing  a
magnetic field, delivering light to the optical transducer, and transforming optical energy into localized
thermal  energy  within  the  media.  Resulting  thermal  gradients  exceeding  10  K/nm  can  often  yield
satisfactory recording performance, however, this can be at the expense of elevated temperatures in the
system. In this work, we discuss an analysis of a magnetic pole-embedded optical transducer. 

A magnetic pole-embedment approach is first motivated and justified by showing that the transverse
mode of light propagation is sensitive to  both conductive as well as magnetic properties. This leads to
surface plasmon polaritons (SPP) that are, in fact, contrivable utilizing either conductive materials, but
also  magnetic  materials.  From  the  Maxwell  equations,  it  can  be  shown  that  with  any  material,  the
generalized components of the effective permittivity εeff  is given by

εeff , R=n2
−k2

−
μR σ I+μ I σR−μI ωε I

μR ω
[1]

εeff , I=2nk+
μR σR−μ I σ I+μ I ωεR

μR ω
[2]

  It is well-known that an SPP forms in the necessary condition of a negative real effective permittivity,
which according to Eq. (1), is achievable in a material that is dielectric, conductive, and/or magnetic.  But
how can this  result  be exploited?  In some HAMR head designs,  there  is  a  need to  design separation
between  the  magnetic  write  pole  material  and  the  optical  transducer,  thereby,  introducing  further
complexities because on one hand, this separation is desirable to minimize coupling, however, there is also
a need for close proximity between the two to ensure maximal head field at the heated spot in the recording
media. Additionally, for the aforementioned reasons, the write pole likely heats up more than anticipated
due  to  potential  plasmonic  coupling,  which  amplifies  the  electric  field.  Thus,  we explore  a  potential
solution to this sort of design dilemma by exploring the feasibility of an optical transducer whose lateral
surface area is surrounded by magnetic material acting as a more favorable pseudo-lateral extension of the
transducer into the write pole, especially at the air bearing surface near the recording location in the media.

We discuss 2D and 3D single-mesh optical + thermal physics finite element modeling results in the
spirit  of  the proposed design scheme, that  allows an analysis  of  the feasibility of  the approach.   It  is
observed that a magnetic material such as nickel, iron, or cobalt effectively screens the electrons at the
magnetic-metal interface, and thus serves as a very good pseudo-lateral extension of the transducer into the
write pole.  It is also shown that  clean thermal profiles are quite achievable, without any background
modes from the wave-guide or write-pole penetrating into the media (see Fig. 1).  Overall, the results
suggest that this approach cannot only provide improved cooling in the head, but has the potential to
achieve competitive thermal gradients in the recording media. The analysis suggests that pole-embedded
transducers have the potential to provide a feasible path towards higher linear densities in future HAMR
technologies.  
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Fig.  1 Example of a simulated thermal profile in
the FePt recording layer (temperature in  Kelvin),
from  a  pole-embedded  transducer  design.  x
designates  downtrack.  The  head  design  also
includes a carbon-based overcoat at the ABS, HMS
of ~2.5nm, while the media also includes a lube-
like layer, a carbon-based overcoat, the recording
layer  taken to be FePt, an MgO underlayer, a heat-
sink, etc. 
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I. Introduction 

Heat assisted magnetic recording (HAMR) is one of the promising technologies for delivering higher 

areal dens ity than traditional perpendicular magnetic recording (PMR). HAMR uses thermal energy to 

assist magnetic switching in the media during the writing process. A few optical components are 

introduced into HAMR to deliver the thermal energy to the media, including a laser diode to provide 

energy and a near field transducer (NFT) which confines the light to a tiny spot on the media. Integrating 

those components into HAMR is a signif icant challenge, which requires extended understanding of near 

filed optics as well as nanoscale thermal, mechanical and magnetic behavior and multi-physics coupling. 

Over the last decade, the industry has made significant progress in HAMR integration, such as novel and 

reliable NFT devices, more robust head disk interface (HDI) materials, and thermal management of the 

HAMR head and media. In this report, we will focus on the successful mechanical integration of HAMR 

HDI: spacing control.  

Spacing control in HAMR includes two major efforts: protrusion or spacing measurement, and 

compensation of the transient and steady state protrusions. As with the PMR head, a HAMR head will 

have a writer protrusion which is induced by the writer coil power, and a single thermal fly height control 

(TFC) or dual TFC protrusion which is a key actuator to adjust the spacing. The measurement and 

compensation of the writer protrusion and the TFC protrusion is the same for both traditional PMR and 

HAMR. However, one key difference between HAMR and PMR spacing control is the laser induced 

protrusions (LIP) [1-3]. A large portion of the light energy is dissipated as heat in the laser diode, NFT and 

other components in the HAMR head. The temperature of the head rises and thermal deformations occur 

whenever the laser emits light. The LIP makes the spacing control in HAMR more complicated than PMR 

in two ways: measurement of the LIP magnitude and compensation of the fast transient process.  

II. Protrusion measurement 

Several studies have provided ins ightful understanding of the LIP in the past few years [1-4]. The 

studies show that the LIP can be separated into two parts, based on their transient characteristics and 

physical locations, as shown in Figure 1. One part of the LIP is the NFT protrusion, which a protrusion 

located around the NFT, magnetic writer and reader. The laser energy is absorbed around the NFT, 

resulting in locally higher temperature in that region. The NFT and its surrounding structures deform and 

protrude towards the media. This NFT protrusion develops as fast as a few microseconds and reaches 

steady state in a time scale of 100 µs. The remaining part of the LIP is a much broader deformation due to 

the heat diffusion throughout the entire slider body. This part of the protrusion is called fly-height change 

(FHC). The FHC occurs over a time scale of 1 ms.  

              

Figure 1 Laser induced protrusion in HAMR (a) localized NFT protrusion (b) fly height change due to 

slider crown and camber change.  

The FHC can be measured from the readback signal by use of the Wallace Spacing Loss law. Strictly 

speaking, this measurement only provides the spacing change at the reader location. However, the reader, 

writer and NFT move in conjunction with the slider body during the FHC, so the reader spacing change 
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can be treated as the FHC.  

The NFT protrusion is more localized than the FHC. The NFT spacing is not equivalent to the spacing 

measured at the reader location. The NFT protrusion has a sharper curvature compared with the FHC, and 

it also indicates that traditional touchdown techniques may not be sufficient to define the contact plane 

between the NFT protrusion and the media. Furthermore, the TFC backoff setting becomes more 

complicated since the NFT protrusion affects the TFC actuation efficiency. Instead, a magnetic recording 

based method: burst writing scheme (BWS) has been proposed recently to overcome these difficulties [4]. 

This BWS constructs a calibration curve between the HAMR writing quality and the NFT spacing for a 

given head disk combination. This relationship can then be used to set the write spacing and measure the 

writer and NFT protrusion. The BWS has been successfully implemented in both spinstands and HAMR 

drives.  

III. Transient compensation 

The NFT protrusion develops in tens of µs. An outcome of this transient is a write start transient, in 

which the written-in amplitude is smaller at the beginning of the data writing [2, 5], as shown in Figure 2a. 

This transient needs to be compensated in order to achieve stable recording over all sectors. The major 

challenge of this transient compensation is the relatively slower response of current TFC actuator with 

respect to the fast NFT protrusion. Several methods have been proposed and successfully demonstrated to 

mitigate this write start transient [5]. By applying the appropriate profiles of the TFC power (TFC 

undershoot) and laser power (laser overshoot and laser prebias) to the HAMR system, the write start 

transient can be compensated and stable recording is achieved, as demonstrated in Figure 2b. 

                   

Figure 2. Two-dimensional amplitude map of a HAMR track to illustrate the write start transient and 

the compensation. (a) write start transient; (b) transient is compensated by TFC undershoot.  

IV. Summary 

In this report, we discuss the unique thermal mechanical behavior of HAMR when the laser is on: localized 

NFT protrusion and broad FHC. The NFT protrusion complicates the spacing control in HAMR because 

the magnitude is difficult to quantify and the fast transient is difficult to compensate using the TFC 

actuator. The BWS has been proposed and successfully implemented to measure the protrusions  and assist 

in setting the spacing. Furthermore, this transient can be mitigated or eliminated by TFC undershoot, laser 

prebias and laser overshoot. 
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Achieving a stable low head-disk clearance on HAMR HDDs is challenging. During operation, the NFT 
protrudes and approaches the disk leading to a reliability concern. In-situ detection of the contact 

between the NFT and the disk has so far remained elusive, presumably due to the small contact area 
of the NFT protrusion.  
 

In this work, a detailed experimental study to enhance the contact detection sensitivity of the head-
disk interface is conducted. A novel resonance based ultra-sensitive contact detection scheme is 
presented. It is found the signal is significantly enhanced by modulating the NFT protrusion at the air 

bearing resonance frequency. The thermal fly height control (TFC) along with the acoustic emission 
(AE) sensor is utilized to measure the contact between the NFT and the disk.  
 

The head-disk interface is comprised of a stationary head flying on top of a rotating disk. A self-
pressurized air bearing surface (ABS) on the head maintains a fixed clearance over the disk. The target 
clearance is typically 10 – 20 nm. The TFC generates a localized protrusion near the trailing end of the 

head. Contact between such protrusion and disk is detected using AE.  
 

Figure 1: Schematic of protrusion on the head at a constant TFC power and under different laser 

conditions: (a) Laser is off; (b) Low laser power; and (c) High laser power.   
 

Under HAMR writing conditions, the NFT is energized using an integrated laser diode whose power 

dissipation in the NFT structure leads to its protrusion. This protrusion increases linearly with the optical 
power from the laser diode, and the optical power is proportional to the laser current (Figure 1). Due to 
the small radius of curvature of the NFT protrusion, the contact area of the NFT is much smaller than 

the TFC’s. This smaller contact area is responsible for the poor signal of the contact between the NFT 
and the disk. The contact signal incorporates contributions of the three ABS modes: roll, pitch P1 and 
P2. Among these ABS vibration modes, the contact detection signal is dominated by the P2 mode.  In 

order to increase the signal during contact, the head is modulated at the P2 frequency just prior to the 
contact such that the signal generated during contact is confined to the tapping P2 mode. Exciting the 
head structure at the air bearing P2 mode frequency (2 – 5 µs) is challenging. The slow protrusion 

response time of the TFC (0.1-1ms) limits the responsiveness to this excitation, and, consequently, the 
TFC modulation is mostly used for low frequency applications. In HAMR technology, the NFT structure 
has a very fast protrusion response time (1-10µs) [1]. In the following, we use modulation of the NFT 

protrusion amplitude at the ABS frequency to improve the signal during contact [2]. 
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Figure 2: a) left: Acoustic emission power spectrum at different NFT protrusion modulation 
frequencies. Each curve is manually offset. b) blue line shows the acoustic emission power 
spectrum. Green dots show the touchdown power with excitation using NFT protrusion modulation 
during contact with the disk. 
 
Figure 2 Left shows the experimental power spectrum of the AE signal as a function of frequency during 

contact for different NFT protrusion modulation frequencies. Each curve represents the contact at a 
particular modulation frequency with a manual vertical offset. For off-resonance modulation, the signal 
power spectrum at contact has three frequency contributions: Roll, P2 and modulation frequency. For 

on-resonance (P2 mode) modulation actuation, the signal power spectrum at contact has only one 
resonant P2 frequency component, indicating the confinement of mechanical vibrational energy 
generated during contact to a tapping P2 mode of the slider. It clearly demonstrates that this scheme 

exploits the P2 resonance to significantly improve the contact detection sensitivity of the head-disk  
interface. The blue trace in Figure 2b shows the AE power spectrum under the laser off condition. The 
P2 mechanical mode frequency is around 250 kHz. The green dotted line shows the NFT modulating 

touchdown of the head with the laser turned on to the HAMR writing condition. The touchdown power  
values for off-resonance air bearing NFT protrusion modulation frequencies are much higher than at 
the on-resonance NFT protrusion modulation frequency. For off-resonance NFT protrusion modulation 

leading to a high touchdown power, the contact detection is not sensitive enough to detect the NFT 
contact with the disk leading to squashing of the structure into the disk. When the modulation frequency 
matches the resonance P2 frequency, the contact detection sensitivity increases significantly leading 

to a smaller touchdown power as the NFT contact with the disk is detected.     
 
In conclusion, an air-bearing resonance based novel ultra-sensitive contact detection scheme is 

discussed. It is found that the contact detection sensitivity of the head disk interface is significantly 
increased by modulating the head at the resonance P2 mode of the ABS. As an application, we 
implemented this scheme on the HAMR head-disk interface and demonstrated the capability to detect 

a non-destructive contact between the pointy NFT tip and the disk. This technique allows for a very  
accurate determination of the magnitude of the NFT protrusion. 
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I. MAX PHASES AND MXENES 

MAX phases are inherently nanolaminated materials, which are composed of an early transition metal 

M, an A-group element A, and either C or N, denoted X. All known MAX phases have a layered hexagonal 

structure with P63/mmc symmetry. The compounds with chemical formula Mn+1AXn (n = 1-3) are 

electrically and thermally conductive, lightweight, stiff, resistive against oxidation [1] and can show 

self-healing properties [2]. M2AX1 phases consist of M-X-M (quasi 2D) atomic layers stacking in the 

c-direction with an A-element spacer. Significant interest to MAX phase systems is due to its machinability 

and the recently discovered possibility of delamination of layered MAX phase structures. The latter leads 

to 2D graphene-like MX materials with strong chemical bonds [3]. These systems, so-called MXenes, 

show exceptional properties important for catalysis and energy storage applications [3,4]. 

We measured the electrical conductivity of 13 nm thick Ti3C2 MXene thin films on glass substrate as 

function of H and O plasma treatment and as function of humidity [5]. It turns out that the resistivity can 

be switched reproducibly by plasma treatment between 5.6 μΩm (oxidized state) to 4.6 μΩm (reduced 

state). Both states show metallic conductivity. Moreover, we found a 26-fold increase of the resistivity at 

relative humidity of 80% as compared to high vacuum conditions [5] leading to possible sensing 

applications. 

 

II. MAX PHASE FILMS AS HEAT SINKS 

Recent studies have shown that MAX phases exhibit unusual and exceptional mechanical, electrical, 

thermal and chemical properties. They are electrically and thermally conductive due to their metallic-like 

nature of bonding. The key properties of the MAX phases for their use as heat sink layers are their 

anisotropic thermal and electrical conductivities [6]. The electrical and (presumably) the thermal 

conductivities in the direction parallel to the c-axis of the hexagonal compounds are 1000 to 10000 times 

smaller with respect to the conductivities within the M-X-M basal planes. Due to the orientation of the 

epitaxial MAX phase film and its 2D character lateral heat transfer is faster as compared to isotropic 

systems. Such ‘thermal anisotropy’ is superior where fast dissipation is needed and the thermal profile 

shall be sharpened. One example is heat-assisted magnetic recording (HAMR) [7]. We present first results 

on the anisotropic thermal conductivity for MAX phase films as determined from 3ω measurements [8]. 

 

III. MAGNETIC MAX PHASE FILMS 

In 2013, the new class of magnetic MAX phases were discovered which contain Mn or a mixture of Cr 

and Mn as the M element. Ternary Mn2GaC and quaternary (Cr0.5Mn0.5)2GaC magnetic compounds have 

been synthesized as hetero-epitaxial films [9,10]. Magnetometry and ferromagnetic resonance (FMR) 

reveal ferromagnetic (FM) properties of (Cr0.5Mn0.5)2GaC at temperatures below 220 K. The saturation 

magnetization is on the order of 0.7 μB per M-atom and soft magnetic properties possessing small c-axis 

magnetocrystalline anisotropy energy density (MAE) below 5 kJ/m3. Negative magnetoresistance of about 

5% has been found originating from spin-dependent scattering of electrical charge carriers.  

Following material stability calculations, the Mn2GaC MAX phase compound has recently been 

synthesized [11]. A comprehensive study of magnetic phase transitions in the Mn2GaC films has been 

undertaken [9]. The material exhibits two magnetic phase transitions. The Néel temperature is TN ≈ 507 K, 
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at which the system changes from a collinear AFM state to the paramagnetic state. At T t = 214 K the 

material undergoes a first order phase transition from AFM above T t at higher temperature to a 

non-collinear AFM spin structure. Both states show large uniaxial c-axis magnetostriction of 450 ppm. 

Remarkably, the magnetostriction changes sign, being compressive (negative) above T t and tensile 

(positive) below the Tt. The sign change of the magnetostriction coefficient across the phase transition is a 

fundamentally new property, which we ascribe to the layered structure and competing antiferromagnetic 

and ferromagnetic exchange interactions between magnetic atomic layers. The sign change of the 

magnetostriction is accompanied by a sign change in the magnetoresistance indicating a coupling between 

the spin, lattice and electrical transport properties in this system [9]. 
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I. INTRODUCTION 

All hard disk drive (HDD) manufacturers are now shipping HDDs with sealed enclosures containing 

helium. Compared with conventional air-filled HDDs, helium-filled enclosures exhibit significantly 

reduced turbulence and therefore reduced mechanical vibrations. This provides many benefits: the power 

required to spin the platters is reduced, a larger number of thinner platters can be built into devices with the 

same stack height, while also achieving significantly improved tracking capabilities.  The improved 

tracking capabilities and the consequences for the recording system are our focus here. 

Margins against track mis-registration (TMR) and adjacent track interference (ATI) have long been a 

consideration when designing the recording system [1]. HDDs targeted for the "capacity enterprise" market 

segment have stringent performance requirements which, until recently, have favored recording systems 

more limited by TMR than by ATI. In a simplified sense: if the recording system achieved the target 

capacity based on TMR requirements, the ATI effects could be managed with HDD system features 

(background refresh, etc.). 

The continued development and improvement of enclosures and tracking features in helium-filled 

HDDs have led to further reductions in TMR margins which result in an inversion of the TMR/ATI 

relationship. In our experiment below we demonstrate that, for future helium-filled HDDs, the capabilities 

of the system management features to guard against ATI are now the main limitation when assessing 

candidate components with a spinstand areal density (AD) measurement. 

 

 

II. EXPERIMENT 

To investigate the mechanisms limiting areal density, we performed spinstand measurements over a 

wide range of TMR margins and number of adjacent track writes on each side, following the techniques 

described in [2]. Additionally, we also measured with the ASTC AD conditions as described in [1]. For both 

AD measurement methods, we explore the kbpi/ktpi space to find the optimum based on the required set of 

test conditions (TMR, ATI, writing parameters, clearance, etc.).  

Single reader recording heads of similar design to those used in current products were tested using 

experimental recording media with an exchange-coupled-composite (ECC) design [3]. Nominal track 

density for these recording heads is approximately 450 ktpi. Test conditions are typical of capacity 

enterprise products: 7200 rpm, 0° skew and ~22 m/s linear velocity. 

  

III. RESULTS 

Figure 1 summarizes our results for conventional magnetic recording (CMR), i.e.: recording systems 

where individual tracks are expected to be written randomly. We plot contours of normalized AD as a 

function of, normalized TMR margin on the x-axis, and adjacent track writes on the logarithmic y-axis. 

Annotations indicate that air-filled products are limited to the region of higher TMR margin, whereas  the 

lower TMR margin part of the chart is expected to be reached by future He-filled products. 

Beginning at high normalized TMR margin (100), the contours of normalized AD are broadly vertical, 

indicating that the TMR margin is the only limit on AD. As the TMR requirement is reduced, the contours 

exhibit greater curvature indicating the progressively stronger effect of ATI. We interpret this as the 

reduction in TMR margin progressively revealing the cross-track fringing of the effective field of the 

recording system [4, 5]. 
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IV. CONCLUSION 

Further increasing the track density of recording systems for future products requires that the 

cross-track effective field be engineered to again be largely contained within the mechanical TMR margin. 

In the short term for CMR, further refinements of ECC media structures and write head design will we 

required. In the longer term, alternative recording technologies [6, 7] must show signif icantly improved 

effective cross-track recording gradients to further grow areal density. Mitigation of the effects of ATI will 

be one method among many to continue to increase the capacity of HDDs.  
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Figure 1: Typical margins for air-filled HDDs require high TMR margins. Future He-filled products are 

expected to occupy the lower TMR margin regions where ATI dominates. 
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I. ABSTRACT 

Areal density growth has slowed as PMR recording technology is reaching fundamental limits. New 

technologies such as HAMR, MAMR and Bit Patterned Media are proposed to advance areal density. While 

advances have been signif icant, there are yet obstacles to overcome and products utilizing these technologies  

remain in the future. Magnetic head/media spacing (HMS) limits areal density of magnetic recording 

independent of the recording technology. Both reading and writing benefit from smaller HMS. This paper 

proposes a new technology replacing the air bearing with a servo-to-media surface technology. Drives can be 

run in vacuum with no need for air or helium at the interface. Vacuum eliminates corrosive elements in the 

drive and thus allows thinner head and media coatings. Disk flutter is also greatly reduced and windage on the 

actuator is eliminated thus improving servo. Reduction of magnetic HMS from the current 8-9 nm to 4-5 nm is 

feasible. The paper describes servo-to-media surface technology and the benefits to drive performance. 

II. RECORDING PERFORMANCE VS HMS 

Marchon et al [1] reviewed the history of areal density performance Vs HMS and found that the trend is 

somewhat independent of recording technology. Fig. 1 shows the relationship of AD to HMS.  Fig. 2 shows 

the relationship to be HMS = 0.6 X bit length. PMR is limited to a modest improvement in AD due to write 

performance limitations.  MAMR and HAMR improve write performance allowing media optimization for 

thermal stability at higher density and smaller grain size.  Improvements in areal density for PMR, MAMR 

and HAMR all depend on lower HMS to advance AD.  From Fig 1, a 4 nm HMS is required for 4TB/in2. 

III. CURRENT HMS AND LIMITATIONS 

The components of HMS for products today is in the range of 7-10 nm as shown in Fig. 3a.  The 

approximate 10 nm spacing is comprised of coating thickness for the head and disk as well as lube, roughness, 

back-off spacing (fly height during reading or writing with heater engaged) and pole tip recession.  Coating 

thickness and lube dominate the HMS. Lube and coatings are used to prevent corrosion both in the component 

manufacturing process and during the life of the HDD in operation.  

IV. LOWER HMS WITH SERVO-TO-DISK SURFACE IN VACUUM 

Servoing the head to the disk surface eliminates the need for an air bearing.  The interior of the HDD 

module may be placed in vacuum, eliminating gas (air or helium) and at the same time eliminating corrosive 

elements present in the gas.  No corrosive elements means that coatings on the head and disk may be thinned 

or eliminated.  Servoing-to-media surface guarantees that the head and media never contact, eliminating the 

need for lube. Figure 3b shows spacing for the servo-to-disk surface head to media achievable in vacuum.                                                    

V. FLUTTER AND POWER REDUCTION IN VACUUM 

Figure 4 shows an LDV time-domain trace of a spinning disk in air and in vacuum.  The trace in vacuum 

clearly shows the significant reduction in f lutter when operating in vacuum.  The result is improvement in 

servo performance as well as reduction in servo bandwidth requirement for HMS control.  Vacuum also 

reduces drive power.  Without pumping losses and turbulence, the spindle motor of a 7,200 RPM enterprise 

95mm drive requires about 35% less power in vacuum compared to air as shown in Figure 5. 

VI. SERVO-TO-DISK SURFACE SOLUTION 

L2Drive has introduced technology to control Head-to-Disk spacing utilizing a z-direction piezo actuator.  

Spacing feedback is accomplished with capacitive sensors integrated into the head structure. Figure 6 

illustrates the concept.  No air bearing is required.  The loadbeam and gimbal are replaced with a rigid and 

fully active suspension to control the fly height. Spacing is controlled with active, closed loop servo utiliz ing 

feedback from an integrated capacitive coupling device measuring HMS at about 60 KHz.  The piezo-electric 

z-actuator adjusts the HMS at about 15 KHz, Elimination of the air bearing reduces the recording head size.  
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Instead of a flat ABS, the heads are narrow at the sensor allowing accurate tracking and improved disk 

utilization.  Heads and media never come into contact. 
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Fig. 1 Historical variation of HMS VS AD [1] Fig. 2 Historical relation between Bit Length and 

HMS [1] 

                         

             
 

Fig. 3a.  HMS today = ~7-10 nm Fig 3b.  Servo-to-Disk in vacuum HMS = 3-4 nm 

 

       
Fig. 4 Measured disk flutter in Air Vs Vacuum    Fig. 5. Measured spindle power in Air vs. He 

   Vs Vacuum 

 

 
Figure 6.  Z-direction piezo actuator 
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The reader in magnetic recording heads is built around a permeable layer, the Free Layer (FL), whose 

magnetization rotates when moved above written bits in the media. The FL needs to be stabilized by an 

external field in order to deliver stable and linear response. Hard magnets have been typically employed to 

produce this field (a.k.a. Hard Bias HB), but more recently, starting around 2011 [1,2], the industry has 

entirely switched to soft NiFe-based layers adjacent to each of the FL track edges (a.k.a. Soft Bias SB). 

These soft magnetic layers are well saturated by shape anisotropy and deliver a more controllable bias field 

than the granular hard magnets ever could. This has helped scaling the FL to smaller dimensions. In this 

paper, a micromagnetic model of the reader, SB, and shields is used to explore the side reading impact of 

the SB design and contrast it to that of the HB design. In addition to providing a bias field, the SB also act 

as side shields and narrow the magnetic read width. This is another advantage of this design, but is 

somewhat offset by an increase in the so called side lobes (undershoots), which worsens side reading. 

The lobes are observed as one scans the reader across a written track. Fig.1 shows the cross-track 

response of a 24 nm wide reader over a 5 nm wide track (micro-track). The main side-lobe mechanism is 

common to both HB and SB but is illustrated here just for SB. In perpendicular recording there are poles 

from the magnetization in the micro-track at the top and bottom of the recording media layer. These poles 

are imaged in the Soft Under Layer (SUL). The net micro-track response can be conceptually understood 

as a superposition of the micro-track responses from the top of the media and the lower and wider 

micro-track response from the bottom. This superposition leads to low amplitude undershoots at the edges. 

 

Fig. 1 Simulated micro-track profile of a SB reader (24 nm physical FL width) under 3 media 

configurations. (A) SUL in contact with the recording media layer (B) Typical product case with SUL 

separated by 19 nm from the media layer (C) No SUL case. 

The 3 cases in Fig. 1 clearly illustrate the importance of the bottom charges. The smallest side lobes 

occur when the SUL (relative permeability 100) is in contact with the media layer, effectively canceling 

the bottom charges. Removing the SUL results in the largest side lobes because the bottom charges are 

unshielded. In actual media, where the SUL is separated from the media layer, the lobes are intermediate. 
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Note that deeper side lobes have the effect of slimming the magnetic width measured at the 50% 

amplitude (MT50) but especially at 10% (MT10). This simulation was performed for a bit length of ~97 

nm (8T at 2100 KFCI), much longer than the 24 nm read gap. The side lobes are much less pronounced at 

shorter bit lengths. 

It is important to note that the side lobes do not disappear even when the bottom charges are fully 

erased Fig. 1(A). This is due to a new mechanism introduced by the SB design, which involves the upper 

charges. They can cause the SB magnetization to rotate, and it does, the SB stray fields cause an opposite 

rotation in the FL, hence the undershoot. 

 

Fig. 2 Simulated micro-track profiles of SB 

and HB readers, for a media without SUL. HB has 

smaller undershoots and a wider net MT50 and 

MT10. 

 

Fig. 3 Simulated micro-tracks for a balanced 

case (asymmetry = 6.6%, dM = -0.10 memu/cm2) 

(Green). High positive asymmetry (15.6%) causes 

lobe imbalance (Red). Increasing the pinned layers 

moment difference to dM = 0.06 memu/cm2 also 

causes lobe unbalance (Blue). 

A direct comparison of the HB and SB micro-track for the no SUL case is shown in Fig. 2, again for an 

8T bit at 2100 KFCI. The undershoots are much more pronounced for the SB than the HB, due to the fact 

that the SB is affected by both the top and bottom media charges, whereas the HB only by the bottom 

charges. This causes the MT50 to be 1.8 nm narrower for SB compared to HB, for the case of Fig. 2 of a 

media with a separated SUL at 8T. 

Reader design parameters for Fig. 1 and Fig. 2 were chosen so as to produce equal lobes on each side 

of the track, but this is generally not the case and Fig. 3 highlights the two main mechanisms unbalancing 

the two lobes. One is asymmetry, and this is related to the magnetization angle of the FL away from the 

cross-track direction. This introduces a left to right imbalance because the micro-track stray field exerts 

different amounts of torque on the FL magnetization on the two sides. The second mechanism is more 

surprising and has to do with the moment difference in the SAF pinned layers (dM = P2 - P1). The model 

reveals that this is due to the PL rotation when the FL is off track center. The implications of side lobes 

imbalance for shingle magnetic recording will be discussed. 
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I. INTRODUCTION 

Interlaced magnetic recording (IMR) shows potential to achieve high areal density capability (ADC) by 

pre-fixing the recording orders as interlaced and differentiating the write configurations such as linear densities 

[1]. The interlaced approach can be combined with other advanced recording technologies for extra ADC gain 

and heat assisted interlaced magnetic recording (HIMR) has shown a tangible ADC gain based on spin-stand 

tests with extra controls of the laser spot [2]. On the read channel perspective of IMR, inter-track interference 

(ITI) may limit its ADC performance by the track density push, particularly for the bottom double-sided 

squeezed tracks. The ITI cancellation (ITIC) scheme can be customized for IMR by enforcing effective 

synchronizations of neighboring tracks, which provides extra ADC gains by subtracting the ITI signal based on 

the estimated side track data [3]. Due to the extra read overheads to retrieve side track data, the ITIC can be 

applicable as a retry feature, which is applied only for the sectors of which 1st reads fail to converge. In order to 

fully leverage the gain of interlaced recording, on-the-fly ITI mitigation is needed and array reader based IMR 

(ARIMR) is introduced in this study, where the joint multi-track equalizer implicitly suppresses the ITI in the 

equalized output. 

 

II. ASYNCHRONOUS JOINT TRACK EQUALIZER FOR ARIMR  

For on-the-fly ITI mitigation in ARIMR, and asynchronous joint track equalization scheme is proposed for 

implicit ITI mitigation among the linear density differentiated tracks. The read channel of ARIMR with 2 read 

sensors is illustrated in Fig. 1, where joint 2 track equalizer (J2TE) effectively synchronizes the oversampled 

waveforms to make up the linear density difference from the neighboring track. The equalizers J2TE-B and -T 

for the bottom and top tracks respectively can be trained in least square sense,  

{gb,b, gb,t} =arg min (yb - gb,b*xb,1x - gb,t* xt,(1/γ)x)2  (1) 

{gt,b, gt,t} =arg min (yt - gt,b*xb,γx - gt,t* xt,1x)2  (2) 

where yb and yt are ideally equalized outputs for each track respectively. Note that the analog frontend (AFE) 

and loops are first processed based on the bottom track readback rb for J2TE-B, and down-sampled by a factor 

of  by interpolation (ITP) for J2TE-T. Note that only the ITI from the other reader side can be implicitly 

mitigated for 2 reader ARIMR and 3 or more readers are needed for on-the-fly ITI mitigation from both sides. In 

addition, for jointly reading two-tracks with an array reader of 2 read sensors, cross-track separation (CTS) 

between two sensors should be near its track-pitch (TP) for the target bit-error-rate (BER) performance in both 

tracks. However, CTS ξ varies with the skew angle θ due to the down-track separation (DTS) ζ as below [4], 

ξ(θ) = ξ(0) cos(θ) - ζ(0) sin(θ), where ξ(0) and ζ(0) are zero-skew DTS and CTS respectively, given for the array 

reader. Therefore, the J2TE for the ARIMR need to take into account performance margin against the inevitable 

CTS variation, for example 0.69 ≤ ξ(θ) ≤ 1.24 TP for -16 to 16-degree skew with ξ(0) = ζ (0) = 1 TP.  

For numerical evaluation of the ARIMR, the micro-pixelated magnetic (MPM) channel model [1] is 

employed and BER performance of J2TE is investigated for the array reader of two sensors with CTS of 1.0 and 

0.8 TP. The track and linear densities are scanned to find the operable pair of the densities jointly satisfying the 

squeeze-to-death and off-track capability margins for bottom and top tracks, respectively [5]. The rate of top 

over bottom linear densities is set to γ = 0.8 and corresponding write track widths are configured with double 

elliptical writer foot-prints, which are set to (long, short) diameter pairs of (72, 16) and (48, 24) nm for bottom 

and top respectively. In order to illustrate the implicit ITI effect with J2TE, the normalized cross-correlations 

along the down-track direction are plotted for J2TE yb and conventional single track equalized (S1TE) y′b with 

ideal bottom yb, next yt, and previous yt-1 signals, respectively. Track density is set to 605 kilo track per inch 

(kTPI) and linear density is set to 2,500 and 2,000 kilo bit per inch (kBPI), where Tb and Tt are corresponding 

Euiseok Hwang 

E-mail: euiseokh@gist.ac.kr 

tel: +82-62-7153223 

39

B7



                     

unit bit-lengths. Note that the J2TE residual ITI from next track cross-correlation ρ(yb, yt) by red circular 

dash-dot line is negligible by the implicit ITI mitigation, whereas J2TE ITI from previous track and S1TE from 

both tracks are still exist. For various track densities, BER performances are evaluated for ARIMR, and bathtub 

shape profiles are plotted in Fig. 3 and 4 for CTS of 1.0 and 0.8 TP with 529 and 498 kTPI, respectively. For the 

target BER of -1.5 order, the operable track density satisfying over 10 nm margins for both tracks can be found 

as 498 for S1TE and 529 for J2TE with CTS of 1.0 TP in Fig. 3. On the other hand, the margins for S1TE are 

reduced or disappears for CTS of 0.8 TP in Fig. 4, whereas those of J2TE are increased 18.9 and 14.7 nm, 

respectively for 498 and 529 kTPIs. As illustrated, the proposed J2TE tangibly improves BER of individual 

tracks, while common off-track capability for 2 tracks is significantly impacted by the CTS. For large CTS 

variations, multi-read joint equalization for the single track should be employed for ARIMR, which will 

effectively work as an on-the-fly ITI canceller. 
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Fig. 1 Illustration of ARIMR for two read sensors. Fig. 2. Correlation of equalized and ideal signals. 

  
 

Fig. 3 BER bathtubs of ARIMR for ξ = 1.0 TP. Fig. 4. BER bathtubs of ARIMR for ξ = 0.8 TP. 
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I. INTRODUCTION 

Microwave assisted magnetic recording (MAMR) is one of the candidate technologies to realize 

further recording density [1].  It is important to understand behavior of microwave assisted switching 

(MAS), in which switching field is reduced by radio-frequency (rf) field with GHz frequency range.  The 

behavior of MAS has been extensively studied in various systems experimentally as well as theoretically.  

Analytical and numerical studies based on the macrospin model have predicted that the switching field 

linearly decreases with increase of rf field frequency (frf) up to the critical frequency, at which assistance 

effect suddenly vanishes [2,3].  Experimental results on isolated nanodots follow the prediction very well, 

suggesting that the MAS behavior in isolated structures can be well described by the macrospin model [4].  

On the contrary, experimental results reported on CoCrPt based granular media show different tendency, 

for instance smaller assistance effect and broader frequency dependence compared to the macrospin model 

[5].  Recently we have reported that MAS effect in granular media shows strong field amplitude 

dependence, and the coercivity reduction ratio reaches about 50 % by applying rf field with amplitude 

close to 1 kOe.  In this work we present experimental results on MAS behavior on CoCrPt based granular 

media with linearly polarized rf fields.  

 

II. Experimental Details 

A gold line of 1.0 μm in width and 100 nm in thickness for rf field application was fabricated on top of 

a MgO substrate.  The gold line was designed to be shorted co-planar wave guides structure with 50 Ω 

impedance to minimize insertion loss.  After depositing a SiO2 layer of 100 nm in thickness for insulation, 

a CoCrPt-TiO2 granular medium was deposited with a capping layer and underlayers.  The total film 

structure is Pt(2)/CoCrPt-TiO2(15)/Ru(10)/[Pt(5)/Ta(2)]5.  The numbers in parenthesis expresses 

thickness of each layer in nanometers.  The granular media layer was etched into a rectangular shape of 

1.0 × 3 μm3, and the etching process was stopped in the middle of the Ru underlayer.  The partially etched 

underlayer was patterned into a cross shaped electrode for anomalous Hall effect (AHE) measurement.  

In-plane linearly polarized magnetic field was generated by applying rf pulsed current with frequency frf = 

3 – 25 GHz to the gold line.  The maximum field amplitude was evaluated to be 950 Oe at the sample 

position.  The rf field pulse width was fixed as 20 ns to minimize heating effect due to Joule heating.  

The rf field pulse period was set to be 20 μs.  All AHE curves were measured by detecting AHE as a 

function of dc field along film normal. 

 

III. Results 

Figure 1 shows normalized AHE voltage curves of CoCrPt-TiO2 granular media measured without rf 

field and with rf field of 18 GHz in frequency.  Coercivity drops from 4.7 kOe to 2.4 kOe by applying rf 

field, without significant change of the slope of the curves.  Figure 3 is contour plot of normalized AHE 

voltage plotted as functions of Hdc and frf.  The contour plot was created with a series of AHE curves 

measured with dc field swept from -15 kOe to +15 kOe, and fixed frf.  Coercivity, which corresponds to 

center of the white band in the plot, linearly decreases with increase of frf up to frf ~20 GHz.  The width of 
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the white band is almost constant, indicating that the slope of the AHE curve does not show strong rf 

frequency dependence. 
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Fig. 1 Normalized anomalous Hall voltage curves measured without rf field and with rf field of frf = 18 

GHz. 

 

0 5 10 15 20 25
-2

0

2

4

6

8

10

frf (GHz)

H
d

c 
(k

O
e)

-1.0

-0.6

-0.2

0.2

0.6

1.0

vAHE

 
Fig. 2 Contour plot of normalized anomalous Hall voltages vAHE as functions of rf field frequency frf and 

dc field Hdc.  vAHE was measured with fixed frf and Hdc swept from -15 kOe to +15 kOe. 
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I. INTRODUCTION 

Previously we considered several spin-torque oscillator (STO) designs integrated into the write head 
for microwave-assisted magnetic recording (MAMR) [1], where the main pole and trailing shield (MP-TS) 
gap was perpendicular to the medium surface [2]. We found that STOs tilted with regard to the medium 
surface had more stable oscillation than STOs oriented perpendicular to the medium. Media recording 
simulations have shown that MAMR has advantages over conventional perpendicular magnetic recording. 
However, it is necessary to model the entire head, STO and recording medium together in order to 
determine the effect of magnetostatic interactions between the components. 

In this work micromagnetic model simulations were performed to investigate STO integrated into the 
MP-TS gap of the write head (integrated STO). First, the oscillation states of a tilted STO were 
investigated in a model comprising the write head, STO and medium soft underlayer (SUL). We found that 
inserting the STO into a non-parallel MP-TS gap resulted in more stable oscillation compared with an STO 
in a MP-TS gap perpendicular to the medium surface. Second, we performed full micromagnetic 
simulations of the write head, STO, SUL and recording layer (RL) and the oscillation of the tilted STO was 
investigated. We found that the RL affected STO oscillation to some extent, however, the effect was 
smaller than that from the write head. We also discuss medium recording simulations carried out using the 
full model. 

 
II. MODELING AND RESULTS 

Fig. 1 shows the write head model used for the calculations. We assumed a tapered main pole and 
narrow MP-TS gap (20 nm) for high recording field and high recording field gradient. The recording field 
and the recording field gradient peaked at a trailing shield angle, , of 40°. To fit the STO into the MP-TS 
gap, it should be tilted with regard to the medium surface and head air-bearing surface (ABS). Note the 
taper angles of the MP and TS were different in order to reduce magnetostatic interactions between the 
write head and the STO. The FGL can be either on the MP- or TS- side, as shown in Fig. 2, and we treated 
the current density in the STO as nonuniform as the surface of the STO should be exposed to the ABS. 
Note L is dependent on  in Fig. 2, e.g., L = 16.2 nm when = 15°, L = 11.9 nm when = 30°, and L = 6 
nm when = 45°. Table I shows the major parameters of the FGL and SIL used in the calculations.  

Prior to the integrated model simulations, we investigated isolated STOs with MP- and TS-side FGLs. 
It was found that when the FGL was on the MP-side the magnetization did not oscillate stably, presumably 
due to less spin torque field. Putting the FGL on the TS side resulted in stable oscillation, as shown in Fig. 
3. In Fig. 4, stable FGL oscillation is shown for the integrated STO model without RL; this was possible 
due to the small FGL area (20 nm × L to 20 nm), although a large injected current density was necessary. It 
is also noted that the oscillation was poor compared with the isolated STO. 

  We also performed full micromagnetic simulations considering the write head, STO, SUL and RL (12 
nm thick ECC granular medium) and the oscillation state of the tilted STO was investigated as shown in 
Fig. 5. Compared with Fig. 4, we found that the RL affected the STO oscillation to some extent, however, 
the effect was smaller than that from the write head. With the assistance of the microwave field, some 
signals were written on ECC media with hard layer Hk = 48 kOe, on which it was impossible to write 
without microwave assist. Details will be discussed in the full paper. 
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Fig. 2  Tilted STO with regard to the medium 
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Fig. 3  FGL rotation vs time. Isolated STO.  = 
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Fig. 5  FGL rotation vs. time. Integrated STO 
with recording layer.  = 15°, FGL: TS side, J = 
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Table I  Major parameters of FGL and spin 
injection layer (SIL) used in the calculations 

FGL SIL

4M s 20 kG 6 kG

H k 
(*) 31.4 Oe 31.4 Oe

 0.02 0.02

Exchange, A 2.5×10-6 erg/cm 0.75×10-6 erg/cm

Thickness 10 nm 2 nm  
Po = 0.5, Width = 20nm, Height = L to 20 nm, Inter 
layer = 2 nm. 
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Fig. 4  FGL rotation vs. time. Integrated STO 
without recording layer.  = 15°, FGL: TS side, J 
= 6.0×108 A/cm2. Black line (MMF) shows head 
coil current of 0.2 ATpp; green (H-perp): 
perpendicular component of head field in FGL; 
purple (H-in-plane): in-plane component of head 
field in FGL; blue (FGL M-in-plane): in-plane 
component of FGL magnetization; red (FGL 
M-perp): perpendicular component of FGL 
magnetization. 
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I. INTRODUCTION 

Antiferromagnetically coupled (AFC) media that consists of two antiferromagnetically coupled magnetic 

layers has been explored for magnetic recording [1]. Because the stray fields from the two magnetic layers 

cancel each other, AFC media can reduce the dipolar interaction between magnetic grains, improving the 

reliability of writing and the stability of data. The antiferromagnetic coupling can be introduced by inserting 

thin layer of nonmagnetic material such as Ru, Ir, and AFC granular perpendicular media has been 

demonstrated in which a thin Ru layer is inserted without breaking the granular structure [2]. In microwave-

assisted magnetic recording (MAMR), which is a candidate next-generation magnetic recording, the dipolar 

interaction raises additional concerns [3,4]. In MAMR, large ferromagnetic resonance (FMR) excitation in 

media magnetization is utilized to assist writing, and the dipolar interaction leads to the distribution in FMR 

frequency and the collective magnetization excitation of multiple grains. In this respect, AFC media is 

considered to be advantageous for MAMR[5]. In this study, we fabricate an AFC magnetic dot consisting of 

two Co/Pt multilayers and investigate its switching behavior in a microwave field.  

II. EXPERIMENTAL 

Figure 1 shows the experimental setup. A magnetic film consisting of two Co/Pt multilayers and a Ru 

layer is deposited. The two magnetic layers are designed to have different anisotropy by controlling the Co 

thickness, and the one with higher anisotropy is referred to as a hard layer and the one with lower anisotropy 

is referred to as a soft layer. This magnetic film is patterned into a dot with a diameter of 80 nm. Switching 

behavior of the AFC dot is studied by applying a z-direction magnetic field (𝐻𝑧) and an in-plane microwave 

field. Switching of the AFC dot is detected by anomalous Hall effect (AHE). The detailed experimental setup 

is described in Ref [6]. 

 
Fig. 1. Stacking structure of the magnetic film consisting of two antiferromagnetically 

coupled magnetic layers. Thicknesses are given in angstroms 

III. RESULTS AND DISCUSSION 

Figure 2 shows the AHE voltage obtained by sweeping 𝐻𝑧. At around 𝐻𝑧 =  0 Oe, the soft layer 

reverses because of the antiferromagnetic coupling, and the antiferromagnetic configuration is realized. The 

switching z-direction magnetic field (𝐻sw) of the hard layer is 3.7 kOe. Next, a circularly polarized 

microwave field is applied to induce the microwave assistance effect. Figure 3(a) shows the dependence of 
𝐻sw  on the microwave field frequency ( 𝑓rf). The rotation direction of the microwave field is mostly 
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clockwise (CW) except for the plot depicted by cross. The hard layer reverses from the −𝑧 to +𝑧 direction. 

Because the rotation direction of the FMR precession of the −𝑧-direction magnetization is CW, FMR 

excitation is induced and 𝐻sw decreases. For 𝐻rf = 43 – 170 Oe, 𝐻sw decreases almost linearly as 𝑓rf 

becomes higher and suddenly increases at a critical frequency. As the microwave field amplitude (𝐻rf) 

increases, the microwave assistance effect increases, and a large 𝐻sw decrease to approximately 1 kOe is 
demonstrated. For 𝐻rf = 213 Oe and 𝑓rf = 12 – 14.5 GHz, the hard layer partially reverses, resulting in a 

magnetic domain configuration. This switching behavior is similar to that reported for a single layer 

perpendicular magnetic dot [4,6]. When the microwave field rotates counterclockwise (CCW), FMR 

excitation of the soft layer occurs because the rotation direction of the FMR precession of the +𝑧-direction 

soft layer is CCW. However, no significant change in 𝐻sw is observed, showing that the soft layer excitation 

has little effect on hard layer switching. The 𝐻sw decrease for CCW and 𝑓rf = 3 – 5 GHz shows the 𝑓rf 

dependence similar to that in the CW microwave and is attributed to the fact that the polarization is not 

perfectly circular and there is a small CW component. These results show that the microwave assistance 

effect is obtained for the AFC bilayer, which is not hindered by the additional soft layer.  

 
Fig. 2. AHE voltage versus 𝐻𝑧. 

 

 
Fig. 3. 𝐻sw versus 𝑓rf obtained by applying a circularly polarized microwave field. 
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I. INTRODUCTION

In the emerging technique of microwave-assisted magnetic recording (MAMR), a spin torque oscillator
(STO),  with microwave output  driven  by a  DC current,  provides a  coherent  drive to  switch adjacent
magnetic  domains  through  dipole  radiation.  Understanding  dipole  radiation  from  STOs,  as  well  as
improving their behaviors, are essential to design and optimize their functionality for MAMR applications.
For  example,  the  recent  fast  development  of  synchronizing  multiple  STOs  provide  a  simple  on-chip
approach to greatly enhance their output powers and spectral purity. 

This  presentation will  focus  on the characterization of  two laterally  aligned vortex STOs that  are
strongly  coupled  by  the  dynamic  dipolar  field  (Fig.  1).  We  show  that  dipolar  field  is  sufficient  to
synchronize the two STOs [1], resulting in an enhanced power more than their sums and reduced output
linewidth  [2].  Then  we  demonstrate  microwave-assisted  switching  of  vortex  polarity  of  the  two
synchronized STOs with device selectivity [2], which provides a mean to control their synchronization
states. Furthermore, we show an experimental technique [3] to quantify the dipolar interaction of the two
STOs which agrees well with theoretical predictions [4]. We show the existence of phase lagging in the
dipolar coupling, which is attributed to the nonlinearity of the STOs.

II. EXPERIMENT CONFIGURATIONS

The  sample  consists  of  two  adjacent  cylindrical  nanopillar  STOs  with  a  layer  structure  of  Py(15
nm)/Cu(10 nm)/Py(4 nm) (Fig. 1). They have common top and bottom electrodes and identical nominal
diameters 2R, with an edge-to-edge separation of L. We have characterized two different samples with (1)
2R=200 nm, L=50 nm; (2) 2R=400 nm, L=200 nm. The small gaps of L enable strong dipolar coupling of
the vortex gyrotropic  motions.  An antenna is  fabricated on top of  the sample to  generate  an in-plane
microwave field.  During the experiments, the common dc current is set to be about twice the critical
current for spin transfer induced vortex core auto-oscillation.  The auto-oscillation is dominated by the
Py(15 nm) layers, whose polarity states will be referred to throughout the paper. The thinner Py layers, also
in  the  vortex  state,  act  as  the  polarizers.  A perpendicular  biasing  field  is  applied  to  tune  the  output
frequency.

III. RESULTS AND DISCUSSIONS

First  we  demonstrate  efficient  mutual  synchronization  between  two  adjacent  vortex  STOs  by  the
dipolar interaction [1], which is demonstrated in Fig. 2. Synchronization can be achieved with both parallel
and antiparallel vortex polarity alignment of the two STOs, with the phase-locking bandwidths differing by
a factor of 2.4. Their ratio agrees with the analytical calculations of dynamic dipolar coupling [4]. In Fig. 3
we show the microwave-assisted switching diagram of the vortex polarities of the two synchronized STOs
[2]. The diagram can be distinctly decomposed by the superposition of the two cone regions for the two
STOs. Independent measurements show that the switching boundaries coincide with the boundaries of the
two  individual STOs,  which  means  that  the  microwave-assisted  polarity  switching  condition  is  not
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sensitive to the strong dipolar coupling. In Fig. 4 we demonstrate remote frequency pulling when one STO
is phase-locked to an external microwave field [3]. This is due to the phase-locked dipolar interactions
from the microwave field and from the locked STO onto the second STO. Within an analyical model we
can quantify the dipolar interaction of the two STOs, which agrees with the theoretical prediction [4].
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Fig  1:  Schematics  of  the  sample
and electrical circuit

Fig  3:  Microwave  switching
portraits  of  vortex  polarities  for
<↑↓2↓> initial polarity states. The
final states are: lightblue <1↓2↓>;
orange  <1↓2↑>; darkblue  <1↑2↓>;
yellow <1↑2↑>.

Fig 4: (a) Location of spectra at the <1↓2↑> state
for  the  microwave  study.  (b)  Auto-oscillation
spectra  as  a  function  of  microwave  field
frequency  for  μ0H=31.9  mT.  Signal  from  the
source appears as the oblique narrow line. White
arrows show the phase-locking bandwidths. Black
dashed curves are the fits to the analytical model.

Fig 2: Power spectrum maps versus perpendicular field, in a case
when vortices have opposite polarities (a) and when vortices have
identical polarities (b).
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I. INTRODUCTION 

Three-dimensional magnetic recording with antiferromagnetically coupled (AFC) medium [1] has been 

proposed as a candidate of the prospective recording technologies, and it uses a spin-torque oscillator 

(STO) [2] as a reading sensor as well as a write-assisting device for the microwave assisted magnetic 

recording (MAMR) [3]. The reproducing waveform in the reading process using the STO is given as 

temporal dynamics of magnetization calculated by the micromagnetic simulation [2]. However, the amount 

of data obtained by the simulation is too short to evaluate signal processing. We proposed the envelope 

model to develop the data detection scheme for the temporal magnetization dynamics of a resonantly 

interacting STO flying over a bit patterned medium in our previous report [4]. The detection scheme is 

intended for use in a three-dimensional MAMR in which the patterned dots have multiple discrete 

recording layers. In this report, we show the data detection scheme by the envelope model.  

II. READ/WRITE CHANNEL USING ENVELOPE MODEL 

Figure 1 shows the temporal magnetization dynamics of the STO by a magnetic dipolar field using 

micromagnetic simulation [2] and the envelope obtained the envelope model which constructs by by the 

convolution operation of attenuation functions [4] shown in Fig. 2. The recorded data pattern is 

"000111000111" as shown in bottom of Fig. 1, and the STO reacts to the recorded dots for “0”. In this 

study, the relative velocity between the medium and the STO, the dot diameter and pitch are 20 m/s, 20 nm 

and 25 nm [2], respectively. The dashed and solid lines show the temporal magnetization dynamics using 

the micromagnetic simulation and the reproducing envelope model normalized by the saturation level of 

the STO magnetization A, respectively. The horizontal axis shows the time normalized by the channel dot 
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Fig. 1. Temporal magnetization dynamics of the 

STO and the envelope model obtained by the 

convolution of the attenuation function.  

Fig. 2. Attenuation functions for the STO. The 

solid and dotted lines show attenuation 

functions for recorded data “0” and “1”. 
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Fig. 3. BER performance for the SNRS.  

interval Tc. The solid and dotted lines in Fig. 2 show the attenuation functions for the recorded dots of “0” 

and “1” normalized by A. The envelope is obtained by the convolution operation of the attenuation 

functions of “0” and “1”, and it looks like the envelope of STO magnetization shown in Fig. 1. The 

amplitude of STO oscillation waveform attenuates as the STO comes close to the recorded dot “0”, on the 

other hand, as it leaves from the dot of “0”, the amplitude increases again. However, the recorded dot of 

“1” has few influence on the amplitude. Therefore, we get the idea of adding another STO with the 

opposite behavior to improve the reading performance. We assumes that the other STO reacts to the 

recorded dot of “1” as the opposite reaction of the STO which reacts to the recorded dot of “0”. Thus, we 

enployed the dual STO in this research. Furthermore, we employ the generalized partial response class-I 

(GPR1) [6], and evaluate the bit error rate (BER) performance. In the evaluate system, the input data 

sequence is recorded on the dots, and reproduced by the dual reader with two STOs reacting “0” and “1” 

dots scanning on the same recorded dots or the same track [7]. The respective envelopes are sampled by Tc 

are equalized to the GPR characteristic [6] after subtraction operation, and decoded by the soft-output 

Viterbi algorithm (SOVA) [8].  

 

III. PERFORMANCE EVALUAT10N AND D1SCUSS10N 

Figure 3 shows the BER performances for the system noise (SNRS) [4]. The symbols of filled circle, 

open circle, filled triangulate, and open triangulate show the performances of GPR1 with dual STO, PR1 

with dual STO, GPR1 with single STO, and PR1 with single STO, respectively. As can be seen from the 

figure, the BER performances of the systems with dual STO are better than those with single STO. The 

PR1 with dual STO achieves the BER of 10-4 at the required SNRS of 25.3 dB, while the PR1 with the 

single STO need the SNRS of about 28.0 dB. Furthermore, the GPR1 with dual STO improves the SNRS by 

about 0.9 dB compared with PR1 with dual STO.  

Therefore, these signal processing using the envelope detection are important technologies for the 

three-dimensional magnetic recording needed to increase the recording density of future hard disk drives.  
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I. INTRODUCTION 

The energy assisted magnetic recording technology realizes smaller magnetic recording bits. Accordingly, 
the dimension of read sensor has to be shrunk for spatial resolution of reading for the bits, therefore, reducing 
the resistance-area product (RA) of read sensor film is the critical issue. The optimal RA value for the read 
sensor for 2 Tbit/in2 has been predicted to be a������P2, [1] which is very challenging for the current tunnel 
magnetoresistance sensors. All-metallic current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) 
devices using highly spin-polar ized Co-based Heusler alloys is promising for the read sensors with ultralow 
RA ~����� � �P2, [2] however the CPP-GMR readers have to solve the following items. (a) The sensor 
thickness has to be reduced to /20 nm, and (b) the sensor output has to be improved. For (a), a thin (a few nm) 
polycrystalline Heusler alloy films with a high spin polarization have to be fabricated under a limited 
annealing temperature (~300 °C in the current reader manufacturing process). For (b), a hybrid spacer structure 
of metal/conductive oxide (e.g. Ag/InZnO (IZO)) has been reported to be effective. [3] 

 
II. EXPERIMENTAL PROCEDURES 

 CPP-GMR devices with polycrystalline films were deposited by magnetron sputtering on polycrystalline 
Cu bottom lead electrode at room temperature. Two types of device structure were fabricated; a standard 
spin-valve and a pseudo spin-valve (PSV). For the ferromagnetic Heusler alloy layers, Co2(Mn0.6Fe0.4)Ge 
(CMFG) was used. [4] Ag90Sn10, AgSn/InZnO, AgInZnO were used for spacer layers. The CPP-GMR films 
were annealed at 280 °C or 300 °C and micro-fabricated to pillar devices with circular and elliptical shapes. 
 

III. RESULTS and DISCUSSION 

 First, we studied the effect of the CMFG thickness on the MR ratio of the PSV devices with bottom-lead/ 
Ta(2)/Ru(2)/CoFe(0.5)/CoFeBTa(0.6)/CMFG(0-5)/CoFe(0.4)/AgSn(3.5)/CoFe(0.4)/CMFG(5)/CoFe(1)/Ru 
(thickness in nm) cap structure annealed at 300 °C. As shown in Fig. 1, the MR ratio keeps almost constant 
between 3 nm and 5 nm, and decreases below 2-3 nm. This indicates that the spin diffusion length of the 
CMFG film is very short, thus the bulk spin-dependent scattering of CMFG contributes to the CPP-GMR only 
within ~2 nm of the layer. This feature is practically important because the CMFG layer can be reduced down 
to 2-3 nm without reducing the MR ratio. 
 Next, we fabricated spin-valve devices as shown in Figs. 2(a) and (b). We compared the two kinds of 
spacer layer: AgSn(3.5 nm) as a standard metallic spacer and AgSn(0.4 nm)/IZO(1.3-1.85 nm).  The 
spin-valve structure shown in Fig. 2(a) (Type 1 with the total sensor thickness of ~30 nm) with a AgSn spacer 
layer showed RA a�������P2 DQG�ûR/R ~14% as shown in Fig. 2(c). By using the AgSn/IZO spacer layers, 
both RA aQG�ûR/R increased��7KH�KLJKHVW�ûR/R ~30% was achieved by the AgSn(0.4)/IZO(1.7) spacer at RA 
a������P2. [5] The maximum voltage output of the device with the AgSn/IZO spacer was 6.2 mV for a sensor 
utilization of 33%, whereas that with the AgSn spacer was only 1.2 mV. It should be noted that the RA and 
ûR/R values satisfy their requirements for 2 Tbit/in2 [1] (indicated by the gray zone in Fig. 2(c)). However, the 
sensor thickness of 30 nm is too thick for the required shield-to-shield spacing for 2 Tbit/in2, which has been 
predicted to be 20 nm. [1] A spin-valve structure with a reduced total thickness of 22.5 nm was also fabricated 
(Type 2 shown in Fig. 2(b)). By reducing the CMFG thickness from the reference layer (from 3 nm to 2 nm) 
and the free layer (from 4 nm to 3 nm), ûR/R decreased from ~30% to ~20%, which marginally satisfies the 
requirement for 2 Tbit/in2. 
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Novel Spin Memory and Logic: Physics and Materials  
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INTRODUTION 
The utilization of spin transfer torque (STT) in magnetoresistive random access memory 

(MRAM) results in substantial reduction of switching current threshold, enabling the scaling of 
the memory technology [1-4]. mLogic, a proposed all spin logic design, uses spin Hall effect (SHE) 
for switching the logic states with fanout capabilities [5]. New spin based physical phenomena 
have been explored for novel device design to advance the current IC technologies with improved 
performance and viability.  

In this paper, we present a spin based micromagnetic modeling to investigate new schemes that 
adding to both STT MRAM and mLogic designs to improve some of the key performances and 
make the technologies more viable and competitive in their possible commercialization.   

SIMULATION  RESULTS AND DISCUSSIONS 
Further reduction the switching current threshold without degrading thermal stability is 

important for the STT-MRAM technology in gaining technology viability. Recent Resonance STT 
MRAM design addes an antiferromagnetic material (AFM) based magnetic multilayer stack to the 
current memory stack [6].  In this design, a rotating spin transfer torque with frequency matching 
the ferromagnetic resonance frequency of the free layer is added to the conventional STT during 
state-switching, significantly reduces the switching current threshold, in particular for the parallel-
to-antiparallel switching. Figure 1 shows the Resonance STT MRAM design and the calculated 
switching current threshold as a function of AFM stack rotating frequency which is in proportion 
to the current through the AFM stack. The perpendicular spin polarized current through the 
antiferromagnetic layer results in steady circular precession of the antiferromagnetic spins around 
the spin polarization direction. With the addition of the rotating spin transfer torque, the switching 
current threshold of the memory element can be significantly reduced and the switching current 
reduction resembles similar behavior as microwave assisted magnetic recording (MAMR) as 
showing in the figure.  

The spin current excited antiferromagnetic spin precession can occur in both collinear and 
frustrated antiferromagnets. Figure 2 shows the spin precession by perpendicularly polarized spin 
current in a frustrated antiferromagnet where antiferromagnetic coupled spins reside on a 
triangular lattice. The spins rotates synchronously in exactly the same rate and each spin has either 
+ or �  120o phase difference, or relative angle, with its six nearest neighboring spins.  

In the paper, improved designs of mLogic and relative physics and materials study will be 
presented as well. 
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Fig. 1 Right: Design of the Resonance STT MRAM. Left: Calculated switching current threshold as a 
function of spin current level in the antiferromagnet-based stack that generates rotating spin transfer 
torque. The frequency of the rotating STT is proportional to the current level in the AFM stack. 

 

Fig. 2.  Simulated spin transfer torque induced spin oscillation in an antiferromagnetic material of 
triangular lattice. Each subsequent frame represent a 30o counter-clockwise spin rotation (1/12 period). 
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I. INTRODUCTION 

In the coming year, STT-MRAM with magnetic layers exhibiting perpendicular anisotropy (PMA) will 

be available as low density (256 Mbit) standalone chips, and also as an embedded memory replacing 

traditional e-flash.  This is a significant step forward for MRAM technology, and it means that the 

specialized tooling (primarily thin-film depos ition and magnetic etch) required for MRAM processing is 

now seeing widespread deployment in 300 mm semiconductor fabs.  With this tooling in place, the barrier 

facing MRAM adoption for other applications is signif icantly reduced.  There are many other 

technological hurdles, however, that must be met before MRAM will be able to address these applications, 

In this talk, we present an overview of some emerging MRAM technologies, and discuss the challenges 

these emerging technologies must overcome prior to any consideration of widespread adoption. 

 

II. HIGH DENSITY MRAM PATTERNING 

 

One obviously enticing future target for MRAM would be providing a non-volatile memory with 

DRAM-like performance and cost.  There are many reasons why reaching such a goal is difficult, one of 

which is the lack of a proven technology for patterning MRAM bits at a density that will be competitive 

with that of DRAM.  Recently, Toshiba/SK Hynix presented a 4 Gbit MRAM demo with a full pitch of 90 

nm [1].  This impressive density is at least 2x away from being competitive with DRAM.  We will 

describe the challenges involved with patterning MRAM to 55 nm full pitch, and share our recent work 

fabricating MRAM arrays at this density (Fig. 1).  

 

III. SPIN ORBIT TORQUE MRAM 

 

In recent years, new forms of MRAM other than STT-MRAM have become areas of active exploration.  

Spin-orbit torque MRAM is an interesting alternative to STT-MRAM for applications where endurance 

and switching speed are crucial.  This is because the switching current no longer flows vertically through 

the magnetic tunnel barrier, but instead travels horizontally in a layer of material underneath the free layer 

which has a high degree of spin-orbit scattering. (Fig. 2).  We will give a short overview of the different 

materials and magnetic configurations being considered for SOT-MRAM, and share our recent work 

examining high-speed switching of 3-terminal SOT devices with an in-plane free layer. 

 

 

IV. VOLTAGE-CONTROLLED MAGNETIC ANISOTROPY 

Voltage-controlled magnetic anisotropy could be the basis for an even more efficient form of MRAM.   

In traditional STT-MRAM, the energy required to switch the bit is orders of magnitude larger than the 

energy barrier created by the uniaxial magnetic anisotropy in the system.  In a high RA tunnel barrier (e.g. 

200 m2), applying a bias voltage produces an E-field that can lower the free layer PMA, while f lowing 

negligible current across the tunnel barrier.  If the VCMA coefficient is large enough, the PMA can be 

eliminated, and the magnetization may precess about an in-plane magnetic field provided by an in-stack 

biasing layer [2].  This is now a “toggle” memory switching system, which requires pre-read, and likely 
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write verification, but has the advantages of unlimited endurance, sub-ns write speed, and extremely low 

power.  In order to scale to useful densities, however, the VCMA coefficient needs to be 10-30x larger 

than the 30 fJ/Vm typically found in CoFeB/MgO tunnel barriers.  In this presentation, we will describe 

how we characterize the VCMA coefficient in experimental film stacks, and share recent results of our 

exploration of higher VCMA coefficient devices. 
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Fig. 1.  SEM image of MRAM bits patterned at 

55 nm full pitch 
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I. INTRODUCTION 

The manipulation of the intrinsic properties of ferromagnetic materials offer abundant functionalities 

for developing novel memory and computing systems. [1] The first candidate is magnetic random-access 

memory (MRAM), where the information is stored in a magnetic tunnel junction (MTJ) with different 

magnetization orientations. A recently proposed and demonstrated candidate is the computational 

random-access memory (CRAM), where the computing is carried out using a standard MRAM array [2,3]. 

The third candidate is magnetic logic devices including but not limited to recently proposed MESO [4] and 

CoMET devices [5]. A new magnetization switching mechanism, spin orbit torque (SOT) generated from 

an in-plane charge current through orbit-to-spin momentum transfer in a heavy metal/ferromagnet (FM) 

bilayer system, provides new means for MRAM, CRAM and magnetic logic devices with write and read 

separation. [6] It could solve the reliability issue and realize energy-efficient and fast switching. Recently, 

it has been found the charge-to-spin conversion efficiency can be greater than one in crystallized 

topological insulator (TI) due to spin-momentum locking. [7] In this talk, first, we will report our recent 

discovery on the giant SOT efficiency in polycrystalline topological insulator bismuth selenide prepared by 

a sputtering process [8]. The related new physics based on the quantum confinement effect will be 

discussed. [9] Second, we will report the unidirectional spin Hall magnetoresistance (USMR) observed in 

TI/FM bilayer system and its implication for 3D MRAM and CRAM applications. [10] USMR will 

provide a highly desirable two-terminal reading scheme for SOT devices. 

II. EXPERIMENTAL DETAILS 

To characterize SOT arising from sputtered bismuth selenide films, thin films with the multilayer 

structure Si/SiO2/MgO 2/BixSe(1-x) (Bi-Se) (tBS)/CoFeB 5/MgO 2 /Ta 5 (in nm) are prepared in an 

ultra-high vacuum Shamrock magnetron sputtering tool, with tBS=4, 8, 16, and 40 nm. Giant charge-to-spin 

conversion in sputtered bismuth selenide has also been investigated by growing and switching 

perpendicular CoFeB multilayers. Hall bar devices were fabricated by standard photolithography processes. 

Finished devices were then loaded into a Quantum Design PPMS system and tested electrically with 

standard harmonic measurement setups. 

 III. RESULTSI AND DISCUSSION 

The spin torque efficiency of 4 nm-thick Bi-Se estimated by dc planar Hall and spin-torque 

ferromagnetic resonance methods are 18.62 ± 0.13 and 8.67 ± 1.08, respectively. The power dissipation for 

the magnetization switching via SOT of Bi-Se is an order of magnitude smaller than that compared to the 

platinum Fig. 1 (a). The sputtered polycrystalline Bi-Se thin films have nanometer scale grains Fig. 1 (b). 

The size of grains decreases with the decrease in the thickness of the films. As the grain size decreases the 

non-equilibrium spin accumulation is enhanced due to the quantum confinement. Figure 2 a and c depict 

the two USRMR states that are determined by the relative direction between spin polarization and 

magnetization. If a strong current pulse is applied, as shown in fig. 2b,  the magnetization could be 

switched. With the aid of USRMR, such a switching device can operate with only two terminals. As shown 

in fig. 2 d, the USRMR before and after a successful ‘write’ should change, and whenever a read is needed, 

USRMR is used to tell the magnetization state stored in magnetic layer. As shown in fig. 2 e, the first 

harmonic resistance, Rω, measured at 300 K exhibits anisotropic magnetoresistance-like angular 

dependency, when an external field of 3 T is applied and rotated in xy plane. The second harmonic 

resistance, R2ω, shows the signature of USRMR, which is sensitive to the magnetization projection along 

y-direction. Note that further measurement and analysis is needed to extract thermoelectric effects to 

confirm and estimation USRMR amplitude.  
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Fig. 1 (a) A comparative chart displaying the magnetization switching power dissipation. The switching 

power dissipation due to granular bismuth selenide is an order of magnitude less than that of Pt. (b) The 

cross-section TEM image of the stack structure used for characterization of spin-torque efficiency. The 

cross-sectional TEM image shows that the sputtered bismuth selenide thin film is polycrystalline.  (c) The 

switching of perpendicular CoFeB multilayers via SOT from sputtered bismuth selenide.  
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Figure 2. Illustrations of (a) high resistance state of USRMR, (b) current induced magnetization switching 

of magnetic layer, (c) low resistance state of USRMR, and (d) USRMR level change after a ‘write’ 

operation of the device. (e) The first and second harmonic longitudinal resistance versus external field 

angle. The applied external f ield is 3 T and rotates from x+ to y+ direction. The sample was Bi2Se3 (10 

nm)/CoFeB (5 nm)/MgO (2 nm)/Ta (2 nm) and was tested at 300 K. 

 

 

58

D3



                     

DOMAIN WALL DEVICES FOR INFORMATION STORAGE 
 

S.N. Piramanayagam1, T.L. Jin1 and W.S. Lew1 

1) School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 

prem@ntu.edu.sg 

 

 

I. INTRODUCTION 

Hard disk drives, which have been fulfilling the majority of the storage requirements are reaching a 

saturation in the areal density growth. Alternative technologies are being sought for supplementing the 

storage needs. In this connection, domain wall memory plays an important role.  In such devices, the 

domains store information and they are moved around by a spin torque current while reading and writing 

information (Figure 1(a)). An understanding and precise control of domain wall displacement in nanowires 

is essential for memory and logic device applications. Currently, domain walls are pinned by creating 

topographical notches (Figure 1(b)) fabricated by lithography [1]. Stepped nanowires, in which the 

domains are pinned at corners, has also been proposed as a potential technique to pin the domain walls [2]. 

In our group, we have been investigating spin textures in ferromagnetic nanowires as a method for pinning 

domain walls [3]. In one approach (Figure 1(c)), we use annealing induced mixing to form pinning sites as 

a non-topographical approach. In another approach, we use controlled ion-implantation through the masks 

as a potential method to form pinning s ites for domain wall memory. Recently, we have also been 

investigating exchange coupled cross-bar layers to form pinning sites. This talk will provide examples of 

these three approaches.  

II. EXPERIMENTAL DETAILS 

Magnetic films and multilayers of various types were fabricated by dc magnetron sputtering. Domain 

wall devices were fabricated by a combination of lithography. An array of characterization techniques such 

as magnetometry, X-Ray diffraction, X-Ray photoelectron spectroscopy (XPS), Ferromagnetic resonance 

(FMR), and anisotropy magnetoresistance (AMR) measurements were carried out to understand the 

properties of films and devices.    

III. RESULTS AND DISCUSSION 

As our first investigation, we carried annealing induced diffusion to form compositionally modified 

regions, which form the pinning sites. At first, we fabricated permalloy (Ni80Fe20) films coated with 

different capping layers such as Ta, Cr, Cu and Ru. We investigated the magnetic and magnetodynamic 

properties through FMR, and AMR measurements before and after annealing the samples at different 

annealing temperatures. We found that the saturation magnetization of permalloy film decreased from 724 

emu/cc to 350 emu/cc, and damping constant increased by 246% while the annealing temperature (Tan) 

was changed from 100 oC to 500 oC. XPS results confirmed increased diffusion of Cr into the middle of 

permalloy layers with Tan (Figure 1(d-e)). We fabricated domain wall devices with and without Cr cross 

bars (Figure 2(a-b)). We carried out resistance versus field measurements to understand the domain wall 

pinning (Figure 2(c-d)). The results pointed out that annealing induced local diffusion helps to control 

critical magnetodynamic properties of ferromagnetic nanowire properties and this intermixing helps to pin 

domain wall at a precise position. Novel minor R-H loops helped to understand the pinning strength.  

In another approach, localized modification of magnetic properties in Co/Pd multilayers based devices 

by means of ion implantation was investigated. Masks were created using electron beam lithography and 

B+ implantation was carried out through the masks. The results from magnetization measurements and 

X-Ray diffraction measurements at the thin film level indicated that the ion-implantation is effective in 

changing magnetic anisotropy (Figure 2e-f). The domain images observed by Kerr microscope and MFM 

indicate that the stripe domain, a signature of perpendicular magnetic anisotropy, is lost after the 

implantation. Kerr images of the devices at different values of applied field show that the domain walls 

stop at the pinning centres formed by B+ ion diffused regions (Figure 3). These results show that localized 

compositional modification using ion-implantation helps to pin domain walls at precise positions.  
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Figure 1. Schemat ic v iew of the domain wall concepts and the results of the study. (a) Domain  wall device 

concept, wherein a pulse current is used to move the domain walls (b ) Domain wall devices with notches, where 

physically modified regions act as pinning centres and (c) the devices under this study, where metal diffusion 

from the crossbars is used to form pinning sites. (d) Concentration of different elements at different depth of the 

films and (e) the diffusion of Cr at various annealing temperatures.  

 

 
 

Figure 2. Domain wall devices and the pinning effect. (a) Domain wall devices without Cr crossbars and (b) 

with Cr crossbars, where Cr diffused regions act as pinning centres ; (c) The R-H curves of devices without Cr 

crossbars and (d) with Cr crossbars, which show a peculiar drop in resistance at fields much larger than the 

coercivity, indicating the fo rmation of regions with a magnetization orthogonal to the current direct ion ; (e and f) 

Out-of-plane (OOP) hysteresis loops of Co/Pd mult ilayers (with 5 and 10 b ilayers respectively) before and after 

B+ ion-implantation. (g and i) domain images of Co/Pd multilayers before ion-implantation and (h and j) domain 

images of Co/Pd multilayers after ion-implantation.  

 

 

Figure 3. Domain wall pinning effect in Co/Pd multilayer based devices, as observed using Kerr microscopy. (a) 

Kerr signal from domains after saturation (b) Nucleat ion of reversed domains (black dots) at the middle of the 

image, observed after sending an electric-current through injection line to produce magnetic-field. (c) domains 

observed after the application of a reversal field (900 Oe). The domain has propagated and stopped at the region, 

where the implantation was carried out; (d) further increase in reversal field (920 Oe) leads to depinning and 

movement of the domain wall.  
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I. Introduction to STT-MRAM 

In MRAM, a current rather than a magnetic field must be used for switching the free layer from the 

viewpoint of scalability. Conventionally, the applied current passes through the tunnel barrier layer of a 

MTJ to generate spin-transfer torque (STT) for switching free layer but the write current shares the same 

path as read current, as shown in Fig.1. The large write current passing through the barrier layer will cause 

aging issues of tunnel barrier, and the shared read and write path also increases the read error ratio of 

MRAM during read operations, reducing its reliability. In STT-MRAM, an ultrathin tunnel barrier, around 

1 nm, must be used to obtain a low resistance-area (RA) product that guarantees enough write current 

density under the voltage capability of access transistors. On the other side, the ultrathin tunnel barrier 

layer sharply reduces the perpendicular magnetic anisotropy (PMA) and tunneling magnetoresistance 

(TMR) of MTJs. The former directly determines the thermal stability of MTJs and thus the minimum 

dimension of a single MTJ in MRAM; the latter determines the resistance ratio between low and high 

resistance states and thus read margins of MRAM. Moreover, the ultrathin barrier layer further limits 

thickness tolerance of the tunnel barrier in manufacturing since any small variation in the barrier thickness 

can dramatically change MTJ resistance.  

 

II. Three-Terminal SOT-MRAM 

An alternative way for switching the free layer is by using an in-plane current-induced spin-orbit torque 

(SOT) generated at the interface between the free layer and an SOT layer, as shown in Fig. 1. The SOT 

layer consists of materials showing strong spin Hall effects (SHE), such as heavy metals, which can 

generate strong SOT under an applied in-plane current. In the three-terminal SOT-induced magnetization 

switching, the large write current does not pass through the tunnel barrier and thus the reliability and 

endurance are highly improved compared to STT switching. The read operation utilizes an independent 

current path with a much smaller sensing current to detect MTJ resistance states. The separated read and 

write paths also reduce the read error ratio, and more importantly, it does not need RA as low as 

STT-MRAM. This is because the write current passes through highly conducting heavy metal layers, not 

tunnel barriers, and the critical switching current can be easily satisfied by access transistors. Currently, 

one main obstacle of three-terminal SOT-MRAM in application is the requirement of an applied in-plane 

magnetic field for SOT deterministic switching, which leads to the scaling problem. The comparison of 

selected metrics of STT-MRAM and SOT-MRAM is given in Table I. Notably, sub-ns switching speed has 

been achieved in SOT-MRAM, making it attractive for applications such as lower level cache, traditionally 

the domain of SRAM. 

 

III. Two-Terminal SOT-MRAM 

Although the three-terminal SOT-MRAM has many advantages as discussed above and may also facilitate 

to integrate SOT devices into present logic circuits or cache memory, two-terminal SOT devices are also 

attractive for high-density memory application because of a much smaller cell size. Similar to STT-MRAM 

as shown in Fig. 1, the two-terminal SOT device has a very thin and narrow heavy metal underlayer so that 

an in-plane current can also be generated when applying an out-of-plane current. The generated in-plane 

current creates SOT and further switches the free layer of a MTJ.  

To achieve a larger in-plane current through the heavy metal underlayer, a thinner underlayer is preferred, 

but on the other side, the thinner underlayer will reduce SOT efficiency when the thickness is comparable  
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with  the  spin  diffusion  length  of  the  underlayer  (typically  several  nm).  Therefore,  choosing  a  proper
thickness of the underlayer is very important to get a high switching efficiency.  

In this work the demonstration of two-terminal SOT switching was achieved in a MTJ structure by using
Ta as the underlayer. Fig. 2. shows the out-of-plane current induced MTJ switching under an in-plane field.
Like a three-terminal SOT switching device, the opposite switching direction for a positive and a negative
in-plane field was observed, indicating a SOT dominated MTJ switching since STT switching direction
does not relate to the in-plane field direction. Without applied in-plane magnetic fields, the MTJ can be
switched due to STT (data not shown). We will also present the trade-off between 3- and 2-terminal SOT-
MRAM designs and the outlook of emerging topological materials for enhanced SOT-based switching.

III. Ultrafast MRAM with Thermally Assisted Switching

As a comparison to the 2-terminal SOT device, we will also discuss another path to ultrafast operation of
MRAM,  which  can  be  realized  by  the  thermally-assisted  switching  mechanism.  We  experimentally
determine the thermal conductance in ultrathin MgO and interface thermal conductance at CoFeB-MgO
interface  by  using  the  pico-second  time-domain  thermoreflectance  technique.  Our  experimental  data
enables the accurate simulation of temperature profile in magnetic tunnel junctions, which is critical to
designing a thermally assisted MRAM cell.
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Fig.1 Schematic of STT (left) and SOT (right) 
memory cell. RL: reference layer; FL: free layer.

Fig.2 Switching of a 2-terminal SOT device under
(a) positive field or (b) negative field along the x-
axis (same as the in-plane current).

      
Table I Representative parameters for STT-MRAM and SOT-MRAM.

RA (Ω•µm2)
Switching current
density (A/cm2 )

Switching
time (ns)

External magnetic
field (Oe)

References

STT-MRAM < 9 3 × 106 2 - 10 0 (Wang et al. 2018) [1]

SOT-MRAM

Depends on
3-Terminal

or 2-
Terminal 

5.4 × 106 0.18 – 0.4 
50-1000

or zero
(Garello et al. 2014) [2] 
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Development of emerging magnetic random access memory (MRAM) elements requires a search for 

new materials with the goal to achieve efficient manipulation of magnetization and thermal stability at 

small dimens ions. Magnetization manipulation can be achieved through several phenomena such as spin 

transfer torque (STT), spin orbit torque (SOT) and voltage controlled magnetic anisotropy (VCMA). 

Scalability of MRAM devices based on interfacial perpendicular magnetic anisotropy (PMA) crucially 

depends upon the ability of obtaining signif icantly high PMA required for thermal stability and therefore 

for reliable information retention. Optimal combination of materials is necessary to achieve high interfacial 

PMA while maintaining high spin torque efficiency and spin polarization as well as low damping for 

energy efficient magnetization switching. Computational atomistic modeling approaches allow to provide 

an insight for experimental research narrowing down search for materials with optimal performance.  

An atomistic approach based on the non-equilibrium Green’s function formalism within the tight 

binding Hamiltonian model was developed for STT calculations [1-4]. The model predicts that the in-plane 

and out-of-plane components of STT in magnetic tunnel junctions (MTJ) can be expressed through 

longitudinal spin current and spin-dependent reflection coefficients respectively, greatly simplifying 

analyses of this phenomenon [1]. The bias dependence of STT in various systems was revealed included 

ferroelectric [2], ferrimagnetic [3] and antiferromagnetic [4] tunnel junctions. Finally a systematic study of 

STT dependence of material specif ic parameters such as the band width, exchange splitting, band filling as 

well as the influence of disorder and quality of interfaces on STT efficiency was performed. Recently the 

aforementioned tight binding model was extended for the geometry with in-plane charge current to 

simulate SOT induced by interfacial Rashba spin-orbit coupling (SOC) [5]. This atomistic SOT description 

provides insight into the physical picture of this phenomenon suggesting an optimal choice of material 

specific parameters to improve SOT efficiency.  

 

 

Fig. 1. Layer resolved contribution to MAE in ordered CoFe and MgO/CoFe thin layers: (a) Fe-terminated 

and (b) Co-terminated CoFe and MgO/CoFe layers.  

 

One of most promising candidates for STT-MRAM devices is CoFeB/MgO-based MTJ due to its high 

spin polarization and low damping. PMA in CoFeB/MgO MTJ arises from its surface anisotropy which is 

considerably smaller compare to bulk magnetic anisotropy in materials containing heavy elements with 

large intrins ic SOC. Therefore interface engineering of CoFeB based alloys is essential to achieve high 
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PMA. Density functional theory (DFT) electronic structure calculations were used to explore PMA in 

CoFe and CoFeB based structures. On Fig. 1 atomic layer resolved contribution into magnetic anisotropy 

energy (MAE) in ordered Fe-terminated and Co-terminated CoFe and CoFe/MgO layers is shown. The 

calculations indicates that the largest contribution to PMA arises at MgO/Fe interface and therefore PMA 

in CoFe/MgO structure can be enhanced by using Fe-rich CoFeB alloys. Influence of different metallic 

layers (M) on PMA in MgO/CoFe/M structures was also studied.   

 

 

Fig. 2 (a) VCMA in MgO/Fe bilayer with ideal interface and in MgO/Fe bilayers with over-oxidized 

interface and with O-vacancy at the interface between Fe and MgO. (b) Contribution to VCMA in ideal 

Fe/MgO structure from different atomic monolayers of Fe away from their interface with MgO.   

 

Magnetization manipulation by STT and SOT requires high current density that may result in 

signif icant limitations for spin torque MRAM applications. VCMA is an alternative, energy efficient way 

for magnetization switching. Restricted by the constraint of maintaining high PMA required for thermal 

stability, VCMA effect needs to be large enough to overcome high PMA to switch magnetization. DFT 

calculations were used to obtain VCMA coefficient through the difference between MAE at applied 

electric fields and MAE at zero electric field. Calculated data shown in Fig 2 (a) indicates that VCMA 

coefficient in MgO/Fe structures is not too sensitive to the quality of the interface between Fe and MgO. 

For instance calculated VCMA coefficient is -140 fJ/Vm in Fe/MgO bilayers with ideal interface, -105 

fJ/Vm for over-oxidized interface and -160 fJ/Vm in the presence of O-vacancies at MgO/Fe interface. 

Layer resolved contribution to VCMA shown in Fig. 2 (b) explains these findings and in agreement with 

[6] points out that in contrast with magnetic anisotropy where interfacial atoms of 3d transition elements 

determine the magnitude of PMA, the contribution from Fe/MgO interface to VCMA is relatively small. In 

this talk a comparison between measured and calculated values of PMA and VCMA coefficients will be 

presented. Such a combination of experimental and theoretical analyses allows to understand the 

underlying physics and to determine dominant mechanism of the aforementioned phenomena.  
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STT-MRAM are attracting an increasing interest from microelectronics industry. They are about to enter in 

volume production with the first goal of replacing embedded Flash memory. To go towards high density STT -

MRAM at sub-20nm nodes, two major issues have to be solved. One is the nanopatterning of the magnetic tunnel 

junctions at 1x feature size (F) and narrow pitch (pitch<2F). The other is to increase the thermal stability of the 

storage magnetization at sub-20nm nodes. Here are proposed innovative approaches to solve these two difficulties. 

 

I. NOVEL APPROACH FOR THE NANOPATTERNING OF MAGNETIC TUNNEL JUNCTIONS AT 

NARROW PITCH 

 
Spin-Transfer-Torque Magnetic Random Access Memory (STT-MRAM) based on out-of-plane magnetized MTJ 

(pMTJ) is one of the most promising emerging non-volatile memory technologies. Indeed, it combines a unique 

set of assets: quasi infinite write endurance, high speed, low power consumption and scalability. Embedded STT-

MRAM are about to replace e-FLASH memory. For this type of applications not requiring very high memory  

density, the preferred etching technique is still ion beam etching (IBE). However this technique is not appropriate 

for high density memory due to shadowing effects. This effect worsens as the memory pitch shrinks below 

typically 5F resulting in a poor control of the critical dimension at very dense pitch  [1]. Reactive ion etching (RIE) 

was also tried for MTJs patterning with various gas but was  found to be very complex due to the heterogeneous 

nature of the MTJ stacks and to cause corrosion and delamination of the magnetic materials [2]. Therefore, to be 

able to use STT-MRAM as a dense working memory, a new method for nanopatterning MTJ elements  at small 

feature size (F<20nm) and narrow pitch (pitch~2F) is still required. In our novel approach, the MTJ stack is 

directly deposited on pre-patterned conducting pillars consisting of a non-magnetic material for which the 

patterning process is already well mastered (e.g Ta pillars prepared by RIE or Cu or W vias prepared by damascene 

process). Thus, the MTJ stack is naturally patterned while being deposited, not requiring any post -deposition 

etching. Some magnetic material is also deposited in the spaces between pillars. It can be left there without causing 

any problem. Fig. 1(a) illustrates the principle of this nanopatterning process. The prepatterned  non-magnetic 

metallic pillars are etched with undercut by a combination of anisotropic and isotropic RIE. The undercuts prevent 

shortcuts between the MTJ material deposited in the trenches and the feet of the pillars. 

 
Fig. 1 (a) Illustration of the principle of the nanopatterning of magnetic tunnel junctions at sub-20nm feature size 

(F) and narrow pitch by depositing the MTJ stack on prepatterned pillars. (b), (c) Room temperature 

magnetoresistance loop of perpendicular MTJ stack deposited on pre-patterned Ta/Pt pillars versus perpendicular 

magnetic field (b) and voltage (c). 

 
In this study, the prepatterned pillars consisted of Ta posts capped with a Pt etching mask. Conventional out-of-

plane magnetized magnetic tunnel junction stacks were then deposited on these prepatterned arrays of pillars . 

Subsequently, top contacts were made on top of these junctions to measure their magnetoresistance properties and 

STT-switching characteristics. Fig.1 (b) and (c) illustrate typical R(H) loops and STT-switching experiments  

performed on such nanopatterned MTJs [3]. STT switching is observed at write voltage of the order of 0.3V for 

100ns write pulse which is comparable to typical values observed in MTJs patterned by RIE. 

 

II. PERPENDICULAR SHAPE ANISOTROPY STT-MRAM (PSA-STT-MRAM) 

 

In STT-MRAM, a key parameter is the thermal stability factor T which determines the bit error rate in standby  

Steven Lequeux 

E-mail: steven.lequeux@cea.fr 

tel: +33 4 38 78 02 67 

67

E1



                     

(i.e. the memory retention) and during read. In macrospin approximation, ΔT is given by: 

∆𝑇  = 
𝐸𝐵

𝑘𝐵 𝑇
=  

𝐴

𝑘𝐵 𝑇
 [

1

2
µ0𝑀𝑆

2𝑡 (𝑁𝑥𝑥 − 𝑁𝑧𝑧) +  𝐾𝑆]                                       (1) 

where EB is the energy required to switch the memory between its two stable states at temperature T, kB and μ0 

are respectively the Boltzmann constant and the vacuum magnetic permeability. M S is the saturation 

magnetization, Nxx and Nzz are respectively the in-plane and out-of plane demagnetizing factors where z refers to 

the out-of-plane direction, A=π(D/2)2 is the storage layer area with D its diameter, t its thickness, KS is the 

interfacial anisotropy at the MgO/FeCoB interface. For standard FeCoB/MgO/FeCoB p -MTJs, Nxx - Nzz = -1 as 

the thickness (1.4 nm) is much lower than the diameter (> 20 nm) leading to a negative (i.e. in-plane) 

demagnetizing anisotropy. On the contrary, the strong positive interfacial anisotropy (KS
FeCoB ~1.4 mJ/m2 for Fe 

rich alloys) pulls the magnetization out-of-plane. To fulfill industrial needs, ΔT should be typically in the range 

60 to 100 at 300K [4] depending on the memory capacity and allowed bit error rate. Because ΔT scales 

quadratically with D for sub-20nm diameter (macrospin model)[5], Δ300 inevitably drops below 60, thus limiting  

the downsize scalability of p-STT-MRAM. To increase T at sub-20nm feature size, it is proposed to dramatically  

increase the thickness of the storage layer to values comparable to its diameter so that its shape anisotropy becomes 

positive (i.e. out-of plane) as the interfacial anisotropy. Fig.2 (a) shows the evolution of T (color scale) versus 

storage layer diameter and thickness. This diagram shows that T above 60 can be maintained for MTJs down to 

4nm diameter provided their storage layer thickness is increased up to ~30nm. 

 
Fig. 2 (a) Stability diagram of a cylindrical storage layer made of FeCoB(1.4 nm)/Co(t-1.4 nm) versus its total 

thickness (t) and diameter (D), at room temperature (300 K). MS
FeCoB = 1.0 106 A/m and KS

FeCoB = 1.4 mJ/m2 , 

MS
Co = 1.446 106 A/m and Ku

Co= 0 J/m3. The iso-Δ line, Δ300 = 60, is highlighted in bold white, other iso-Δ lines 

are shown in dashed black lines . (b), (c) Evolution of the resistance R as a function of a perpendicular field for 

MTJ of various diameters D in the cases of a 60 nm thick storage layer of NiFe (b) and Co (c). 

 
This concept of Perpendicular Shape Anisotropy STT-MRAM (PSA-STT-MRAM) was demonstrated by 

patterning narrow MTJ pillars with thick storage layer. NiFe and Co-based storage layers were investigated. The 

magnetic and transport properties of these MTJs were measured electrically as illustrated in Fig.2 (b) and (c) with 

field applied out-of-plane. Clearly, strong perpendicular magnetic anisotropy was observed at diameter down to 

8nm. T could be as high as 200 in some of these 8nm diameter junctions demonstrating that very high thermal 

stability can be achieved in these PSA-STT-MRAM. Of course, the cell aspect ratio (t/D) must be adjusted to 

keep T in the range 60-100 allowing to get switching by STT. 
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I. ABSTRACT 

Perpendicular magnetic tunnel junctions (p-MTJs) based on MgO/CoFeB structures are drawing 

people’s attention as their excellent thermal stability, scaling potential, and power dissipation are 

signif icant for the study of spin-transfer torque magnetic random-access memories (STT-MRAMs) [1]. In 

particular, p-MTJs with a MgO/CoFeB/heavy metal (HM) structure have been thoroughly studied for their 

enhanced perpendicular magnetic anisotropy (PMA) that originates from both MgO/CoFeB and CoFeB/ 

heavy metal interfaces [2]. Then we used the first-principles calculations to investigate the magnetic 

anisotropy energy (MAE) of the MgO/CoFe/capping layer structures and demonstrated that it is feasible to 

enhance PMA by using proper capping materials [3]. Moreover, we experimentally investigated the 

dependence of magnetic properties on different capping materials through time-resolved magneto-optical 

Kerr effect measurements as well as magnetometry measurements, results showed the Co/heavy metal 

interface play an important role on the interfacial PMA and damping constant. Especially, the magnetic 

multilayers with a W capping layer features the lowest effective damping value compared to Ta and Pd [4]. 

In addition, we calculated the spin resolved conductance and the tunnel magnetoresistance (TMR) ratio in 

X/CoFe/MgO/CoFe/X MTJ atomic structure with capping material X of W, Ta, or Hf. It can be seen that in 

the parallel condition of MTJ, sharp transmission peaks (attributed to the resonant tunnel transmission 

effect) lead to obtain a giant TMR ratio using W buffer and capping layer [5]. In view of high interfacial 

PMA, low damping and giant TMR are together appearing in MTJ structure with W, the bottom-pinned 

p-MTJ stack with atom-thick W layers and double MgO/CoFeB interfaces was deposited using magnetron 

sputtering with 410° post-annealing. Then a large TMR of 249%, a resistance area product as low as 7.0 

Ω∙µm2 and relatively low JC0 at room temperature were presented in nanopillars. Furthermore, by using the 

first-principle calculation, we found that atom-thick W layers can induce resonant tunnelling transmission 

that are more efficient than Ta layer, providing a comprehensive explanation to the origin for this large 

TMR [6]. In summary, we demonstrated for the first time current-induced magnetization switching in 

p-MTJs with atom-thick W layers, the experimental investigations and theoretical analyses provide an 

insight into the role of atom-thick W layers in determining high performance in p-MTJs. We expect that 

this work can contribute to the research and development of STT-MRAMs. 
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I. STT-MRAM FOR EMBEDDED APPLICATIONS 

Perpendicular Spin-Transfer-Torque Magnetic Random Access Memory (STT-MRAM) technology has 
overcome major hurdles over the past few years, opening the way to mass production for embedded 
non-volatile memory applications. The first major advance needed to enable embedded applications was 
the demonstration that the Magnetic Tunnel Junction (MTJ) devices can withstand backend-of-line 
(BEOL) processes at 400°C without degradation of their magnetic and electrical transport properties. Since 
we first reached this milestone in 2013 [1, 2], significant progress has been made, as shown by the 
demonstration of perpendicular magnetic anisotropy (PMA) exceeding 10 kOe for sub-30nm devices 
submitted to 2.5 hours annealing after patterning [3].  

Another key milestone was the demonstration of Mb-sized fully functional chips having ppm-level 
defect rate and error-free writing and reading [2]. This achievement also enabled the thorough 
investigation of data retention at the ppm-level error rate required for applications. By measuring the 
retention error rate as a function of bake temperature and duration, we have shown that data retention in 
the ppm regime is given by an effective thermal stability factor, which depends both on the median and 
standard deviation of the thermal stability factor distribution [4]. Most importantly, the effective thermal 
stability factor is strongly dependent on temperature. It exhibits an almost linear decrease over a wide 
range of temperatures, with a variation coefficient as high as 0.45 per degree for standard MTJ stacks [4, 5]. 
Thus, meeting data retention targets at high operating temperature (e.g at least 150°C for automotive 
applications) requires much higher values at room temperature. However, since STT write current is also 
proportional to the thermal stability factor, such devices also become harder to write. 

 

II.STT-MRAM FOR FLASH REPLACEMENT APPLICATIONS  

The first mainstream embedded application for STT-MRAM is for embedded Flash replacement for 2X 
lithography nodes, at which the fabrication process of conventional embedded Flash is complex and 
expensive. For many of these applications, data written in the memory must be preserved during the reflow 
soldering process used to package the chips. This entails heating the chips at 260°C for up to 90 seconds. 
As discussed above, because of the strong temperature dependence of the thermal stability factor, meeting 
this requirement is more challenging than achieving 10 years data retention with ppm error rate at 150°C. 
We have designed a MTJ stack with high PMA and low temperature coefficient of the thermal stability 
factor to qualify STT-MRAM for reflow soldering. As shown in Fig. 1a, the error rate of 30 chips after 
simulated reflow procedure remains below the 10 ppm target, low enough to be handled by ECC. The 
write error rate at room temperature of one of these 10 Mb chips is shown in Fig. 1b for 250 ns long write 
pulses. Without ECC, error-free writing is achieved with significant margin. This demonstrates that reflow 
qualification is achieved without compromising chip performance [6, 7]. 
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III.TOWARD LAST LEVEL CACHE APPLICATIONS  

STT-MRAM is also an attractive candidate to replace SRAM for Last Level Cache (LLC) memory 
applications at advanced lithography nodes. Indeed, the 1Transistor-1MTJ STT-MRAM cell is much more 
compact than the standard 6 transistors SRAM cell. As reported previously [8] and shown in Fig. 2, 
STT-MRAM devices can be written reliably down to sub-ns write pulses by overdriving. However, 
voltages used in this example are too high. For STT-MRAM to provide a viable alternative to SRAM in 
terms of density and performance, sub-30 nm MTJ devices operating at low write current and voltage and 
high read/write speed are needed. This poses a new set of materials and physics challenges in terms of 
spin-torque efficiency, tunnel transport properties, as well as tight control of distributions and 
process-induced damage. We have developed ultralow power and voltage devices compatible with LLC 
applications at 0X nodes [9]. In this presentation, we will discuss development of materials, devices and 
processes underlying this breakthrough.   
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Fig.1 (a) Error count of 30 different 10Mb chips after simulated reflow soldering procedure (90 seconds 
bake at 260°C). The chips are initialized in two 5 Mb blocks of logic 0 and 1. Solid and open symbols 
show bit flips from 0 to 1 and 1 to 0, respectively. (b) Error count as a function of bit line voltage for one 
of the chips shown in (a). All bit can be written without any error, without ECC, using 250ns write pulses.  

 

Fig.2 Error rate vs. write pulse voltage and length for a single device (reproduced from [8]).   
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I. INTRODUCTION 

While the physics of STT-MRAM and perpendicular magnetic tunnel junction (pMTJ) devices are well 

understood, the processing of these devices has been more of an art for many years, primarily developed in  the 

HDD industry. Basic processing requirements such as thin film stack thickness and composition control, as well 

as repeatable etching of non-volatile materials in dense arrays are ext remely challenging and have been among 

the major impediments for widespread adaptation of STT-MRAM. Some of recent developments in the process 

equipment at Applied Materials addressing these issues are reviewed in this talk [1-4].  

 

II. MTJ FILM STACK DEPOSITION 

Specialized chambers and new processes have been developed to deposit the MTJ film stack [1]. In Endura 

CloverTM PVD System of Applied Materials, a multi-cathode chamber was developed using the targets in a tilted 

geometry to the wafer normal and including wafer rotation (Fig. 1  left). This allows controlling thickness and 

uniformity of ultra -thin films. A RF sputtering chamber was specially designed for MgO tunnel barrier that 

allows good barrier integrity, stoichiometry, and particle control. High vacuum at 10-9 Torr was implemented for 

all chambers as well as the platform to keep materials and their interfaces free of moisture. In-situ heating and 

cooling processes have also been developed and integrated with the PVD system for texture control. In  addition, 

in-situ process control tools are being developed such as in-situ film thickness measurement and automatic   

FL material stack and process , for interface controlled  PMA, were optimized to improve switching 

efficiency [3]. To get low switching voltage (Vc) at the same data retention energy barrier (Δ = Eb/kT), FL 

needs to have low magnetic moment, low damping, and high exchange stiffness. As shown in Fig. 2, by 

optimizing from FL1, FL2 achieved lower Ic (94 vs. 126 μA) with the same Δ ~ 70.  

The tunnel barrier is another critical part  of the MTJ stack. The MgO tunnel barrier can be deposited by RF 

sputtering of MgO target or by DC sputtering of Mg and oxidizing the film. Devices with MgO made by both 

methods were fabricated and measured. Fig . 3 inset shows device by both methods have TMR ~ 125% and Rp 

around 6500 Ohm with film RA ~ 10 Ohm∙μm2. Although resistance and TMR are similar for the two types of 

devices, the breakdown voltage (VBD) d ifferentiates them with VBD = 1550 mV for RF MgO and VBD = 1410 

mV for Mg plus oxidation as shown in Fig. 3. RF MgO demonstrated better barrier integrity than Mg plus 

oxidation thus more suitable fo r tunnel barrier with RA around 5 ~ 10 Ohm∙μm2. In order to reduce particles for 

RF MgO process, special attention was given to chamber design  and chamber conditioning.  
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Fig. 1. (left) Multi-cathode chamber schematic. (right) pMTJ stack structure.  

Fig. 3. V
BD

 between RF MgO and Mg+Ox.   Fig. 2. Improvement of SAF coupling leads to low WER.  
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III. MTJ PATTERNING  

MTJ patterning and etching is critical step that controls short yields and performance degradation. 

Traditional halogen based reactive ion etch (RIE) is not very effective in  providing h igh yielding MTJ arrays 

because of performance degradation induced by chemical damage. In addition, the MTJ pillar hard mask 

patterning step is also critical for yields and has to be carefully optimized along with the MTJ etch process to get 

to memory densities that are competitive to semiconductor memories.  

 

MTJ etch was developed using plasma ribbon beam etching (PRBE) tool of Applied Materials  (Fig. 4 left ) 

[4]. The noble-gas plasma ribbon beam was generated in a remote inductively-coupled-plasma radio-frequency 

source with ions accelerated by a pulsed DC system. A ribbon beam was formed using novel extraction optics 

that resulted in constant distance from the plasma source for each point along the ribbon. The wafer was rotated 

during ribbon beam processing to achieve superior uniformity, and optical emission spectroscopy was used for 

precise endpoint control. With PRBE, each MTJ pillar across the 300 mm wafer saw the same beam density and 

beam angle distribution.  

 

Fig. 4 midd le shows Top-down SEM and cross-section TEM image of a MTJ array processed by DRBE. The 

MTJ CD is around 40 nm, and array pitch is 88 nm (~4Gb of MTJs per die). MTJ etch process was optimized to 

get higher TMR of 138% compared to 76% by baseline etch with film TMR = 160% at RA = 5 Ohm∙µm2 

annealed at 400°C for 0.5 hour (Fig. 4 right). TMR% and Hc data down to 25nm CD MTJ was shown in a 

previous publication [4] using this technique, that demonstrated damage free etch is possible with this technique. 

 

IV. CONCLUSIONS 

We have discussed recent developments in equipment and process for STT-MRAM, where MTJ film stack 

deposition is direct ly related to device performance, and MTJ etch affects MTJ array scaling towards small CDs 

and tight pitches. With the device physics well studied, these key processes would be the enablers of 

STT-MRAM for applications such as embedded memory and cache memory.  
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I. INTRODUCTION 

Spin-Transfer-Torque MRAM was invented at IBM by John Slonczewski in the early 1990s.[1]  By 

using a spin-polarized current, instead of a magnetic field, to write a magnetic free layer in a magnetic 

tunnel junction, the required write current naturally decreases with area, providing attractive technology 

scaling.[2,3]  The discovery of high magnetoresistance in MgO tunnel barriers at IBM by Stuart 

Parkin,[4] and later independently by Shinji Yuasa,[5] enabled sufficient read signal to efficiently read 

magnetic tunnel junctions.  The discovery of perpendicular magnetic anisotropy in thin CoFeB/MgO 

layers at IBM [6] and independently by Tohoku University [7] enabled a dramatic reduction in the 

switching current, and opened the way to practical perpendicular magnetic tunnel junctions for dense 

Spin-Transfer-Torque MRAM.[8]   

 

II. LOW SWITCHING CURRENT 

In order for MRAM to become a mainstream technology, it is required to reduce the switching current, 

in order to reduce the size of the access transistor required, and therefore increase the number of bits that 

can be packed onto a chip.  This talk will discuss our recent results at IBM on methods to lower the 

switching current of Spin-Transfer-Torque MRAM and achieve low write-error-rate by using optimized 

magnetic materials [9,10] and double magnetic tunnel junctions [11,12].  
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I. DECENTRALIZED AI MARKET INTRODUCTION 

Artificial Intelligence (AI) is recognized as the 4th industrial revolution of advanced technology world.  

The existing AI market is mainly controlled by tech giants, which offer cloud-based AI solutions and 

Application Program Interfaces (APIs). This model assumes little control of users over the AI products and 

such a centralized model could lead to the monopolization of the AI market. This could then cause unfair 

pricing, a lack of transparency, interoperability and limited participation of smaller companies in AI 

innovation. Thus, the emergence of a decentralized AI market, born at the intersection of blockchain, 

on-device AI and edge computing/Internet of Thing (IoT) is developing. 

Decentralized AI market means AI, IoT and Blockchain technology working together for a better 

connected, efficient, and more secure world. AI is closely related to AI-based edge computing that allows 

complex AI algorithms to run on IoT devices like sensors, security cameras, drones or autonomous 

vehicles. Another recent trend in the AI market is the development of decentralized networks built on the 

blockchain. By definition, centralized proprietary solutions cannot be exposed to many users in the 

decentralized network. If the goal is to run a fully autonomous AI agent making smart managerial 

decisions and distributing profits, decentralized AI on blockchain is the way to go. Blockchain is a 

digitized, decentralized ledger of all transactions. The transactions are replicated across multiple computers 

and linked to each other to make any tempering with records virtually impossible.  

 

 

II. EMBEDDED MRAM & other emerging NVM 

AI requires memory-centric computing for better processing power and to be more energy efficient. 

Magnetic Random-Access Memory (MRAM) appears to be the most promising emerging Non-Volatile 

Memory (NVM) technology when compared to SRAM, eFlash, and ReRAM in terms of energy efficiency, 

endurance, speed, extendibility, and scaling1.  Table 1 highlighted the differentials of MRAM to other 

memory candidates. 

At this year’s CES show in Las Vegas2, there were many AI enabled and controlled IoT-based products 

enhancing an increasing number of consumer devices and services. Also, major memory and storage 

companies demonstrated how they intend to enable the next generation of non-volatile memory and 

storage. IoT with Embedded MRAM indeed attract intensive development due to better energy efficiency, 

extendibility and scaling3. Figure 1 showed power consumption of AI MRAM IoT device. Many 

well-known universities such as MIT and Stanford U are working on reducing power consumption and 

potential grid failure4. If IoT have both embedded AI and embedded MRAM, the sensors can start 

reasoning, learning and even talking to each other – bringing the intelligence level of the internet to higher 

grounds with lower power consumption. 

 

III. DECENTRALIZED AI & EMBEDDED MRAM – ENABLED SOLUTIONS 

   The concept of decentralized AI is simple. Imagine a data store that has no specific owner. All the 

involved parties can contribute to it while at the same time every one of them can use it to train their AI 

algorithms. Since everyone is using the store to train their algorithms, they all have a stake in keeping the 

data clean. The challenge with decentralized AI is creating a store that isn’t owned by a single party. One 

innovative solution is the use of blockchain, the distributed ledger that underlies cryptocurrencies. 

Blockchain uses cryptography to prevent the tampering of data and is transparently visible to everyone. 

Anyone can audit the data contained on the blockchain.  
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   AI applications require fast access to data and are very compute intensive. Scaling for very large 

datasets, as AI applications require, could be a potential problem eg power issue, fast reliable memory, and 

security control etc. But we’re seeing solutions emerge to these problems.  Embedded MRAM, a promising 

energy efficient with low power consumption, and a highly scalable and tolerable secure memory chip 

design, would enable the best solution for the decentralized AI market needs.  

 

IV. SUMMARY 

Artificial Intelligence (AI) gets layered over the IoT platform while the data from external sources 

flows through the Blockchain platform. Even the data exchange within the IoT network can happen over 

Blockchain to ensure traceability and recording of all transactions. Multiple IoT networks can exchange 

data while the power of AI will get exponentially enhanced with more data. The trinity of these 

technologies if enabled with embedded MRAM memory technology will not only help increase energy 

efficiency but also help faster and securer businesses delivering better customer and technology service. As 

of now, Blockchain technology appears to be the most promising solution for the internet security issue5.   

IoT, AI and Blockchain can complement each other well (see Figure 2). Embedded MRAM can help 

blockchain technology for AI and AI IoT needs. Blockchain-based platforms are emerging as one of best 

options to securely connect artificial intelligence with IoT at the network edge.   
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Table I MRAM and other memory   Fig. 1 Power for AI MRAM IoT device  

Memory / 
Category

MRAM eFlash SRAM ReRAM

Technology node 
manufacturability

28  22  12  7 
or 5nm?

40 nm 28, 22, 16, 12, 7nm 40  28  22nm

Power 
consumption

Area (chip size)

Reliability

Overall

 

Power @100MHz* 16 bit 32 bit 64 bit

Read power, mW 3.9 7.8 15.6

IoT power usage (1%), uW 39 78 156
 

Fig. 2 AI/IoT/Blockchain examples 

Sensors Network IoT platform Applications
 

76

E6



                     

THERMAL STABILITY DETERMINATION BY CURRENT-DRIVEN 
SWITCHING: LIMITATIONS OF MACROSPIN MODEL 

 
Dmytro APALKOV1, Sue WANG1 and Vladimir NIKITIN1 

1) New Memory Technology Lab, Samsung Semiconductor Inc., San Jose, CA, USA, 

d.apalkov@samsung.com 

 

 

I. INTRODUCTION 

In the last few years, there was a lot of controversy regarding one of the fundamental properties of the 

perpendicular STT-MRAM: thermal stability of the free layer. The two standard measurements of thermal 

stability of a single MRAM cell rely on accelerating the switching rate by either application of the magnetic 

field (field-driven switching) or current (current-driven switching) of various amplitude and study of 

switching rate as a function of the amplitude of the field (or current) and subsequent application of 

macrospin-based model to extract the value of thermal stability. These measurements result in thermal 

stability, which is almost constant as a function of diameter above 30-40 nm [1,2] in contrast to expected 

increase of Δ (e.g. as demonstrated by NEB (Nudged Elastic Band) modeling)[3]. A lot of effort was spent 

on solving this paradox, mostly focusing on modification of the underlying model (e.g. “effective nucleation 

volume” picture). An important discovery was chip measurements at elevated temperatures without 

application of magnetic field or current that showed Δ increasing with size for all studied dimensions [4]. 

The same study also demonstrated that application of the field to accelerate the switching results in flat 

dependence of delta on the size, which was associated with artifact coming from using the macrospin model 

to describe non-macrospin behavior [4]. In our work, we evaluate the behavior of thermal stability obtained 

by current-driven switching using either quadratic or linear anzats [5] and compare the results to Δ obtained 

by Nudged Elastic Band (NEB) modeling[3] and discuss the limitations of the macrospin model. 

 Subject: TMRC 2018 – Digest 
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II. DELTA DEPENDENCE ON THE CURRENT 

For in-plane STT-MRAM structures, it was shown that the switching current at long pulses depends in 

the following way on the pulse width tp and Δ [6]: 

 𝐽𝑐(𝑡𝑝) = 𝐽𝑐0 (1 −
1

∆
𝑙𝑛(𝑡𝑝𝑓0)) (1) 

This equation was used as a standard way to extract both Δ and the critical switching current density Jc0 

for in-plane structures by measuring Jc (tp) at tp >> 1 ns. It was inferred that this equation also holds for 

perpendicular free layer and is still used by many research groups. In our previous work [5], we used brute-

force macrospin modeling and showed that the above approach would give underestimation of both Δ and 

Jc0 and instead the following dependence should be used [5]: 

 𝐽𝑐(𝑡𝑝) = 𝐽𝑐0(1 −
1

√∆
√𝑙𝑛(𝑡𝑝𝑓0)) (2) 

which should give the correct Δ and Jc0. This was in agreement with prior theoretical work by others [7,8,9]. 

The above formula still assumes the free layer to behave as a single moment (macrospin assumption). In this 

work, we perform micromagnetic modeling to evaluate the limitations of the above approach and discuss 

some of the important implications of non-homogeneity of spin-torque driven switching. 

III. MICROMAGNETIC MODELING 

We used GPU-based micromagnetic code (not macrospin) to simulate a thermally-driven switching of a 

single MTJ cell as a function of the applied current. To speed-up the simulation, only the free layer is 
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modeled. The system is relaxed (at room temperature without the current) for 20 ns and then rectangular 

current pulse is applied of various pulse width, followed by relaxation for 20 more ns. The probability of the 

switching is calculated by repeating the simulation a number of times and counting the number of times the 

free layer has switched. Then, we used the above eq. (1) and (2) to obtain Δ1 and Δ2 respectively. 

To get thermal stability factor ΔNEB by other means we used Nudged Elastic Band (NEB) method to get 

the minimum energy barrier connecting two equilibrium states. This method is based on connecting the two 

states with a series of images of magnetization states and moving the images while preserving the equal 

distance between them along the local energy gradient to find the switching trajectory that has the smallest 

energy barrier. This energy barrier should properly account for any non-homogeneity during thermally-

activated switching. We found that for typical parameters (Aex = 1 erg/cm, MS = 1000-1200 emu/cc, thickness 

between 1.0 and 2.0 nm), the free layer switches by domain wall propagation and the energy barrier varies 

roughly proportional to the diameter of the cell. When the diameter becomes smaller than 10-15 nm, quasi-

uniform rotation becomes the primary switching mechanism since formation of the domain wall at these 

sizes is no longer energetically favorable. 

Then, we will compare Δ1 and Δ2 to the ΔNEB and discuss the impact of the findings and important artifacts 

related to macrospin assumption used in eq. (1) and (2). 
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Magnetoresistive random access memory (MRAM) based on spin transfer torque (STT) is entering 

volume production in the semiconductor industry. While STT-MRAM offers nonvolatile embedded 

memory operation with high endurance, its ultimate energy efficiency, speed and scalability are limited by 

its current-controlled write mechanism. In this talk we discuss novel device candidates, physics, and 

materials which may enable approaching the fundamental limits of speed and energy efficiency in 

spintronics. Building on the success of STT-MRAM, these emerging device candidates may not only 

address a broader cross-section of the memory hierarchy, but also enable new computing architectures with 

simultaneous ly ultralow-power and high-performance attributes, which are important for machine 

intelligence on both edge and cloud platforms. 

We first review the recent progress and perspectives of voltage-controlled nonvolatile magnetic 

memory devices, which offer ultralow dynamic energy dissipation, as well as reduced standby power due 

to nonvolatile data retention. We discuss progress in the development of magnetic tunnel junctions using 

voltage-controlled magnetic anisotropy (VCMA) for switching, which exhibit the lowest power 

consumption MRAM cells to date (single-digit fJ/bit with precessional switching times ~1 ns [1-7]). The 

current device and materials-level challenges and opportunities are discussed, including bias ing, VCMA 

coefficients, read disturbance, and write error rates. We evaluate array-level performance of this memory 

considering different use models within the memory hierarchy and under different workloads.  

As a strategy to further reduce switching time, and improve energy efficiency and scalability of 

VCMA-based MRAM, we then examine the VCMA effect in new free layer structures containing 

antiferromagnetic materials. We show that the large exchange field present in such free layers allows for 

dramatic reduction of the switching time, down to < 10 ps, which is also expected to reduce the energy 

dissipation during writing. A micromagnetic framework is used to incorporate the VCMA effect and 

current-induced spin torques in the device model. To simulate the spin dynamics, two coupled 

Landau-Lifshitz-Gilbert equations are solved for the two opposite sub-lattices, coupled by an exchange 

field. The simulation results show that for sufficiently large applied electric fields which overcome the 

anisotropy, a high-frequency resonance is excited. This VCMA-induced anti-ferromagnetic resonance is 

used to switch the Néel vector by 180 degrees for voltage pulses shorter than 10 ps. In addition, we discuss 

the variation of switching behavior and optimum pulse width depending on voltage, external magnetic 

fields, damping, and exchange interaction. This proposed switching mechanism can enable ultralow-power 

voltage-controlled spintronic devices based on antiferromagnetic materials.   
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The Dzyaloshinskii-Moriya interaction (DMI) is of large interest from a scientific as well as from a 

technological point of view. The DMI is an anti-symmetric exchange interaction, which favors perpendicular 

alignment of neighboring spins [1], [2]. The DMI only exists in systems with broken inversion symmetry. It 

is for example responsible for the canted spin-structure in α-Fe2O3 (Hematite). It can also exist in magnetic 

multilayers, where a ferromagnet is in contact with a heavy metal, for example Pt. Interfacial DMI can be 

described by a three site exchange mechanism, where the coupling between two spins in the ferromagnet is 

mediated by an atom with large spin-orbit coupling in the adjacent material [3], [4]. It can give to chiral spin-

chains, chiral domain walls and skyrmions. Nanoscale skyrmions have the potential to be utilized as bits for 

a novel racetrack memory [5]. Skyrmions promise high stability and they can be generated and propagated 

by spin-orbit torques.  

The DMI can have disruptive effects for magnetic random access memory (MRAM) by reducing thermal 

stability and increasing the switching current [6], [7]. This is especially relevant for spin-orbit torque driven 

MRAM, where a heavy metal is in contact with the free layer. We have demonstrated that ferromagnetic 

films in contact with an oxide can also give rise to DMI. Thus, any MRAM cell with an MgO tunnel-junction 

can potentially be subject to detrimental effects of DMI.  

We are using Brillouin Light Scattering spectroscopy (BLS) to determine the DMI in our sample systems. 

The DMI causes a non-reciprocal frequency-shift for Damon-Eshbach spin-waves. The sign of the 

frequency-shift depends on the polarity of the magnetization and the propagation direction of the spin-waves 

[8], [9]. We use Brillouin Light scattering spectroscopy to determine the spin-wave frequency for both field-

polarities. This allows us to determine the DMI induced frequency-shift. We use Ms and g, which are 

determined by SQUID and ferromagnetic resonance spectroscopy (FMR), to then extract the DMI. This 

method does not require any modeling. 

In order to gain deeper insight into the underlying physics of the interfacial DMI, we prepared different 

multilayer systems with DMI. We found that for a Ni80Fe20(x)/Pt sample series with x ranging from 1 nm to 

13 nm the symmetric Heisenberg exchange and the DMI both show the almost identical thickness 

dependence [9]. This was originally predicted for magnetic oxides and for metallic spin-glasses. With 

another sample series we studied the role of the direct exchange coupling between CoFeB and Pt, where we 

inserted a Cu spacer between the two materials with a thickness x ranging from 0.2 nm to 2.0 nm. We find 

that the DMI and the proximity magnetization in the Pt both show a similar exponential decrease with Cu 

thickness, fig.1. This underlines the importance of the direct exchange for these two phenomena. Moreover, 

we find that the Gilbert damping is highly correlated with the magnitude of the proximity magnetization. 

This suggest that spin-memory loss due to the proximity magnetization strongly contributes to the total 

damping.  

Bulk magnetic oxides are well known for the presence of DMI. We in-situ oxidized a Pt/Co90Fe10 and a 

Cu/Co90Fe10 sample series for different times and subsequently capped these samples to prevent further 

oxidation. Both sample series showed an increase in DMI with oxidation, which demonstrates 

unambiguously that interfacial oxide gives rise to DMI.  The spectroscopic splitting factor g⊥, which we 

determined by perpendicular FMR, changes with the oxidation and is correlated with the increase in the 

DMI. The change in g⊥ indicates changes of the hybridization and the associated charge transfer at the oxide 

interface. This was also predicted by recent density functional calculations (DFT). 
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 Finally, we addressed the importance of the in-plane symmetry of the crystal lattice. So far, most of the 

experimental work has been done on (111) textured films exhibiting C3v symmetry, for which the DMI is 

isotropic. We prepared by molecular beam epitaxy the Pt(110)/Fe system, which has C2V symmetry. Our 

measurements show a two-fold symmetry for the DMI, see fig.2. The ratio for the DMI along the [-110] and 

the [001] agrees with DFT calculations. 
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Fig. 1: Exponential decay of the DMI with Cu 

dusting layer thickness. 

Fig. 2: Angular dependence of the DMI induced 

frequency-shift. 
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I. ABSTRACT  

Spin Transfer Torque Magnetic Random Access Memory (STT-MRAM) is one of the next generation of 

new nonvolatile memory, which has the most industrial prospects and followed lots of new ideas. Recently, 

one published paper reported that under a small electric bias voltage induced by Ionic liquid gating, the 

synthetic anti-ferromagnetic (SAF) multilayer system can be changed from an antiferromagnetic  (AFM) 

coupling state to a ferromagnetic (FM) coupling state [1]. Base on this phenomenon, we propose a new type 

of STT-MRAM which critical write current can reduced by an assisting electric field. Micro magnetic 

simulation will be used to study the switching behavior of the magnetization of the synthetic anti-

ferromagnetic (SAF) free layer under the impact of the electric field. 
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II. INTRODUCTION 

In the past decade, STT-MRAM has been at the core of spintronic memory research and development 

[2-5], and electric-field (E-field) assisted switching has gained attention since it could drastically reduce 

writing energy than spin transfer torque (STT) and thus reduces the size of access transistors, resulting in 

higher bit density [6]. And recent studies focus on E-field regulation of (AFM) has gained increasing 

attention as well. Nevertheless, since the alternative spins at the AFM/FM interface are strongly pinned by 

AFM layer, these E-field control processes are usually confined at a low temperature [7,8] or require an 

magnetic-field assistance [9]. To overcome these difficulties, Yang et al. [1] studied the room temperature 

RKKY interlayer interaction in the synthetic antiferromagnetic (SAF) multilayer only under the impact of 

electric field as a practical way to manipulate the AFM coupling within the SAF structure.  In this sense, this 

E-field controlled SAF layer at room temperature can be treated as a free layer in a traditional magnetic 

tunneling junctions (MTJs), therefor we design a new kind of SAF-MRAM which will has strong potential 

benefits on enhancing the bit density or depressing the energy consumption.  

III. MICROMAGNETIC SIMULATION 

We use Object Oriented Micromagnetic Framework (OOMMF) [10] to simulate the spin dynamic 

process in a simplified spin valve structure (FM|NM|FM) with tunable Ruderman–Kittel–Kasuya–Yosid a 

(RKKY) interaction [11]. With changing the sign of the RKKY interaction, the spin valve can reproduce the 

behavior of the transformation between the antiferromagnetic coupling state and the ferromagnetic coupling 

state. Thus the spin valve can be treated as a SAF free layer, and switched by injecting spin polarization 

charge current. 

Technically, all the spins are governed by the Landau-Lifshitz-Gilbert (LLG) [12] equation, which reads: 

𝑑𝒎

𝑑𝑡
= −|𝛾|𝒎 × 𝑯𝑒𝑓𝑓 + 𝛼 (𝒎 ×

𝑑𝒎

𝑑𝑡
) + |𝛾|𝛽𝜖(𝒎 × 𝒎𝑝 × 𝒎) − |𝛾| 𝛽𝜖′(𝒎 × 𝒎𝑝)                 (1) 

where 𝒎  is the direction of magnetizations, 𝛾  the gyromagnetic ratio, 𝛼  the damping constant, 𝛽 =

|
ℏ

𝑒𝜇0
|

𝐽

𝑡𝑀𝑠
 with 𝐽  the injected charge current density, 𝑡  the free layer thickness, 𝑀𝑠  the saturation 

magnetization, and 𝜖 =
𝑃𝛬2

(𝛬2+1)+(𝛬2−1)(𝒎⋅𝒎𝑝)
 determine the in-plane STT induced by 𝐽  with spin 
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polarization 𝑃 along 𝒎𝑝 direction, 𝛬 is the anisotropy effect of STT. The additional RKKY interaction 

is included by introduced an extra energy term: 

 𝐸
𝑅𝐾𝐾𝑌

= ∑ ∑
𝜎[1−�̂�𝑖 ⋅�̂�𝑗

]+𝜎2
[1−(�̂�𝑖 ⋅�̂�𝑗 )

2]

∆𝑖𝑗

𝑗𝑖
                                              (2) 

where 𝜎 and 𝜎2  , respectively, are the bilinear and biquadratic surface exchange coefficients (RKKY) 

between the two surfaces of the two FM layers in the spin valve, �̂�𝑖  and �̂�𝑗  are the magnetization 

directions at cells 𝑖 and 𝑗 , and ∆𝑖𝑗 is the discretization cell size in the direction from cell 𝑖 towards cell 

𝑗. One should note that if 𝜎 is negative, then the surfaces will be AFM coupled and for simple we keep 

𝜎2 = 0 all the time. 

 

IV. RESULTS 

Within the above frame, the phase diagram of the magnetic state thus can be obtained as the function of 

injecting current and RKKY interaction, the results are shown in Fig. 1, in which, we can conclude that, 

when the RKKY interaction is negative, we need a pretty large charge current to switch the SAF structure, 

however, if the RKKY tuned by E-field to a positive value, the switching process only need a weak charge 

current. In this sense, this E-field controlled SAF-FM transformation could be advantageous is STT-MRAM 

devices. 

Fig. 1 The phase diagram of the magnetic state of the spin valve. The color represents the average 

magnetization along in plane direction, thus both blue and yellow stand for FM state with different direction 

and zero is then SAF state. And in detail we also show the magnetizations texture of part of the devices for 

the corresponding marked points.  
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I. INTRODUCTION 

Spin transfer torque devices using perpendicular magnetic anisotropy (PMA, Ku) materials have 

attracted much interest for the development of ultra-high-density and ultra-low energy spintronic memory 

and logic devices [1,2,3]. Recently, the MTJ devices with the interfacial PMA materials have made 

considerable progress in the application of spin-transfer-torque magnetic random access memory 

(STT-MRAM). When scaling spintronic devices to commercially sustainable sizes, like 10 nm nodes, the 

large Ku and low damping constant (α) values are required to realize longer retention time and ultra- low 

switching current densities. Because of their relatively low Ku (~2-5 Merg/cm3) and relatively large α 

(~0.015-0.027) [4,5], they may not fully satisfy the scaling demands needed for next-generation spintronic 

memory and logic devices. The L10-FePd bulk PMA material possesses very attractive properties, such as 

a large Ku (~13-14 Merg/cm3), a low α (~0.002) [6], which could support node sizes down to 6 nm with a 

reasonable thickness. In this presentation, the fabrication of the L10-FePd single layer and the L10-FePd 

synthetic antiferromagnetic (SAF) layer will be introduced, also the magnetic and spin-transport properties 

of the perpendicular MTJs (p-MTJs) with L10-FePd single layers and L10-FePd SAF structures will be 

shown.   

II. EXPERIMENTAL DETAILS 

The L10-FePd single layer and SAF structure as well as their p-MTJ stacks were prepared under 

ultra-high vacuum (base pressure < 5.0×10-8 Torr) with the standard Shamrock magnetron sputtering 

systems. The FePd thin films and synthetic antiferromagnetic stacks were prepared with a Cr/Pt seed layer 

by co-sputtering of the Fe and Pd targets. The FePd p-MTJ stacks were patterned using optical lithography 

and an Ar-ion milling method into micron-sized MTJ pillars with diameters ranging from 4 μm to 20 μm. 

Subsequently, all MTJ devices were annealed by rapid thermal annealing (RTA) process. The 

spin-transport properties of these p-MTJs were tested at various temperatures by a four-probe technique 

using a Dynacool PPMS.   

 III. RESULTSI AND DISCUSSION 

First, we studied the tunnel magnetoresistance (TMR) of L10-FePd perpendicular magnetic tunnel 

junctions (p-MTJs) with a FePd free layer and inserted diffusion barrier [7]. The diffusion barriers studied 

here (Ta and W) were shown to enhance the TMR ratio of the p-MTJs formed using high-temperature 

annealing, which are necessary for the formation of high quality L10-FePd film and MgO barrier. The 

L10-FePd p-MTJ stack was developed with a FePd free layer with a stack of FePd/X/CoFeB, where X is 

the diffusion barrier, and patterned into micron-sized MTJ pillars, as shown in Fig. 1(a). The addition of 

the diffusion barrier was found to greatly enhance the magneto-transport behavior of the L10-FePd p-MTJ 

pillars such that those without a diffusion barrier exhibited a negligible TMR ratios (<1.0%), whereas those 

with a Ta (W) diffusion barrier exhibited TMR ratios of 8.0% (7.0%) at room temperature and 35.0% 

(46.0%) at 10 K after post-annealing at 350 oC, as plotted in Figs. 1(a) and 1(c). These results indicate that 

diffusion barriers could play a crucial role in realizing high TMR ratio in bulk p-MTJs such as those based 

on FePd and Mn-based PMA materials for spintronic applications.   

Secondly, we demonstrated for the first time a L10-FePd perpendicular SAF structure and a L10-FePd 

SAF p-MTJ stack [8]. The L10-FePd p-SAF structure grown here with a (001) texture possesses a high 

Ku~10.2 Merg/cm3 and low net remanent magnetization (~500 emu/cm3). One of the most important 

discoveries here is the epitaxial growth of Ruthenium (Ru) spacer with a face-centered-cubic (fcc) phase 

on the L10-FePd thin film, which resulted in a large interlayer exchange coupling (IEC) -Jiec~2.60 erg/cm2. 
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This value is about one order of magnitude larger than that of the [Co/Pd]n or [Co/Pt]n p-SAF structures. 

Moreover, a tunnelling magnetoresistance (TMR) ratio of ~25.0% tested at room temperature (RT) was 

obtained in the L10-FePd SAF p-MTJ devices with the L10-FePd p-SAF layer after post-annealing at 350 
oC. Furthermore, a TMR ratio of ~13% is retained when the post-annealing temperature is increased up to 

400 oC, implying that this kind of the FePd SAF p-MTJs can be integrated into the semiconductor process, 

as shown in Fig. 2. 
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Fig. 1 A schematic illustration of the full FePd perpendicular magnetic tunnel junction stacks with Ta or W 

diffusion barriers. The FePd free layer with a stack of FePd/X/CoFeB (X=Ta or W) and the [Co/Pd]n 

reference layer with a stack of [Co/Pd]n/Ta/CoFeB. (b) and (c) the tunnelling magnetoresistance versa 

external magnetic field (MR-H) curves measured at 10 K and 300 K of the micron-sized FePd p-MTJ 

devices with the Ta and W diffusion barriers, respectively. The junctions are annealed by rapid thermal 

anneal (RTA) at 350 oC for 30 mins.   

        

Fig. 2 The tunnelling magnetoresistance versa external magnetic field (MR-H) loops of the L10-FePd SAF 

p-MTJ devices post-annealed by RTA at (a) 300 oC, (b) 350 oC, (c) 375 oC and (d) 400 oC. The testing was 

carried out at room temperature. The external magnetic field is swapping from -1500 Oe to +1500 Oe 

along perpendicular plane of devices. (e) The TMR ratio as a function of the post-annealing temperatures 

of the L10-FePd SAF p-MTJ devices. The inset is the optical microscopy image of the real L10-FePd SAF 

p-MTJ device. 
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I. INTRODUCTION 

Magnetoresistive Random Access Memory (MRAM) is the memory of choice for persistent memory 

applications. From data centers to edge devices, data processing demands and evolution in computing 

drive the growing need for MRAM. It is a reliable persistent memory device with high speed, high 

endurance, and power saving ability. Field-switched MRAM has been in volume production at Everspin 

since 2006 in densities up to 16Mb. Spin-transfer torque (STT) MRAM enables smaller magnetic tunnel 

junction (MTJ) devices for higher densities. A 64Mb DDR3 MRAM product based on in-plane STT 

switching was first developed at Everspin [1]. This technology was transferred to its foundry partner, 

GLOBALFOUNDRIES. Everspin is in volume production at GLOBALFOUNDRIES for a 256Mb DDR3 

STT-MRAM standalone part using perpendicular MTJ (pMTJ) devices [2].  

The key characteristics of STT-MRAM are high data retention and high endurance compared with 

other emerging non-volatile memory technologies. To enable reasonable learning cycle times, it is essential 

that we develop methodologies to evaluate these devices in signif icantly shorter durations than their 

product retention and endurance specifications. Therefore, we use accelerated tests, in which one 

environmental parameter is changed from the normal operation condition to enhance the error rate. 

However, conducting short-time wafer tests to assess long-life product reliability can be a challenging 

process. This paper attempts to address this challenge with the following approach. The first step is to 

define the acceleration parameter. The second step is to understand any side effects of the acceleration tests. 

The next step is to define test patterns that reflects how the memory will be used. Last but not the least is 

to account for the distribution in performance. The above approach can help define a path from MTJ 

development to successful STT-MRAM product and an overview of STT-MRAM reliability. 

 

II. RESULTS AND DISCUSSION 

To predict data retention and endurance life times, we need to test under acceleration conditions, such 

as high temperature and high voltage. For data retention (DR) in in-plane MTJs, magnetic field can be 

used as an acceleration parameter to measure a value of the energy barrier to thermal reversal (Eb); 

time-dependent coercivity from field sweep measurements or thermal fluctuation broadening of coercivity 

were used to derive Eb. For pMTJ devices, however, temperature acceleration gives a better indication of 

the DR performance [3]. Figure 1 shows an example of experimental results  for a 256kb test array that was 

annealed at high temperature, and the number of bits that underwent a thermally-induced reversal was 

measured after each anneal step. Four different wafers are shown in Fig. 1, and variations in the free layer 

design for these wafers leads to improving DR from FL1 to FL4. Fitting the data to a thermal activation 

model gives a mean value of Eb, a bit-to-bit distribution of Eb, and the coupling field ratio (Hcpl/Hk). Hcpl is 

the stray magnetic field from the fixed layer to the free layer, which causes a shift of the magnetic 

hysteresis loop, and Hk is the effective perpendicular anisotropy field of the free layer in an MTJ element. 

After characterizing at multiple high temperatures and times and then extrapolating to low temperature and 

long time based on a thermal activation model, we can make a diagram of the retention error rate as a 

function of temperature and time, as in Figure 2. Thus, we can predict the retention error rate for the chip 

under operation conditions. In order to predict the endurance performance, voltage acceleration is used in 

time-dependent dielectric breakdown (TDDB) measurements for the tunnel barrier. It is key to manage the 

voltage acceleration for MTJ TDDB because of the high current density in these small MTJ elements that 
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can lead to Joule heating [4].  

The acceleration parameters can bring unintended environmental changes to the MTJs, which need to 

be considered. For example, in an MTJ, Hcpl/Hk depends on temperature and a high Hcpl/Hk exaggerates the 

DR error rate at elevated temperatures. During extrapolation from high temperature to the operation 

temperature, this effect needs to be considered when predicting life times. In TDDB measurements, the 

voltage acceleration enhances Joule heating in the MTJ. The MgO temperature is much higher in the 

acceleration test than that in MRAM operation and can greatly affect life time. We need to account for 

these side effects to effectively deploy acceleration tests. 

As we scale to higher densities, bit to bit distributions signif icantly affect the MRAM chip performance. 

Therefore, it is critical to evaluate and improve the bit to bit distributions during development. In DR 

experiments, the slope of BER vs. time in Fig. 1 is a good indication of the Eb distribution. In TDDB 

endurance measurements, the  value of the Weibull plots represents a distribution of life times among 

MTJs. These distributions need to be accounted for when defining MTJ requirements for chip 

performance.  

 

III. SUMMARY 

We will present test methodologies deployed to predict data retention and endurance life time using 

acceleration parameters. Unintended side effects of the acceleration parameters are evaluated and 

accounted for in the predictions. The combination of these opens a path from MTJ development to 

successful STT-MRAM product. We would like to acknowledge our foundry partner, 

GLOBALFOUNDRIES for their support during this project. 
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Fig. 1. Thermally-induced reversal rate for 

four different free layers at 220°C.  

Fig. 2. Expected data retention bit error 

rate derived from data at multiple 

temperatures and extrapolation from them.  
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I. INTRODUCTION 
  Exchange spring magnets have attracted the interests of researchers  for magnetic recording applications and to 

develop rare earth free magnets  [1]. FePt and FeCo individually are  well established systems, with the former 

classified as hard magnetic material and latter as the soft one. FeCo has very high saturation magnetizat ion (~ 

2.4 Tesla) [2] and low an isotropy (4  104 J/m3) [3] and hence this material is a good candidate to couple with  

L10 FePt hard phase known to possess a relatively low magnetisation (1140 emu/cm3) [4] and high an isotropy (5 

 106 erg/cm3) [5], for applicat ions in read heads. In this communication, we report the results obtained in 

FeCo/FePt bi-layer system deposited on Si < 100 > substrates. 

 

II. EXPERIMENTAL DETAILS 
  FeCo and FePt thin films were deposited by RF and DC magnetron sputtering respectively in the base Argon 

pressure of 0.02 mbar. The bi-layer FeCo/FePt films were annealed in a microprocessor controlled tubular 

furnace at 500 ˚C in  the presence of Argon (95%) and Hydrogen (5%) to reduce the possible presence of oxides 

and enhance crystallinity. The annealing temperatures were chosen so as to obtain the desired L10 phase of FePt  

and to have min imum diffusion into the substrate. High energy X-Ray Diffraction (XRD) was performed in the 

glancing angle mode to find the structural variation of films on annealing. The th ickness and composition of two 

layers was obtained by Rutherford Backscattering (RBS) spectrum. Field Effect Scanning Electron Microscopy 

(FESEM) was done to look at  the morphology of the films. The bulk magnetic properties of these bi-layered  

films were investigated by Vibrat ing Sample Magnetometer (VSM). Micromagnetic Simulat ions were 

performed to have an estimate of the direction of easy axis of the individual layers. 

 

III. RESULTS AND DISCUSSIONS 
  Fitting the spectra obtained by Rutherford Backscattering (RBS) using RUMP software gives the thickness of 

Fe0.55Pt0.45 as 27 nm and Fe0.5Co0.5 as 6 nm. The XRD pattern of the film annealed at 500 ˚C shows the 

appearance of super lattice peak (001), (110) and  splitting of (002) peak into (002) and (020)  indicat ing the L10 

phase of FePt. Microstructure of the films, seen by FESEM showed uniform grains for the as prepared and the 

annealed samples.  

 
 Fig. 1 Experimental hysteresis loop and simulated domain configuration  at 8 kOe of (a) FeCo(12 nm)/FePt(27 

nm) (b) FeCo(6 nm)/FePt(27 nm) (c) Experimental recoil curves for FeCo(6 nm)/FePt(27 nm) 
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Fig. 1 shows the experimental hysteresis loop and its corresponding domain configuration simulated in the in -

plane configuration for FeCo (12 nm)/FePt (27 nm) (figure 1(a)) and FeCo (6 nm)/FePt  (27 nm) (figure 1(b)). A  

wider hysteresis loop with coercivity ~ 10 kOe both in the in-plane and out of plane configuration and high 

saturation magnetization (Ms) ~ 1064 emu/cm3 was observed on annealing at 500 ˚C. The high coerciv ity is 

attributed to the large magnetocrystalline anisotropy of L10 FePt, while the large magnetization is due to 

presence of FeCo layer. The maximum energy product BH max was calculated to be 47 MGOe. This is slightly 

less than the energy product of NdFeB permanent magnets which is 48 MGOe [6], but still p lays competitive 

role in the development of rare earth free magnets.   

The exchange coupling strength between the FeCo and the L10-FePt was analyzed by recording the recoil curves 

in the out of plane configurat ion as shown in Fig. 1(c). The almost closed recoil curves up to a reverse field Hr  ~ 

4 kOe depict the strong exchange coupling between the two layers. Further, increase in Hr beyond 4 kOe results 

in open recoil curves. The openness of recoil curves gradually increases with increase in H r and is directly  

related to the amount of uncoupled soft FeCo [7-8]. The amount of the uncoupled soft phase was determined to 

be 1.02 % by the first derivative o f the hysteresis loop. As the FeCo thickness was ~ 6 nm which is of the order 

of twice that of exchange length of FePt, therefore, 98.98 % of FeCo is highly exchange coupled with FePt. 

These properties make the present system suitable for granular magnetic record ing with high storage capacity, 

which can be further extended to bit patterned media. The detailed investigation of magnetizat ion reversal 

mechanis m and hence the interlayer exchange coupling in FeCo/FePt b ilayer system was carried out using 

micromagnetic simulations with OOMMF [10] software. This software numerically solves Landau Lifshitz 

Gilbert equation [11] using finite d ifference method to find the solution of magnetization at different positions 

of the sample used. Figure 1(a) and (b) shows the domain configurations of the multilayers with different 

thickness of soft material at 8 kOe applied field simulated by this software. 

 

IV. CONCLUSIONS 
Exchange spring magnets with FeCo/L10 FePt bi-layer was fabricated with high saturation magnetizat ion, high 

coercivity, h igh energy product and high exchange coupling between  the two layers . The interlayer exchange 

coupling was experimentally  investigated by recoil curves. The experimental observations along with the 

micromagnetic simulations predict that the strength of exchange coupling strongly depends on the thickness of 

the soft layer. Therefore, the fabricated exchange spring magnets can be a promising material for magnetic 

recording applications with high storage capacity. 
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I. INTRODUCTION 

The magnetization of ferromagnetic nano-particles with a large uniaxial magnetocrystalline anisotropy 

is of great scientific and technological interest, since they are expected to be applied in forthcoming 

magnetic devices such as next generation ultrahigh density magnetic storage media (heat assisted magnetic 

recording, microwave assisted magnetic recording systems) and biasing nanomagnets. Among them, 

L10-ordered [CuAu (I)-type] FePt alloy possesses high uniaxial magnetocrystalline anisotropy (7.0×107 

erg/cm3), moderate saturation magnetization and high corrosion resistance, it has been attracted much 

attention for good candidate of future magnetic devices. It is also thought to overcome the instability of 

magnetization vectors caused by thermal fluctuation even in the nano-meters scaled particles. A lot of 

studies have been done for continuous films, granular films and self-assembled nano particles [2-6]. 

However, detailed morphology and magnetic properties of FePt thin films with a small addition of Cu and 

Ag has not yet fully understand. In this study, in order to investigate the effect of Cu and Ag content on the 

crystal orientation, surface morphology and magnetization process, FePt(Cu, Ag) thin films have been 

fabricated on MgO(100) single crystalline substrate.  

 

II. EXPERIMENTAL PROCEDURE 

All the samples were prepared using an ultrahigh vacuum magnetron sputtering system (ULVAC, 

QAM4) with co-deposition of Fe, Pt, Ag and Cu directly onto polished single crystalline MgO(100) 

substrate. The base pressure was under 7.5×10-7 Pa. High-purity argon of 0.2 Pa was introduced during 

sputtering. The substrates were heated to Ts = 700 ºC during deposition. The nominal thickness of FePt (Cu, 

Ag) layer was fixed at 10 nm. The compositions of the (FePt)100-X(Cu, Ag)X films were determined by 

electron dispersive X-ray spectrometry (EDX), and they were confirmed to XCu = 0, 1.0, 5.0, 10.0, 20.0, 

30.0 and XAg = 0, 1.0, 5.0, 10.0, 22.1, 29.3. The crystal structure was determined by X-ray diffraction with 

Cu-Kα radiation. The film morphology was observed by atomic force microscopy (AFM). The magnetic 

properties were measured by a superconducting quantum interference device (SQUID) magnetometer.   

 

III. RESULT AND DISCUSSION 

From the XRD patterns, it was confirmed that the fundamental (002) peak, (001) and (003) superlattice 

peaks of the L10-FePt phase were clearly observed for all the samples. Therefore, it is confirmed that the 

c-axis of FePt layers was aligned perpendicular to the film plane. With increasing Cu content, the position 

of the peak was shifted to a higher angle, indicating that the crystal lattice was slightly contracted. 

However, in the case of Ag addition, the peak position was almost same. In addition, the reduction of the 

peak intensity was confirmed with gradual increase of the Ag content.  

Remarkable difference in the morphology was observed for the FePt films with Cu and Ag addition. It 

was confirmed that the average particle size of FePt-Cu thin f ilms was reduced from 72 nm to 46 nm with 

increasing Cu content from 0 (w/o Cu) to 30 at.%, while for the FePt-Ag thin films, the size was reduced 

from 72nm at 0 at.% to 33nm at 29.3 at.%. The magnetization measurements revealed that all the sample 

were perpendicularly magnetized and high coercivities (Hc) of more than 60 kOe was obtained for FePt-Ag 
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thin films. However, it was also confirmed that Hc of 23.4 kOe was obtained for FePt thin film with 30 

at.% Cu content. This is thought to due to the alloying ability of Ag and Cu to the FePt thin films, although 

Ag and Cu elements are known to an immiscible element to Fe.  

 

IV. CONCLUSION 

In this study, in order to investigate the effect of Cu and Ag content on the crystal structure, 

morphology and magnetic properties for FePt thin films, FePt-(Cu, Ag) thin films have been fabricated on 

MgO(100) single crystalline substrate. The (001) and (003) super lattice peaks and the (002) fundamental 

peak from the L10-FePt phase have been clearly observed for all the samples. It was confirmed that the 

position of the peak was shifted to the higher angle for FePt-Cu thin films, which indicates that the crystal 

lattice is slightly shrunk. It was also confirmed that the average particle size was reduced from 72 nm to 33 

nm with increasing Ag content and high Hc more than 60 kOe was obtained for the FePt-Ag thin films. 
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ABSTRACT 

With the recent 1.0[1], 1.5 and 2 Tb/inch2 [2,5], 3000 KFCI Linear Density [9] basic technology demonstration, 
and drive level demonstration [3,4] Heat-Assisted Magnetic Recording  (HAMR) [5] has proven to be a 
viable and promising technology for future magnetic data-storage products. The commercialization of HAMR 
presents some significant technical challenges that need to be resolved before the widespread adoption of the 
technology can begin.  The recent demonstrations illustrate high track density performance for this new 
technology compared to conventional Perpendicular Magnetic Recording (PMR). In this paper we seek to 
probe some of the practical constraints to high track density recording.  
 
Previous work has explored the impact on curvature of the written track. In this study we build upon previous 
material [5,6] to isolate adjacent track edge erasure (ATI), side reading and other factors that can contribute to 
the track pitch capability control.  Figure 1a shows that the loss in BER on track due to the side reading 
effect- where previously written background signal is picked up by the ontrack reader. Figure 2b shows the 
losses due to adjacent track interference ±both compared with PMR heads. Under aggressive Squeeze 
conditions ATI losses dominate, but at less constrained conditions the losses due to pick up of the adjacent 
track signal can match ± and exceed ATI loss. 
 

 

Figure 1:a) Spinstand measurement of the loss in Bit Error Rate(BER) between Isolated tracks and tracks 
with background interference (in decades), as a function of relative Track pitch used for PMR (Red Circle) vs  
HAMR heads (Blue X). Nominal track pitch used to compare the two head types indicated with the dashed line 
b) Encroachment from adjacent tracks (in decades) ± comparing the same HAMR and PMR heads. 

 

Different recording strategies such as Interlaced Magnetic Recording [7] raises complications due to 
background and top tracks, Multiple Sensor Recording for HAMR [8] offers the potential to isolate some the 
background signal. We compare and contrast the loss mechanisms across a range of head and media designs in 
order to bound the constraints for high KTPI recording and share some examples of high track density 
demonstrations to illustrate solutions. One such example is included in Figure 2 below, a written track 
demonstration at 1,000,000 (1M) tracks per inch recording using a HAMR head and media on spinstand. The 

Nominal track 
pitch used to 
optimize laser 
for HAMR parts
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test conditions are using shingled magnetic recording, with 6 re-writes- capturing some ATI effects, and 
reflecting practical operational conditions.  

 

 

Figure 2: Areal density demonstration at 1M KTPI using standard demonstration conditions [10], with a 
HAMR Head using Shingled recording. 6 Adjacent writes, OTC margin of 10%, 5400 RPM. Test track density 
of 1111 KTPI indicated with arrow, before back off of track pitch for margin. 
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I. INTRODUCTION 

Heat Assisted Magnetic Recording (HAMR) is the next generation hard disk drive technology which 

enables continued and significant areal density growth [1]. There are currently three write architectures for the layout 

of tracks in hard disk drives: Conventional Magnetic Recording (CMR) Shingled Magnetic Recording (SMR) and 

Interlaced Magnetic Recording (IMR). In CMR, any track can be written at any time and neighboring tracks do not 

intentionally overlap. In SMR, the tracks are written sequentially in bands with the tracks intentionally overlap like 

shingles on a roof [2]. In IMR, the tracks are written in an interlaced order with different linear densities  [3-4]. The 

system performance penalty for IMR is similar or less than SMR and will depends on the architecture and workload 

of the drive [5]. The read-back architecture Multi-Sensor Magnetic Recording (MSMR) can be combined with the 

three different write architectures to increase areal density [6-7] by using two or more readers to read-back the same 

track. In this paper, we compare the areal density capability (ADC) of HAMR CMR, HAMR SMR and HIMR 

combined with read-back with one reader, MSMR with 2 readers (MSMR-2R) and MSMR with 3 readers 

(MSMR-3R). 

II. EXPERIMENTAL DETAILS 

We investigated the ADC for HAMR CMR, HAMR SMR and HIMR combined with MSMR-2R and MSMR-3R 

on a spinstand using the ASTC areal density metric [8]. Ten HAMR heads were used. The heads and media were 

similar to those used in previous studies [4, 7]. Spinstand measurements were with writer current 55mA, active 

reader and writer clearance of 1 nm, radius of 23 mm, skew 0o and 4200 rpm with linear velocity of 10.2 m/s. 

Channel areal density (Tflux/in2) was measured. The MSMR gain with 2-3 readers was calculated with multi-spin 

captured waveforms from the spinstand with the native HAMR reader processed by a MSMR 2 and 3 reader 

software channel. A code rate of 0.88 was used to calculate user areal density (Tbit/in2).  

II. RESULTS 

 The ADC of the ten HAMR heads yielded an average HAMR CMR ADC of 1.34 Tbit/in2 with 1 reader, 1.40 

Tbit/in2 with MSMR-2R and 1.43 Tbit/in2 with MSMR-3R. HAMR SMR observed ADC of 1.68 Tbit/in2 with 1 

reader, 1.74 Tbit/in2 with MSMR-2R and 1.77 Tbit/in2 with MSMR-3R. HIMR observed ADC of 1.83 Tbit/in2 with 1 

reader and 1.88 Tbit/in2 with MSMR-2R and 1.91 Tbit/in2 with MSMR-3R. The best head with HIMR + MSMR-3R 

achieved 1.94 Tbit/in2 which is very close to the previous record 2.0 Tbit/in2 with HAMR SMR + MSMR-3R. 

II. CONCLUSION 

The interlaced track layout architecture enables further increases in HAMR areal density capability which is 

favorable for the hard disk drive markets with a system performance penalty less than shingled magnetic recording. 

HIMR and HAMR SMR when combined with MSMR can achieve very similar areal density.  
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Figure 1: Areal Density Comparison between Conventional, Shingled and Interlaced 

Heat Assisted Magnetic Recording with Multiple Sensor Magnetic Recording 
 

 

 
 

Figure 2: HAMR CMR, HAMR SMR and HIMR: ASTC Areal Density 
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I. INTRODUCTION 

Understanding the mechanism and magnitudes of heat transfer throughout the head and media is 

needed to optimize the reliability of the HAMR recording system.  Understanding how laser light heats 

the head directly and through back-heating is needed to design heads to minimize these effects.  In-situ 

measurements of temperature distributions are extremely difficult because of the small length scales of the 

design features and the very small head-disc clearance during operation [1].  Because of this 

measurement challenge, modeling provides the best avenue for understanding thermal effects and for 

guiding future designs.   

Using a coupled air bearing and thermo-mechanical modeling framework [2], protrusions and 

temperatures can be predicted.  The present work used a combination of a HAMR optical Finite Element 

Model (FEM), a sequential electrical/thermal/mechanical FEM of the head, a thermal model of the media, 

a head-media contact model (ISBL) [3] and a Computational Fluid Dynamics model, including a 

simulation of the recording head suspension.  

Recording heads use a resistive sensor (called a Dual-Ended Thermal Coefficient of Resistance 

(DETCR) sensor, an Embedded Contact Sensor (ECS), or a Head-Disk Interface sensor (HDIs)) to 

measure head-medium proximity and to probe thermal characteristics and events at the head-disc interface. 

This thermistor-type sensor responds to changes in the cooling of the head by pressurized gas in the air 

bearing, as well as to frictional heating when the head contacts the disc  [4].   

By illuminating with a laser the back side of a glass disc coated with metal on only one side, the 

resistance rise of the DETCR can be used to calibrate models that include a convective heat transfer 

coefficient at the surface of the head.  Previous work identified the potential of using this approach to 

estimate these heat transfer effects in the HAMR recording system [5,6].  The resulting heat transfer maps 

also show the effective field of view of thermal events as perceived through a DETCR.   

By obtaining a better calibration of the heat transfer coefficient, more confident predictions of 

head-media temperature distributions are possible.  These can be used to predict temperature changes for 

different operating conditions and different head and media designs.  One outcome of this capability is 

the ability to predict changes in the ability to set head-disk clearance when a resistive sensor is used to 

determine head-disc contact.  Changes in the precision of detecting contact will result in changes in 

head-media spacing, which directly impact areal density.  Thus, improving the predictability of contact 

sensing improves our ability to forecast areal density improvements through design.  

 

II. RESULTS 

 

Predictions of the resistance change as a function of heater power were generated for several recording 

Neil Zuckerman 
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head designs, and the derivative of each of these curves was used to compare the ability to detect contact.  

An example of a predicted resistance slope with respect to power is shown in Fig. 1.  In Fig, 1a, the 

resistance is predicted as function of heater power, corresponding to clearance. In Fig 1b, the slope of the 

resistance vs. power profile is plotted.  As outlined in [7], the sometimes-subtle change in concavity of 

the R(P) curve is due to frictional heating caused by head-disc contact.  It is possible to use the inflection 

point of slope of the resistance vs. power curve as a reference point to determine head-media contact, and 

then set the head operating clearance to a set distance above this contact condition.  As the design 

changes, the R(P) characteristics change, affecting the fidelity of the contact signal.  A favorable R(P) 

profile is one that is steep, with high curvature, resulting in a dR/dP profile that is steep on both sides of 

the minimum in dR/dP.  Such curves are characteristic of designs with high heater efficiency, smooth 

media, and DETCRs that are well-positioned near the head-disc contact location.  

 

 

    
 

Fig. 1 Modeled resistance vs. heater power (1a) and resulting derivative of the resistance vs. power (1b).   
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variation in the trailing shield angle φ to mitigate its magneto-static impact on the STO. In addition, two
important parameters that impact the STO performance are the STO dimension (STOSize) and the current
density (J). These make up the 4 control parameters that we have chosen to optimize in the current study.

The optimization is performed through micromagnetic simulations, with judicious choices for the values
of the above mentioned control parameters. The observed AC field (HAC) at the surface of the medium at
a point below the STO is computed through micromagnetic simulations and it is the oscillation properties
of this field that we seek to optimize. A sample micromag output is shown in Figure 2. The micromagnetic
simulations of the STO include the impact of both the magnetic fields from the writer and from the soft
underlayer (SUL) of a double-layered medium in this work.
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Figure 2: Oscillation of the FGL magnetization shown in red. The write field from the MP is shown in black.
An ideal sinusoid with parameters ωi and φi is shown in blue.

To obtain our cost-function parameter we align an ideal sinusoid (shown in blue) of the form cos(ωit+ φi)
to the FGL oscillation. Our DoE search will attempt to maximize the correlation between the ideal sinusoid
and the oscillation of the FGL field. The parameters of (θ, φ, STOSize, J) that optimize this cost function
will be searched for using the response surface methodology (RSM). A list of the parameters used that are
held constant in this work are shown in Table I.

Table I: The non-varying parameters used in our micromagnetic simulation optimization.

STO Parameters

4πMs Hk α Exchange A thickness Polarization Interlayer
FGL 20 kG 31.4 Oe 0.02 2.5e-6 erg/cm 10 nm Factor Thickness
SIL 6 kG 31.4 Oe 0.02 0.75e-6 erg/cm 2 nm 0.5 2 nm

Main Pole Parameters

MP Angle MP width MP-TS gap 4πMs Hk Exchange A α

15◦ 40 nm 20 nm 24 kG 31.4 Oe 3e-6 erg/cm 0.2
SS Parameters TS Parameters

MP-SS 4πMs Hk α MP-TS 4πMs Hk α

60 nm 15 kG 50.2 Oe 0.2 20 nm 15 kG 50.2 Oe 0.2
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Abstract 

 

Ordered arrays of isolated magnetic nanostructures are of considerable interest to increase the storage 

density of hard disks beyond the current perpendicular media. In such bit patterned media (BPM), each 

artificially fabricated magnetic nanostructure is capable of storing an individual bit. Recently, we 

developed a novel non-lithographic method to fabricate perpendicularly magnetized BPM system [1] and 

we studied Co/Pt bit pattern media [1-2]. In present work, we fabricated a perpendicularly magnetized bit 

pattern media using the barrier layer of auto-assembled anodic alumina template with 100 nm period and 

by depositing Ta(5nm)/Pt(5nm)/Co88Tb12(5nm)/Cu(2nm)/Pt(5nm) to form an ordered array of 

ferromagnetic nanodots, so-called nanobumps. We used extraordinary Hall Effect (EHE) measurements to 

probe magnetization reversal mechanism and switching field distribution (SFD) of these nanobumps. The 

extraordinary Hall resistivity measurements were performed by a standard four-probe method. The role of 

interdot exchange coupling and dipolar coupling are investigated using EHE measurement. The 

measurement of the coercivity as a function of magnetic field angle with respect to the sample surface 

reveal that it follow Stoner-Wohlfarth model with a shallower variation, which is typical of a dot-by-dot 

reversal but with a nucleation/propagation process for each dot. In order to further distinguish and quantify 

the switching field distribution origins (SFD), we used the H (M, M) method, to separate the intrinsic 

SFD from interaction effects. This fitting demonstrates that the intrinsic SFD (σintrinsic = 14 .1mT) is only 

about one-third of the overall SFD (37 mT). Our result show that the intrinsic SFD is only one-third of the 

total SFD. The strong dipolar-induced SFD is due to the close packing of the AAO template and might be 

a showstopper for a BPM technology implementation. We think that the present AAO system could be a 

model for getting a deeper understanding of the influence of the different thin film parameters (exchange 

coupling, dipolar interaction, and, more importantly, intrinsic SFD or thermal fluctuations) on the reversal 

mechanisms in PMA films. 
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Figure 1: Variation of coercivity as a function of the angle of the applied field measured at 170, 205, 245 

and 290 K for 100 nm lateral size with a CoTb Alloy deposited on top. The black continuous line is the 

prediction of switching field in the Stoner-Wohlfarth model and dotted line is the for Kondorsky model 
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I. INTRODUCTION 

The continued commercial success of magnetic tape storage necessitates exponential increases in areal 

density and cartridge capacity [1] to keep pace with the current exponential growth of data. For a given 

media and head design point, increasing areal density leads to a higher raw bit-error rate (BER) due to the 

reduced signal-to-noise ratio (SNR). Increased raw BERs can be handled by improvements in 

error-correction coding (ECC) schemes [2,3], but low-SNR operating points represent a major challenge to 

the read channel design. Specifically, timing recovery (TR), which aims to recover the optimum sampling 

instants for detecting the written data on tape, is a key issue at low SNR: the TR loop suffers from noisy 

and erroneous timing error estimates due to unreliable bits from the detector, which leads to loss-of-lock 

(LOL) or cycle-slip events, resulting in very long bursts of bit errors that the ECC scheme cannot handle. 

   In this work, we propose a new robust TR scheme for low-SNR tape read channels, which fully 

exploits the parallel-track recording nature of linear tape drives and signif icantly reduces the LOL rate 

compared to the conventional 2nd-order phase-locked loop (PLL) approach [4], with only a small increase 

in implementation complexity. Other schemes based on iterative and/or joint TR & detection/decoding are 

known to work at low SNR, but are significantly more complex than the proposed scheme.  

II. TIMING RECOVERY FOR LOW-SNR TAPE CHANNELS 

In state-of-the-art magnetic tape drives, 32 parallel data tracks are written simultaneous ly onto the 

magnetic media by means of a write head module with a rigid linear array of write transducers. Similarly, a 

read head module comprising a linear array of magneto-resistive read elements simultaneous ly read 32 

data tracks. Reading and writing is carried out under closed-loop track-following and skew-following 

servo control to deal with lateral tape motion and tape skew, as well as reel-to-reel tape transport servo 

control to minimize tape speed variation. Furthermore, all write (read) elements on a module are driven 

(sampled) by a common clock.  

   We propose a new TR scheme which exploits these correlations and constraints within a group of N 

parallel tracks by means of a geometric model of the array head shown in Fig. 1A for N=4. The dynamics 

of each read element on the array head is largely determined by two degrees of freedom of the head, where 

1) k (and fk) is a head phase (and frequency) which represent a residual sampling phase offset in the tape 

transport direction, and 2) k (and k) is a head skew (and angular velocity) which represents a residual 

rotation around the head center. Parameter d( i) denotes the signed distance of the i-th read element from the 

head center. The total phase offset of the i-th read element (including an optional per-track phase offset 

k
( i)) is then given by k

( i) = k + d( i)k +k
( i). Assuming 2nd-order process models for head phase and skew, 

see Fig. 1B, and by means of Kalman filter theory and some approximations/simplif ications, the new TR 

loop shown in Fig. 2 is derived. Note that the loop filter has grown to a N-input N-output unit, compared to 

N conventional PLLs operating independently on each track, but the increase in complexity is small. 

III. PERFORMANCE RESULTS 

To evaluate the performance of the proposed parallel-track TR scheme, we recorded a repeating 255-bit 

pseudorandom binary sequence (PRBS) at linear densities from 600 kbpi to 775 kbpi in steps of 25kbpi in 

a commercial tape drive which simultaneously writes and/or reads 32 parallel data tracks. The recorded 

data was read back using a tape read head with 350nm-wide TMR readers and captured digitally in-drive at 

1.25x the baud rate. Groups of N=8 read back signals from parallel tracks are subsequently processed by a 

software read channel which implements three TR schemes: A) N=8 conventional PLLs, B) a previously 

described “global frequency” scheme which tracks N=8 channel phase offsets and a single (joint) 

frequency offset [5], and C) the new proposed TR scheme of Fig. 2 with N=8 tracks. The read channel’s 
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interpolated TR loop comprises an interpolation filter, an FIR-based fractional tap-spacing channel 

equalizer with partial-response class 4 (PR4) target, Mueller-Müller timing error detector (MM-TED) and 

a configurable loop filters. The MM-TED gets reconstructed PR4 symbols from a symbol-by-symbol 

detector, while a s imple EPR4 sequence detector is used for data bit detection. The stream of detected bits 

from each track is split into sectors of 8160 bits, which roughly corresponds to a tape codeword-interleave 

(CWI-4) unit. Groups of eight consecutive bits are mapped into bytes. We declare a LOL in a sector when 

more than 90% of bytes are in error in a sliding observation window of 50 bytes. The LOL rate is defined 

as the ratio of the number of sectors with at least one LOL event compared to the total number of sectors. 

   Figure 3 and Fig. 4 show the LOL rate and the raw BER performance achieved by the proposed new 

TR scheme operating on N=8 parallel tracks, as well as the conventional PLL and the “global frequency” 

scheme, as a function of linear recording density. The new TR scheme signif icantly outperforms the other 

schemes at high linear densities (low SNR) with no LOL events at linear densities  750 kbpi. At 775 kbpi, 

occasional LOL events start occurring with the new TR scheme, compared to more than 50% LOL rate for 

the two other schemes. 
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Fig. 1. A) Head array model with phase and skew 

offsets and B) State-space process model. 

 

 
 

Fig. 2. Model of the proposed timing recovery loop 

with N-input N-output loop filter (N=4 tracks). 

 

 

Fig. 3. LOL rate as a function of linear density. 

 
 

Fig. 4. BER as a function of linear density. 
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     Ion implantation induced local modification of magnetic properties of magnetic thin films has attracted 

the attention of the researchers due to its potential applications in magnetic data storage and magnetic logic 

devices [1]. As magnetic properties of any system heavily depend on the composition, ion implantation 

through a hard mask can be used to modify the composition locally, in order to make magnetic nanostructures 

(e.g., patterned media or heated-dot-magnetic recording media). In addition to compositional modification,  

ion implantation can also modify the magnetic properties by changing the atomic arrangement of the system. 

Even though the magnetic properties in some systems, such as FePt, heavily depend on the atomic 

arrangement, this aspect has not been well investigated. In this study, therefore, we investigate the effects of 

ion implantation of FePt, using low (4.5 keV for 40Ar+ and 7.5 keV for 14N+ ions) and high (100 keV for 
40Ar+ and 40 keV for 14N+ ions) energy ions through a hard mask patterned using di-block copolymer (DBCP) 
based self-assembly process.  

     Film stack “FePt-C (at% of C: 18.75) [8 nm]/ MgO [8 nm]/ NiTa [35 nm]/ Glass substrate”, as shown in 

figure 1(a), was deposited using dc magnetron sputtering. After depositing the film stack, a mask pattern 

was fabricated using self-assembly of PS-PDMS DBCP. Figure 1(b) shows the AFM image of the mask 

pattern on FePt-C films. The centre to centre distance, as calculated from the Fast Fourier Transform (FFT) 

of the AFM image, is 48 nm. After successfully creating the mask pattern on FePt, ion implantations of 14N+ 

and 40Ar+ ions were performed. Figure 1(d) shows the XRD patterns of the pristine and implanted samples, 

which show the presence of superlattice (001) peak. This peak confirms the presence of L10 face centered 

tetragonal ordered phase in these films [2]. XRD patterns reflect a shift in the FePt (111) peak towards lower 

2θ angles with implantation (except for low energy 40Ar+ ions), which implies an increase in the interplanar 

spacing (corresponding to FePt (111) peak). Interestingly, FePt (001) peak disappears even for the low 

energy 40Ar+ ion implantation case, which indicates a transformation from ordered face centred tetragonal 

phase to disordered face centred cubic phase. These results are well understood from the TRIM simulations 

[3] as shown in figure 1(e). For low energy Ar+ implantation, the ions stop in the middle of the magnetic 

FePt layer whereas in other cases the ions stop at the layers below the magnetic FePt layer. When the ions 

are implanted in the film, the maximum kinetic energy transferred from implanted ion to the atom in the film 
is given by [4]  

𝐸𝑝 =
4𝑀𝑚

(𝑀+𝑚)2
𝐸                                                                                                                                                  (1) 

     Where M, m and E stand for the atomic weight of the displaced atom in the film, atomic weight of 

implanted ion and energy of implanted ion. Here, the factor 4Mm/ (M+m)2 is larger for 40Ar+ ions compared 

to 14N+ ions. However, at the same time, we should also consider where these ions are stopping in the stack 

as we stated before. These results can further be understood from the magnetic measurements.  The hysteresis 

loops of pristine sample measured using vibrating sample magnetometer show large coercivity in both in 

plane and out of plane direction. However, it is important to note that the remanence was smaller in the in-

plane direction. These observations clearly suggest the uniaxial anisotropy in the out of plane direction. But 

at the same time there are some spins, which are slightly away from out of plane direction. The decreased 

coercivity and larger remanence in the in-plane direction in the implanted samples clearly suggest the change 

in the anisotropy direction from the out of plane to in plane direction. Most importantly, this effect is partial 
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for the low energy 40Ar+ ion implanted samples. In order to confirm our attributions, we performed torque 

measurements of these samples. The torque curves of the FePt pristine samples exhibits the 180° periodicity 

of the peaks, which confirms uniaxial anisotropy of the samples. At the same time presence of other less 

intense peaks, suggest that some of the spins are away from the easy axis direction. Also, it important to note 

that first peak in the torque curve has positive torque value that means the out of plane direction is the easy 

axis direction. Upon implantation (except for low energy 40Ar+ ions), the first peak in the torque curve 

appeared in the fourth quadrant, which confirmed the change in easy axis direction from out of plane to in 

plane direction. These results are well supported by magnetic force microscopy domain maps, where we 

observed typical stripe domains for granular pristine film. Except for the low energy 40Ar+ ion implantation 

case, the diminished or less intense stripe domains suggest the decrease in perpendicular anisotropy of the 
samples. 

  

REFERENCES 

1) J. Fassbender, "Magnetic patterning by means of ion irradiation and implantation", Journal of Magnetism 

and Magnetic Materials, 320(3-4) 579-596, (2008). 

2) T. Tahmasebi, "Tailoring the growth of L10‐FePt for spintronics applications", physica status solidi Rapid 

Research Letters, 5(12) 426-428, (2011). 

3) D. Kumar, "High Energy Ion Implantation Induced Modification of Structural and Magnetic Properties  

of Masked CoPt Magnetic Layers", IEEE Magnetics Letters, 9-4500305, (2017). 

4) T. Hasegawa, "Structural transition from L10 phase to A1 phase in FePt films caused by ion irradiation", 
Journal of applied physics, 99(5) 053505, (2006). 

 

 

Fig. 1 (a) Schematic of the film stack used for study, (b) AFM image of the mask pattern on FePt-C films, 

(c) Illustration of the dependence of 4Mm/(m+M)2 on atomic weight of implanted ions, (d) XRD patterns 

and (d) TRIM (Transport of Ions in Matter) simulations of pristine and implanted FePt-C samples (Δ: 
distribution of implanted ions after cascaded scattering, note here HE: high energy and LE: low energy). 

 

 

Fig. 2 (a) MFM domain maps of pristine, (b) HE 40Ar+ ion implanted FePt-C samples, (c) Torque curves of 

pristine, (d) HE 40Ar+ ion implanted FePt-C samples, (e) Out of plane coercivity and (f) anisotropy 
constant of pristine and implanted FePt-C samples. 
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I. INTRODUCTION 

Bit-patterned media recording (BPMR) is one of candidate for the next generation magnetic recording 

system to extend the density of up to 4 Tb/in2 [1]. However, the overall performance of BPMR is mainly 

degraded by inter-symbol interference (ISI), inter-track interference (ITI), and media noise. Depending 

upon the lithography approach adopted islands structures of BPMR can be arranged in a regular or 

staggered array islands. Since staggered BPMR system has some advantages to reduce the effect of ITI, the 

bit error rate (BER) performance of staggered BPMR system is better than that of regular one at the same 

density [2]. However, detection schemes proposed for regular BPMR is unfit for staggered BPMR and it is 

necessary for staggered BPMR system to find an appropriate detection scheme for improving the 

performance. In this paper, we proposed a three-path soft output Viterbi algorithm (3P-SOVA) for 

staggered BPMR.   

 

II. THREE-PATH SOFT OUTPUT VITERBI ALGORITHM 

Since islands on neighboring tracks are directly adjacent to the islands on a main data track in regular 

array islands BPMR, islands on the main data track is mainly affected by the most proximate two islands 

on the neighboring tracks (one of the islands is on upper track and the other is on lower track). Thus, one 

SOVA for the vertical (across-track) direction is usually used in two-dimensional (2D) SOVA which is 

comprised of horizontal (along-track) SOVA and vertical SOVA. Since islands along the neighboring 

tracks are displaced by half a period along the main data track in staggered BPMR, islands on the main 

data track is mainly affected by the most proximate four islands on the neighboring tracks (two of the 

islands are on upper track and the others are on lower track). 

Fig. 1 shows configuration of two SOVAs for vertical direction z1 and z2 over the staggered array 

islands. When 2D-SOVA is used in staggered BPMR, horizontal SOVA of 2D-SOVA is only considered for 

the along-track direction, but vertical SOVA of 2D-SOVA is considered for the across-track direction of z1 

or z2. To consider islands arranged in the staggered manner and improve the system performance,  we 

proposed 3P-SOVA. Fig. 2 shows the block diagram of the proposed 3P-SOVA detection which is 

composed of horizontal SOVA and two vertical SOVAs for z1 and z2. After the input data d[p, q] is passed 

through the BPMR channel, the received data r[p, q] is processed by the 2D equalizer. 3P-SOVA separately 

processes the 1D-SOVA detection for the along-track direction and across-track direction of z1 and z2, 

respectively. And, the final output value of 3P-SOVA is the average of the soft output values of each 

SOVA. 

III. SIMULATION AND RESULTS 

We consider the discrete-time staggered BPMR channel. A 2D equalizer is implemented by finite 

impulse response. The coefficients are updated by a least mean square algorithm. The partial response (PR) 

targets for 1D-SOVAs are (0.2, 1, 0.2) and (0.15, 1, 0.15) for the along- and across-track direction, 

respectively. Fig. 3 illustrates the BER performance of detection schemes such as 1D-SOVA, 2D-SOVA 

and 3P-SOVA according to signal-to-noise ratio at density of 2 Tb/in2. At BER of 10-5, the performance of 

the 3P-SOVA is around 1.7dB and 0.7dB better than that of 1D-SOVA and 2D-SOVA. 

 

IV. CONCLUSION 

In this paper, we proposed a 3P-SOVA which utilizes three SOVAs for the along- and across-track 
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direction for z1 and z2, respectively. Since 3P-SOVA is considered for two across-track direction of z1 and 

z2, respectively, simulation results show that the performance of 3P-SOVA performs better than that of 

1D-SOVA and 2D-SOVA. 
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Fig. 1 Configuration of two SOVAs for vertical direction. 

 

 
Fig. 2 Block diagram of the proposed 3P-SOVA detection. 

 

 
Fig. 3 BER performance of detection schemes at 2 Tb/in2. 
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I. INTRODUCTION 

Markov chains are natural models for many communication and storage channels with memory in which 

the channel condition, characterized by a state variable, changes with time. Two-state Markov chains with a 

good state and a bad state, proposed by Gilbert and Elliott, have been widely used to model channels with 

burst errors. The performance of interleaved error correction codes (ECC) on channels with memory have 

been analyzed for a fixed symbol size, e.g., assuming a simplified Gilbert channel for symbol errors [1, 2].  

Here, we present a Gilbert-Elliott channel for symbol errors to analyze ECC performance of interleaved 

block codes with burst errors. In contrast to previous approaches, the proposed Gilbert-Elliott channel for 

symbol errors is based on a simplified Gilbert channel for bit errors, which offers several advantages: 1) it 

is readily characterized by measuring average raw bit-error rate (BER) and average bit-error burst length at 

the output of the detector, and 2) it enables direct comparisons of the performance of block codes with 

different symbol sizes. An exact expression and a tight lower bound for the codeword error probability are   

derived for the proposed Gilbert-Elliott channel for symbol errors. Error floors, which are observed when 

the average raw BER is low, are analyzed.  

II. PERFORMANCE ANALYSIS AND ERROR FLOORS 

A simplified Gilbert channel for bit errors is characterized by a 22 state transition probability matrix 

C, where 𝑪 = [ 𝑏 1 − 𝑏
1 − 𝑎 𝑎

], b is the probability of staying in the good state G and a is the probability of 

staying in the bad state B. The bit error probability at state G is 0 whereas the bit error probability at state B 

is 1. The average raw BER is then pb = (1-b)/(2-a-b). The row vector  = [G, B] is defined by  C = , 

where G = 1- pb is the stationary probability of being at state G and B = pb is the stationary probability of 

being at state B. In a simplified Gilbert model, the distribution of occupancy times for both states G and B 

is geometric with means (1-b)-1 and (1-a)-1, respectively. In the following, a is a fixed constant for a given 

channel with burst errors and b changes as a function of a and pb. Therefore, the simplified Gilbert channel 

can be characterized either by a and b or by a and pb, i.e., measurement of the average raw BER pb and the 

average length of bit-error bursts (1-a)-1 at the output of the detector is sufficient for channel identification. 

In our channel model with burst errors, the average bit-error burst length (1-a)-1 is fixed whereas the average 

length of error-free intervals (1-b)-1 = (1-a)-1(1- pb)/pb increases as the average raw BER decreases with 

increasing signal-to-noise ratio (SNR).  

The Markov chain characterizing s-bit symbol errors, can be specified by the 22 s-step state transition 

probability matrix 𝑻 ≝ 𝑪𝑠 ≝ [ 𝐵 1 − 𝐵
1 − 𝐴 𝐴

]. The symbol error probability at state G is (1-B1) with B1 = 

bs, whereas the symbol error probability at state B is (1-A1) with A1 = (1-a)bs-1. Clearly, the two-state Markov 

chain describing symbol errors is a Gilbert-Elliott channel and the average symbol error probability is ps = 

(1- pb)(1-B1) + pb(1-A1). In the following, we assume that the error correction code has N s-bit symbols and 

an error correction capability of t symbols. Furthermore, it is assumed that the symbol interleaving depth is 

I and the interleaved codewords are transmitted over the previously described Gilbert-Elliott channel. The 

codeword error probability can be computed by pC = ∑ 𝑃(𝑚, 𝑁)𝑁
𝑚=𝑡+1 , where P(m,N) is the probability of 

m erroneous symbols in an N-symbol codeword. It can be shown that 𝑃(𝑚, 𝑁) = 〈 (𝑻𝐼−1𝑬(𝑥))𝑵 𝟏〉𝑚, 

where the m-th coefficient cm of a polynomial f(x) = ∑ 𝑐𝑚𝑥𝑚𝑛
𝑚=0  is denoted by 𝑐𝑚 ≝ 〈𝑓(𝑥)〉𝑚, 1 is a 21 

column vector of ones, x is an indeterminate, and E(x) is a 22 matrix that labels each state transition for 

counting purposes by the probability of making no symbol error plus the probability of making a symbol 

error multiplied by the counting variable x. It can be shown that 𝑬(𝑥) = [
𝐵1 + (𝐵 − 𝐵1)𝑥 (1 − 𝐵)𝑥

𝐴1 + (1 − 𝐴 − 𝐴1)𝑥 𝐴𝑥
].  
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A tight lower bound pL on the codeword error probability has been derived for interleaved codewords. 

Specifically, 𝑝C >  𝑝L = 𝑝b𝑎𝐼𝑡𝑠+1𝐷(𝑎, 𝑏, 𝑁, 𝑡, 𝐼, 𝑠), where 

𝐷(𝑎, 𝑏, 𝑁, 𝑡, 𝐼, 𝑠) =
1−𝑎

𝑎
((𝑏𝐼𝑠 ,𝑁 − 𝑡)(𝑏

𝑎
, 𝑠) + 𝑏𝐼𝑠(𝑏𝐼𝑠 ,𝑁 − 𝑡 − 1) ( (𝑏

𝑎
, 𝐼𝑠 − 𝑠 + 1) − 1)) + 1,   (1) 

and (q,n) = (1-qn)/(1-q). In the error floor regime of high SNR, pLpF as pb0 and b1. In this regime, 

there is a linear relationship between pb and the error floor probability pF given by 

𝑝F =  𝑝b𝑎𝐼𝑡𝑠+1 lim
𝑝b→0

𝐷(𝑎, 𝑏, 𝑁, 𝑡, 𝐼, 𝑠) = 𝑝b𝑎𝐼𝑡𝑠+1((𝑁 − 𝑡)(𝑎−𝑠 − 1) + (𝑁 − 𝑡 − 1)(1 − 𝑎𝐼𝑠−𝑠) + 1).    (2) 

In the low SNR regime of high raw BER pb, we approximate pc assuming independent symbol errors with 

probability ps = (1- pb)(1-B1) + pb(1-A1). The autocorrelation R(k) between two symbols spaced k symbols 

apart in a codeword is computed using Eq. (4.54) in [3] 

𝑅(𝑘) = 𝑝s
−1(1 − 𝑝s)−1(1 − 𝐴1 − 𝑝s)(𝑝s − 1 + 𝐵1)(𝐴 + 𝐵 − 1)𝐼𝑘 .                                            (3) 

For a typical error correction code with N=240, s=8, t=6 that is used in magnetic tape storage, and 

interleaving depths I=1 and I=4, Fig. 1 depicts the codeword error probability pC as a function of raw BER 

pb and a=15/16. The error floor for I=1 is about four orders higher than for I=4. For a=15/16, N=240, s=8, 

I=4 and t=3 and t=6, Fig. 2 shows the codeword error probability pC as a function of raw BER pb. The error 

floor for t=3 is about three orders higher than for t=6. In both figures, the high-BER approximations and 

low-BER error floors are close to the exact computations. For a=15/16, s=8 and symbol interleaving depths 

I=1 and I=4, Fig. 3 illustrates the autocorrelation of adjacent symbols in a codeword R(1) vs. raw BER. R(1) 

for I=4 is less than 0.1, which is about four times less than for I=1. Figure 4 shows that the error distribution 

for N=240, t=6, I=4, s=8, a=15/16 and pb=10-2 can be approximated by the binomial distribution for N=240 

and the corresponding symbol error probability ps=1.410-2, thus justifying the high-BER approximation.  
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Fig. 1. Codeword error probability vs . raw BER for 

N=240, s=8, t=6 and interleaving depths I=1 and I=4. 
 

 

 
Fig. 2. Codeword error probability vs. raw BER for 

N=240, s=8, I=4 and ECC capabilities t=3 and t=6. 

 

Fig. 3. Autocorrelation of adjacent symbols in a 

codeword vs. raw BER for interleaving I=1 and I=4. 

 

 
Fig. 4. Error distribution for N=240, t=6, I=4, s=8, 

a=15/16, pb=10-2 and binomial distribution. 
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I. INTRODUCTION 

A magnetic tunnel junction (MTJ) is the basis of modern magnetic read sensors commonly used in hard 

disk drives. Both the MTJ’s tunnel magnetoresistance (TMR) and spin-torque (ST) effects exhibit a 

nonlinear bias-voltage dependence [1], [2]. These nonlinear dependences may be extracted through 

nonlinear analysis, which requires a tool suitable for high-frequency nonlinear characterization under 

various DC bias and AC power levels. Here, we present the exploratory Nonlinear Vector Network 

Analyzer (NVNA) measurements describing the MTJ’s response at the excitation frequency as well as at 

harmonic components at which the energy may be present due to the MTJ’s nonlinear characteristics. The 

NVNA measurements revealed a distinct harmonic response at certain frequencies, which are directly 

related to the MTJ’s free layer (FL) ferromagnetic resonance (FMR) mode. Finally, these results can be 

used to determine the order of nonlinearity and its nature: electric versus magnetic. 

 

II. NONLINEAR VECTOR NETWORK ANALYSIS 

The NVNA measures the incident and reflected traveling waves (A1 and B1, respectively) at the 

excitation frequency (also known as the fundamental) and harmonic components [3]. In the present study, 

we measured 3 harmonics (fundamental, second, and third) for each excitation frequency. Due to the 

MTJ’s nonlinear characteristics, the higher-order harmonics mix-down to DC thus additionally 

contributing to the DC response, which was measured simultaneously within the same NVNA run. The 

resultant second and third harmonics of B1 were then counterposed to the DC response. 

 

III. RESULTS 

In Fig. 1, the DC response plotted for selected DC bias currents captures the change in the shape of the 

FL mode (peak versus dip) with respect to the direction of the DC bias current. At non-zero IDC, the DC 

response exhibits a frequency-dependent characteristic, which may be associated with the predominant 

contribution of the second harmonic whose frequency dependence in turn is clearly seen in Fig. 2(a). 

Moreover, at non-zero IDC, the DC response reveals peaks at lower frequencies than the FL FMR mode. 

Since they are located at frequencies that are the fractional ratios (1/2, 1/3, 1/4, and 1/6) of the MTJ ’s 

natural FL FMR frequency, they can be characterized as sub-harmonics of the FL mode. The theory of 

nonlinear oscillations suggests that the MTJ’s inherent nonlinear characteristics may give rise to the 

oscillations of the FL’s base natural frequency under the AC excitation signal with the frequency 

considerably lower (but still an integer ratio!) than the FL mode [4]. This would produce the DC response 

at sub-harmonics of the FL mode. 

In Fig. 2, the second and third harmonics of B1 indicate distinct peaks at multiples of the FL FMR 

mode’s sub-harmonics corresponding to 1/2, 1/4, and 1/6 frequency of the FL. On the contrary, the FL 

mode and its sub-harmonic located at 1/3 the frequency of the FL do not produce their second and third 

harmonics, implying that even and odd sub-harmonics are attributed to different types of nonlinear 

characteristics, e.g., electric versus magnetic. One such example are the harmonics of the magnetic read 

sensor’s FL mode, which do not produce a measurable contribution to the FMR spectrum being caused by 

inhomogeneous magnetization oscillations [5]. 
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Our ongoing research is focused on verifying the suggested physical interpretation of the origin of 

sub-harmonics using micromagnetic modeling. 
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Fig. 1 DC response obtained with a 

Keysight N5247A and Keithley 

2400 DC sourcemeter at –5 dBm 

source power level and selected DC 

current bias points. –5 dBm was 

chosen to emphasize the nonlinear 

phenomenon. 

 

Fig. 2 NVNA measurements 

obtained with a Keysight N5247A at 

+250 μA DC current through the 

sensor, 15 Hz IFBW, and –5 dBm 

AC power. DC response as well as 

the (a) second and (b) third 

harmonics of B1 plotted versus the 

excitation frequency. 

 

113

P1-13



Corresponding Author: S. N. PIRAMANAYAGAM 

E-mail: prem@ntu.edu.sg 

tel: +65-98566712 

 

LARGE UNIAXIAL ANISOTROPY Co50(Pt1-xRhx)50 THIN FILMS FOR 
MICROWAVE ASSISTED MAGNETIC RECORDING 

 
Durgesh Kumar1, Tianli Jin1, Tham Kim Kong2, Shin Saito2, S. N. Piramanayagam1 

 

1) School of Physical and Mathematical Sciences, Nanyang Technological University, 637371, Singapore, 

durgeshk001@e.ntu.edu.sg, jint0004@e.ntu.edu.sg, prem@ntu.edu.sg  

2) Department of Electronic Engineering, Graduate School of Engineering, Tohoku University, Sendai, 

980-8579, Japan, tham@ecei.tohoku.ac.jp, ssaito@ecei.tohoku.ac.jp 
 

 

     Conventional perpendicular magnetic recording (PMR), based on CoCrPt-oxide media, suffers from 

the problem of thermal stability for the areal densities > 1 Tbpsi [1]. Shingled magnetic recording (SMR) 

has pushed the areal density limits slightly beyond > 1 Tbpsi. For increasing the areal dens ity beyond 2 

Tbpsi, introduction of novel technologies is needed. Microwave assisted magnetic recording (MAMR) is 

considered as one approach to increase the areal density. Heat-assisted magnetic recording is a potential 

candidate to increase the areal density ~4 Tbpsi. In comparison to HAMR, which requires many new 

technologies, MAMR requires only minor improvements to be adopted. MAMR media need to possess a 

higher anisotropy than the PMR media. In this sense, equiatomic CoPt magnetic alloys with a higher Pt 

than that of PMR media candidates are promising. In the ordered L10 and L11 phase, they exhibit a high 

anisotropy (~107 erg/cc) but they require a high temperature fabrication process. In the HCP-phase also, 

which can be fabricated at room temperature, they exhibit a high anisotropy. However, at equiatomic 

compositions, it is difficult to grow thick HCP-CoPt without forming low anisotropy FCC phase [2]. One 

way to avoid this problem is partial replacement of Pt by Rh [3]. However, in the absence of a segregant, 

these films have a low coercivity due to the exchange coupling between the grains. In this study, we have 

investigated the effect of patterning on such films, in order to see if a high coercivity can be obtained in 

these films by decoupling the magnetic switching units. 

     Film stacks of the type “C (7 nm)/ Co50(Pt1-xRhx)50 (20 nm)/ Ru (20 nm)/ Pt (6 nm)/ Ta (5 nm)/ Glass 

substrate” were deposited using dc magnetron sputtering. After depositing the film stack, a mask pattern 

was fabricated using self-assembly of PS (polystyrene)-PDMS (polydimethylsiloxane) di-block 

copolymers (DBCP). Molecular weight of PS-PDMS DBCP used for this purpose was 54 kg/mol with 

22% weight fraction of PDMS. Figure 1(a) shows the schematic of film stack with DBCP self-assembly. It 

should be noted that the dotted mask pattern is made of PDMS/SiO2 on the PS column. Figure 1(b) shows 

the AFM image of the mask pattern on Co50(Pt1-xRhx)50 films. AFM images were obtained by scanning the 

sample area of 2 μm × 2 μm.  

     Figure 1 (c) shows the XRD patterns of Co50(Pt1-xRhx)50 samples. As the Pt concentration decreases, 

Co (001) peak shifts towards high 2θ values, approaching the peak positions typically observed in PMR 

media. The hysteresis loops indicate a perpendicular magnetic anisotropy (PMA), only for x=0.4 and 

beyond. Magnetic force microscopy (MFM) measurements show stark contrast in domain patterns around 

x= 0.4, indicating a higher PMA at this composition range. Torque measurements indicate a higher 

anisotropy constant for samples with x = 0.4 to x = 0.6. Observed increase in Ku is explained to be aris ing 

due to improvement in HCP stacking. With further increase in Rh content, decrease in Ku is due to 

decrease in orbital magnetic moment and the spin–orbit coupling as Rh has the smaller spin–orbit coupling 

constant compared to Pt. 

     After successfully creating the dot pattern on the magnetic  Co50(Pt1-xRhx)50 films, we transferred the 

pattern to the magnetic layers through three step reactive ion etching and one step Ar ion milling process. 

The effect of patterning can clearly be seen from the hysteresis loops and MFM domain maps. MFM 

domain maps were measured on 5 μm × 5 μm sample area. No magnetic field was applied during the 

measurements. The presence of dotted domain patterns confirms the patterning of the samples. At the same 

time, the magnetization (emu/cc) of the samples has also decreased, which is another evidence of the effect 

of patterning of the samples. While the coercivity did not change much for the samples with a lower 

anisotropy, for the samples with higher perpendicular anisotropy, the coercivity was found to increase. This 

increased coercivity suggests a decrease in exchange coupling. The measurements of Hc at different angles 
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also confirm a change in reversal mechanism from “domain wall motion” to coherent rotation.  However, 

the increase in coercivity observed with a patterning process is not significantly high. Therefore, 

alternative methods to increase the coercivity in these films are desired. 
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Fig. 1. (a) Schematic of the film stack and dot pattern of PDMS/SiO2 on magnetic film stack, (b) AFM 

image of the dot pattern on magnetic films (inset: 3D image of dot pattern), (c) XRD patterns of 

Co50(Pt1-xRhx)50 samples, (d)-(f) Hysteresis loops of Co50(Pt1-xRhx)50 samples with x= 0, 0.4 and 1 and (g) 

variation of anisotropy constant for different x, measured using Torque Magnetometry.  

 

 

 
 

Fig. 2. (a)-(c) Hysteresis loops of patterned Co50(Pt1-xRhx)50 samples with x= 0, 0.4 and 1, (d) MFM 

domain maps of Co50(Pt1-xRhx)50 samples with x = 0 (extreme top), 0.4 (middle), 1(extreme bottom), (e) 

Angle dependent coercivity of un-patterned and (f) patterned Co50(Pt1-xRhx)50 samples with x= 0, 0.4, 0.6 

and 1. 
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I. INTRODUCTION 

Magnetic tape systems are widely used for data backup and archiving applications because of their low 

cost, stability of recording media for long-term data retention, and reliability of information retrieval and 

reproduction. In order to achieve higher areal recording density, the track density can be further increased 

since the bit aspect ratio of current tape systems is approximately 27 [1], which is larger compared to 

current HDD by an order of magnitude. Technologies for tape transport have been studied and 

demonstrated [2], [3] to achieve aggressive track density scaling. In this work, the application of a 

two-dimensional magnetic recording (TDMR) scheme to a magnetic tape system was studied to further 

extend track-tolerance budget for track misregistration.. 

 

II. EXPERIMENTAL SETUP 

In order to evaluate the performance of TDMR using a conventional single-reader tape head, the 

waveform data captured at different tape scans asynchronously was synthesized by software processing 

method. The position of the reader was moved toward the cross-track direction gradually; at the same time, 

signals from the data-reader element and servo-reader element were captured simultaneously. The position 

of the data-reader element relative to the servo-track on tape can be identified using the servo information 

decoded from the captured servo-signal. Hence, the two-dimensional readback signal image as shown in 

Fig. 1 can be synthesized. In this example, a 300 nm wide data-reader which is narrower compared with 

recent commercial tape drives [1], was used for signal acquisition to obtain a high cross -track resolution 

image.  

To evaluate the performance of TDMR, repeating 63-bit and 255-bit pseudorandom binary sequences 

were written to commercial 15 TB tape media alternately in a shingling manner using a commercial tape 

head mounted on a reel-to-reel tester and read back by 300 nm wide reader. The written track pitch was set 

to 500 nm, and the linear density was set to 510 kbpi, which corresponds to the bit aspect ratio of 

approximately 10. Even under the utilization of the servo-signal, the timing jitter due to tape speed 

variations among different tape passes occurring within the servo sub-frame remains. A reference directed 

interpolative timing recovery scheme was utilized to compensate for this issue.  

 

III. SIGNAL PROCESSING ARCHITECTURE AND SIMULATION RESULTS 

The performance of the proposed signal processing scheme was evaluated in terms of signal-to-noise 

ratio (SNR) after extended partial-response class 4 (EPR4) equalization before the detector input. Fig. 2 

depicts the signal processing architecture used for the experiment. By using two sets of signals in the 

synthesized image as shown in Fig.1, each representing the readback waveform from different cross -track 

locations of the two different readers, the performance of two-dimensional EPR4 equalization was 

evaluated. The result was compared with a conventional one-dimens ional equalization scheme in terms of 

SNR cross-track profile, as shown in Fig. 3. It is clear that the performance gain of two-dimensional 

equalization strongly depends on the relative position of the two readers. When the reader pitch (RP) of the 

two readers was set to the appropriate value, approximately 230 nm in this case, the effective tracking 

margin was extended by nearly 150%. Here, the effective tracking margin was defined as the width of the 

region where SNR exceeded 7 dB. On the other hand, when the two readers were set closely together, an 

increase in SNR around the center of the track profile was confirmed possibly due to the off-track 

mitigation effect by the usage of the dual reader. 
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IV. CONCLUSION 

The TDMR gain in a magnetic tape system was studied under the condition where the bit aspect ratio is 

approximately 37% compared with current tape systems. The performance was evaluated in terms of SNR 

track profile utilizing a two-dimensional readback signal synthesized from the conventional single reader 

output. The results show that the effective track profile can be extended by nearly 150% compared with a 

conventional one-dimens ional equalizer when the dual reader positions were set properly. An additional 

gain in SNR was also confirmed at the center of the track profile when the two readers were set closer 

together, indicating that the introduction of two-dimensional equalization scheme to current tape systems is 

effective to further increase track density.  
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Fig. 3 (a) Track profile evaluation scheme. (b) SNR track profile of two-dimensional equalizer output at 

different RP compared with that of conventional one-dimensional equalizer.    
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I. INTRODUCTION 

Pattern-dependent media noise is already a dominant impairment, and its impact will only grow more 

severe as areal densities continue to increase. The pattern-dependent noise prediction (PDNP) algorithm 

[1][2] is an effective strategy for mitigating media noise arising from downtrack transitions, while the 

recently proposed 2D PDNP algorithm [3] is a 2D extension that jointly mitigates downtrack and 

crosstrack pattern-dependent noise. In practice such algorithms require accurate estimates of the 

parameters (including mean offsets, predictor coefficients or matrices, and residual variances or covariance 

matrices) of the noise model. Traditionally, these parameters are estimated through a training process based 

on the readback waveforms from a known set of training bits, with the expectation that the noise behavior 

learned during training will be applicable when later reading back a sector of unknown bits . 

We propose a new “training” strategy called self training that eliminates the need for any a priori 

training. Instead, all parameters can be estimated from scratch, independently from one sector to the next, 

through an iterative process that iterates between a soft-output channel detector and a channel model 

estimator. No knowledge of any training bits is required. Importantly, unlike the traditionally trained case 

(in which a different set of bits on a different part of the disk are used to estimate the parameters), the 

parameters estimated via self training are based on the same bits, written on the same part of the disk, as 

those being detected. Numerical results show self training provides a 4% increase in areal density for 1D 

systems on a set of quasi-micromagnetic simulated channel waveforms.  

 

II. THE SELF TRAINING SCHEME 

The self training scheme is shown in Fig. 1. Similar to the expectation maximization (EM) algorithm, 

the rough idea is to iterate between a PDNP detector (that assumes that the model it receives is accurate) 

and a model estimator (that assumes the LLR signs are reliable). The hope is that, as iterations progress, 

the LLR’s will grow more reliable, which will in turn result in a better estimate of the model, which will in 

turn lead to even more reliable LLR’s, and so on. As shown in the figure, the readback waveform is first 

equalized and then fed to a BCJR detector, which produces log-likelihood ratios (LLR’s) for the bits. The 

training proceeds in the traditional way, with two exceptions: the signs of the LLR’s are used in place of 

training bits, and only when all of the LLR’s in a block exceed a threshold in magnitude is the data used at 

all, for in this case the bit decisions are expected to be reliable. The model parameter estimates  then 

produced are then fed back to the detector for the next iteration of the PDNP detector. This process can be 

iterated for several times if necessary. 

 

III. QUANTITATIVE RESULTS 

We test the self training algorithm using a database of quasi-micromagnetic simulated waveforms from 

Ehime University [4]. The database provides five tracks of readback waveforms which are twice 

oversampled and perfectly synchronized on different track pitches with bit length of 7.3 nm as well as 25 

reader positions and five reader widths. The architecture in Fig. 1 is tested with a MMSE equalizer with 22 

coefficients and the central track with 41206 bits is detected. For the first pass, the PDNP parameters are 

initialized to “zero” so that straight BCJR is executed. We present results for 1D PDNP with a pattern 

length of 3 bits and two predictor coefficients. Fig. 2 shows the BER after the second iteration of the 

PDNP BCJR versus threshold used in the second model estimation. The optimal threshold is a tradeoff 

between the reliable decisions enabled by a large threshold and the quantity of data enabled by a small 

threshold. A plot of BER versus iteration number is shown in Fig. 3. Interestingly, here we see that the self 

training algorithm outperforms a genie-aided training (which somehow has perfect knowledge of the bits 
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for model estimation purposes only) at the fourth iteration. We plot BER versus track pitch in Fig. 4 after 

iterations and optimal reader width and position as well as threshold. The results show that self training 

algorithm gives the same performance of genie-aided training, which is a 4% increase in areal density over 

a non-PDNP Viterbi detector. 
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            Fig. 1 The self training scheme.                   Fig. 2 BER vs. threshold.                    

  

           Fig. 3 BER vs. iteration number.                   Fig. 4 BER vs. track pitch.          
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I. INTRODUCTION 

   Microwave assisted switching (MAS) of magnetization has attracted much attention as a novel switching 
technique to reduce the switching field of ultra-high-density magnetic recording media [1]. The reduction of the 
switching field of MAS of a nanomagnet is well understood by analyzing the dynamics based on the macrospin-
model in a rotating frame synchronized with a radio frequency (rf) field. In the rotating frame, the rf field acts 
as a static field parallel to the rotating axis and reduces the switching field. For MAS, however, a certain critical 
frequency, fc, exits. A switching field, HSW monotonically decreases with the increase in rf frequency, f , and it 
takes a minimum value Hmin at fc. Once f  exceeds fc, the HSW shows a sudden increase and reaches almost the 
same value as that without the rf field. Thus in principle, Hmin is the limiting value to which HSW can be reduced 
in MAS. 
   Recently, a more effective reduction of the switching field than the conventional MAS technique has been 
reported using a spin wave excitation in nanomagnet systems [2,3]. For example, in the case of FePt/permalloy 
bilayers [2], the switching field of FePt was significantly reduced by the assistance of the spin wave excited in 
permalloy layer. In addition, in a single Co/Pt nanodot [3], fc increased due to the spatially non-uniform 
magnetization precession, i.e., the spin wave was excited in the circular magnetic dot, and the switching field 
decreased more than the conventional MAS. Although experimental studies such as above have been reported 
so far indicating the reduction of the switching field due to a spin wave excitation, the mechanism of the so-
FDOOHG�³VSLQ�ZDYH-DVVLVWHG�VZLWFKLQJ´�G\QDPLFV�VWLOO� UHPDLQV�XQFOHDU�  
   We studied the MAS of a perpendicularly magnetized nanomagnet by numerically solving the Landau-
Lifshitz-Gilbert (LLG) equation for the effective one-dimensional spin model where each perpendicularly 
magnetized cell with 1nm thickness is coupled to another by exchange stiffness coupling, Aex, shown in Fig. 1(a). 
By investigating the thickness dependence of the switching field, two kinds of critical thicknesses were found 
for the types magnetization dynamics and for the rf frequency dependence of the switching field [4].  

 

II. RESULTS AND DISCUSSION 

   Figure 1(b) shows the switching field as a function of the frequency of the rf field, f , for d = 20 nm as the 
typical case of the small thickness, and for d = 100 nm, as that of the large one. The switching field is calculated 
by numerically solving the LLG equation. Similar to MAS for the uniform mode magnetization dynamics, Hsw 
monotonically decreases with the increase in f  and takes a minimum value at a certain critical frequency, fc. Once 
f  exceeds fc, Hsw shows a sudden increase and reaches almost the same value as that without the rf field. When d 
= 20 nm, fc is the same as the result which is calculated by the single macro-spin model, whereas in the case of 
d = 100 nm, fc increases, and the switching field is further reduced compared with that obtained for d = 20 nm. 
   Let us discuss the thickness dependence of the switching dynamics and the switching field in detail. Here, 
the spin wave amplitude, Asw, is introduced. The spin wave mode excited in this one-dimensional spin model is 
a perpendicular standing spin wave (PSSW) mode. Figure 2(a) shows the schematic illustration of the PSSW 
mode excited in this model and the definition of Asw. In this study, therefore, Asw is defined as the difference 
between the maximum value and the minimum one of the in-plane component. The thickness dependence of Asw 
at fc, and also the thickness dependences of fc and Hmin are shown in Figs. 2(b) and 2(c), respectively. As seen in 
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Fig. 2(b), Asw suddenly increases above the thickness, 52nm. This thickness is regarded as the first critical 
thickness, dc1. The dispersion on the thickness dependence of Asw might be due to the quasi-periodic 
magnetization mode, which appears around fc. On the other hand, Fig. 2(c) shows that fc increases above the 
thickness, 82nm, resulting in the decrease in Hmin. This thickness at which fc starts to increase can be regarded 
as the second critical thickness, dc2. It suggests that in the region dc1 Ì d < dc2, Asw is not large enough to increase 
fc.  
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Fig. 1 (a) A schematic illustration of an effective one-dimensional spin model of a 
perpendicularly magnetized nanomagnet. (b) The switching field as a function of f. 

 

 
 
 

Fig. 2 (a) The schematic illustration of the PSSW mode excited in this one-dimensional spin 
model and the definition of Asw. (b) The thickness dependence of ASW at fc. (c) The thickness 
dependences of fc and Hmin. fc and Hmin are plotted by the red and blue circles, respectively.  
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I. INTRODUCTION 

As a next-generation magnetic recording system with an ultrahigh areal density, a heat assisted magnetic 

recording (HAMR) using L10-ordered FePt-based granular media is promis ing and the development of the 

FePt-based media with a small grain size and a narrow size distribution is strongly required. To reach the 

targeted recording density of 4 T/in2, the granular films which are uniformly miniaturized to pitch distance 

of about 5 nm are necessary. Various researches have been done for this purpose, but most of them focus 

on grain size control [1]. However, since the areal density depends on both of the grain density and its 

dispersion, the control in the initial growth stage is quite important. In this study, we investigated the 

microstructure change during the film growth of FePt as a function of the substrate temperature and the 

volume ratio of the nonmagnetic matrix. It is found that the grain density of FePt granular films are 

strongly influenced on the growth temperature at the initial growth stage.  

 

II. EXPERIMENTAL 

FePt and FePt-C samples were prepared by a magnetron sputtering method. MgO (001) single crystal was 

used for the substrate to exclude the influence of the quality of the underlayer. The crystallinity and degree 

of order of the samples were characterized by XRD. The magnetic properties and the microstructure were 

evaluated by SQUID-VSM and TEM, respectively. 

 

III. RESULTS&DISCUSSION 

In order to investigate the microstructure at the initial growth, 0.5-nm-thick FePt films were deposited at 

the different substrate temperatures. Fig. 1(a) shows a bright field TEM image of 0.5-nm-thick FePt film 

deposited at 100 °C. The FePt grains with average grain size of 2.0 nm are uniformly dispersed. The pitch 

distance and the grain density are 3.9 nm and 6.5 × 1012/cm2, respectively. When the substrate temperature 

increases to 650 °C, the grain size and the pitch distance increase to 2.6 nm and 5.1 nm as shown in Fig. 

1(b). As a result, the grain density decreases to 3.9 × 1012/cm2. To realize the recording density of 4 T/in2, 

6.2 grains are necessary within 1-bit [2]. It requires at least 24.8 T/in2 which corresponds to the grain 

density of 3.85 × 1012/cm2. However, the sample deposited at 650 °C has already reached this density at 

the initial growth stage. As the film grows through nucleation - nuclear growth / coalescence, the grain size 

increases during the film deposition [3]. Therefore, the density of the grain at the initial growth stage must 

be higher than that of the final stage of the film depos ition. To increase the grain density further, the 
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microstructure of 0.5-nm-thick-FePt with carbon was deposited. Fig. 1(c) shows the bright field TEM 

image of 0.5-nm-thick FePt-C deposited at 200 °C. Unlike our expectation, the grain density shows lower 

than that of the FePt. We summarize the change of the grain density as a function of the substrate 

temperature in Fig. 1(d). The grain density decreases with increasing the substrate temperature. From these 

results, the deposition of the FePt at the lower temperature without carbon at the initial growth can be a 

candidate way to prepare an ultrahigh grain density. In the presentation, we will also report on the results 

of the microstructure and the magnetic properties of the samples prepared by the temperature and C 

concentration graded deposition method.  
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Fig.1 Bright-field plane-v iew TEM images of 0.5-nm-thick FePt grown at (a) 

100 ℃, (b) 650 ℃ and (c) 0.5-nm-thick FePt-C at 200 ℃. (d) Grain density of 

0.5-nm-thick FePt and FePt-C as a function of growth temperature. 
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With more degree of freedom to manipulate information, multi-field control of magnetic and electronic 

properties may trigger various potential applications in spintronics and microelectronics.  [1, 2] However, 

facile and efficient modulation strategies which can simultaneously response to different stimuli are still 

highly desired. Here, the strongly correlated electron system VO2 is introduced to realize appreciable control 

of the magnetism in NiFe by phase-transition. Utilizing the multi-field modulation feature, programmable 

Boolean logic gates are implemented based on the heterostructure. As a demonstration of phase-transition 

spintronics, this work may pave the way for next-generation electronics in the post-Moore era. 

I. Heterostructure preparation and property modulation 

The NiFe/VO2 bilayer is prepared by pulsed laser deposition (PLD) and magnetron sputtering. VO2 is 

chosen as a representation of strongly correlated electron system, which exhibits fascinating property change 

as it transforms from a monoclinic insulator into a rutile metal at a critical temperature around 340K (Figure 

1a). [3] Triggered by the phase-transition, the heterostructure features appreciable modulations in the 

coercivity (60%), saturation magnetic strength (7%) and magnetic anisotropy (33.5%) as shown in Figure 

1b. Further characterization of the magnetization temperature dependence in this film, which exhibits abrupt 

variation with the happening of phase-transition (Figure 1c), verifies that the magnetism modulation is 

mainly attributed to the interfacial strain coupling of the system.  

 

Figure 1 | Phase-transition of VO2 and characterizations of the NiFe/VO2 heterostructure. (a) The 

reversible phase-transition of VO2 between monoclinic (M1) and rutile lattice structures. (b) Temperature 

dependence of out-of-plane magnetization at magnetic field 100 Oe. (c) M–H hysteresis loops of NiFe (5 

nm)/VO2 (40 nm)/TiO2 (100) sample measured at 300 and 360 K. The insets give the scanning results of the 

small fields. 
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II. Device fabrication and multi-field control applications 

These appreciable effects in the heterostructure may further enable emerging device applications with a 

capability of multi-field modulation. As a demo, a phase-transition anisotropic magnetoresistance device 

(PTAMR device) is fabricated. The magnetoresistance curves measured with Hx field applied are shown in 

Figure 2b & 2c. The coercivity change from about 50Oe to less than 10Oe and resistance drops more than 

10% with illumination applied. Utilizing this feature, the PTAMR device provides an opportunity to achieve 

multi-resistance states, under multiple controls of the magnetic field and light illumination. Figure 3c 

demonstrates an example of six different resistance states, realized via synergistic control of light 

illumination and magnetic field. Furthermore, this phase-transition spintronic device also shows a potential 

to construct programmable logic gates with multi-field inputs by setting different threshold resistance 

windows (Figure 2d & 2e). 

 

Figure 2 | PTAMR devices and magnetoresistance measurements. (a) Schematic drawing of the 

PTAMR devices. (b & c) Comparison of the Hx magnetoresistances of the device without (c) and under (d) 

the illumination of 0.5W/cm2 red-light. (c) Six different resistance states are realized using two kinds of 

illumination power, and 400Oe Hx magnetic field. (d) Four resistance states are picked out from (c) to 

illustrate the logic operation. Light and magnetic field are designed as two kinds of input signals. (e) The 

truth table of six basic logic operations with different threshold resistance settings (TRSs).  

This work would benefit the research on the magnetic logic devices and will also be of great importance 

to the development of novel materials, devices and technologies for magnetic data storage and advanced 

applications. 
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I. INTRODUCTION 

The manipulation of magnetization using electrical approaches allows us to realize energy-efficient and 

high performance spintronic devices. Conventional approach using a torque derived from spin-polarized 

current has created novel magnetic memory and logic devices, such as spin-transfer-torque 

magnetoresistive random access memory (STT-MRAM).[1] Recently, a new magnetization switching 

mechanism has emerged which is known as spin-orbit torque (SOT) switching. An in-plane current 

injected into a nonmagnetic layer (NM)/ferromagnet (FM) heterostructure with NM having large spin-orbit 

coupling, generates spin-current in the vertical direction. SOT induced magnetization switching has 

attracted much attention. Field-free SOT induced magnetization switching has been realized and 

demonstrated for in-plane magnetized MTJs. For memory applications, materials with perpendicular 

magnetic anisotropy (PMA) have advantages in terms of better thermal stability, improved scalability and 

faster switching.[1] However, SOT induced magnetization switching for materials with PMA requires 

breaking the symmetry with an in-plane field, which is an obstacle for practical applications. Up to now, a 

few efforts have been made to realize f ield-free SOT induced magnetization switching of materials with 

PMA in a bilayer system, either using a thin Co(Fe), CoFeB layer with interfacial PMA, or using Co/Ni 

multilayers.[2-8] All of these stacks are ferromagnets with large saturation magnetization (Ms). Recently, 

SOT induced switching has also been realized in TbFeCo with bulk PMA.[9] Here, we show a novel 

composite stack of CoFeB/Gd/CoFeB layers combined with antiferromagnetic PtMn as spin Hall channel, 

which show the good bulk PMA and low Ms.[10] Current induced SOT switching has been demonstrated 

in the absence of external magnetic field with reduced switching current density both in a bilayer and in a 

perpendicular magnetic tunnel junction (MTJ) structure. 

II. EXPERIMENTAL DETAILS 

Films were deposited onto a thermally oxidized silicon wafer at room temperature (RT) in a six-target 

Shamrock sputter tool. The layer structure of the bilayer film is (from bottom to top) Ta 5/Pt50Mn50 (PtMn) 

10/Co20Fe60B20 (CoFeB) 0.6/Gd 1.2/CoFeB 1.1/MgO 2/Ta 2 (thickness in nm). For the MTJs, the layer 

structure is Ta 5/PtMn 10/CoFeB 0.6/Gd 1.2/CoFeB 1.1/MgO 2/CoFeB 1.4/Ta 5 (in nm). The thickness of 

each layer was optimized to achieve a good PMA. All the films were patterned into Hall-bar devices using 

a standard photolithography and ion milling process to perform SOT switching measurement. Then the 

Hall bar devices were annealed at 300 oC for half an hour under a field of 5 kOe along the current channel 

direction to set an in-plane exchange bias. All measurements were performed at RT. The width of the 

current channel in the Hall bar devices was either 6 m or 12 m. 

III. RESULTS AND DISCUSSIONS 

   The hysteresis loops with sweeping fields in the out-of-plane and in-plane directions for an 

un-patterned bilayer film after the same annealing condition were measured, as shown in Fig. 1(b), and 

show a good PMA and weak in-plane exchange bias (Hex ~ 22 Oe), induced from the PtMn/CoFeB 

interface. The Ms is as low as ~ 370±20 emu/cm3, because the CoFeB and Gd layers are 

antiferromagnetically exchange-coupled with each other. Field-free SOT switching was observed in this 

bilayer structure, as shown in Fig. 1(c), where the switching current density was about ~ 9.6×106 A/cm2. 

The spin Hall angle of PtMn was determined to be ~ 0.084±0.005 by performing a second harmonic Hall 

measurement. Besides, SOT induced switching was also observed in a perpendicular MTJs with good 

tunneling magnetoresistance (TMR) at zero external magnetic field, as shown in Fig. 2(b-c). Our structures 

are well compatible with perpendicular MTJs due to the use of CoFeB, which could realize field-free 

three-terminal perpendicular MTJs and lead the application of novel SOT-MRAM.  
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Fig. 1. SOT switching of CoFeB/Gd/CoFeB layers with PtMn spin Hall channel. (a) An optical micrograph 

of the fabricated Hall bar device and measurement configuration. (b) Out-of-plane and in-plane hysteresis 

loops of un-patterned CoFeB/Gd/CoFeB film with same field annealing condition, which shows MS is 

about 370±20 emu/cm3 and in-plane exchange bias field is about ~ 22 Oe. The inset is the enlarged 

hysteresis loops, to show the clear exchange bias field. (c) The Hall resistance (RAHE) with sweeping 

channel current under various in-plane external magnetic field (Hx) for a 6-m-wide Hall bar device in our 

CoFeB/Gd/CoFeB stacks. 

 

 

Fig. 2. SOT switching in a perpendicular MTJs. (a) Schematic of perpendicular MTJ structure used in our 

experiment. (b) Typical tunneling magnetoresistance (TMR) loops with perpendicular magnetic field after 

different annealing conditions. (c) Field-free SOT switching a perpendicular MTJ stack in a Hall-bar 

device.    
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Materials with perpendicular magnetic anisotropy (PMA) are considered as the most promising 

candidates for the next generation of ultra-high density Magnetic Random Access Memory  (MRAM) 
devices. One crucial issue for MRAM technologies  is to better understand and minimize the role played 
by structural inhomogeneties that induce a distribution of magnetic properties and stochastic behaviour.  

 

One elegant approach to adress this issue is to use light He ion irradiation that has demonstrated to be 
extremely efficient in controlling at the atomic scale the magnetic properties of magnetic thin films and 
multilayers [1-6] since only interatomic displacements are induced with no cascade collisions and surface 
sputtering. We have investigated the effect of He ion irradiation on the structural and magnetic properties 
of CoFeB-MgO ultra-thin films with PMA, which are considered as the best materials  for MRAM 
applications. For that, we have developped a very compact He ion irradiation facility that allows us to 
irradiate thin films at energies 5-30 keV  and temperatures up to 500°C. This advanced tool can be easily 
integrated with an UHV deposition system [7], enabling the in-situ optimization of magnetic layers. 

 

In this poster, we will show three important results that suggest a pathway to optimize MRAM devices 
using He ion irradiation : (1) crystallization of (Ta or W)- CoFeB-MgO layer can be obtained at much 
lower temperatures than pure annealling with higher anisotropy value, (2) engineering smoothly interface 
intermixing by irradiation allows us to increase domain wall velocities in magnetic nanowires  and (3) 
using irradiation through a mask, local modulation of magnetic anisotropy can bring new functionalities  
for Spin Transfer Torque or Spin Orbit Torque based nanodevices. 
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8OWUDIDVW�PDJQHWL]DWLRQ�UHYHUVDO�E\�SLFRVHFRQG�HOHFWULFDO�SXOVHV  

$��3DWWDEL���<��<DQJ���5��%��:LOVRQ���-��*RUFKRQ������&��+��/DPEHUW���$��HO�*KD]DO\���6��6DODKXGGLQ���

���-��%RNRU���� 

1) 'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ� DQG�&RPSXWHU�6FLHQFHV��8QLYHUVLW\� RI�&DOLIRUQLD�� %HUNHOH\��
%HUNHOH\��&$��������86$ 

2) 'HSDUWPHQW�RI�0DWHULDOV�6FLHQFH�DQG�(QJLQHHULQJ�� 8QLYHUVLW\� RI�&DOLIRUQLD�� %HUNHOH\��%HUNHOH\��
&$��������86$ 

3) 0DWHULDOV�6FLHQFH�DQG�(QJLQHHULQJ� 3URJUDP��'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ�� 8QLYHUVLW\�
RI�&DOLIRUQLD�� 5LYHUVLGH��5LYHUVLGH�� &$��������86$� 

4) /DZUHQFH�%HUNHOH\�1DWLRQDO�/DERUDWRU\����&\FORWURQ�5RDG��%HUNHOH\��&$��������86$�  
 

6SLQWURQLF�GHYLFHV�WKDW�ZRUN� RQ�WKH�SULQFLSOH� RI�PDQLSXODWLRQ� RI�D�PDJQHWLF�ELW�E\�VSLQ�FXUUHQWV��WKURXJK�VSLQ�WUDQVIHU�

WRUTXH��677�� RU�VSLQ�RUELW�WRUTXH��627��� DUH�DWWUDFWLYH�EHFDXVH�RI�WKH�ORZ� VZLWFKLQJ�SRZHU�RI�ZLWK�WKHVH�WHFKQLTXHV�

DQG�WKH�QRQ�YRODWLOLW\�RI�PDJQHWLF�ELWV��ZKLFK�OHDGV�WR�QHDU�]HUR�RII�VWDWH�SRZHU�FRQVXPSWLRQ��+RZHYHU��677�DQG�627�

EDVHG�GHYLFHV�DUH�OLPLWHG� E\�WKH�SUHFHVVLRQDO�VZLWFKLQJ�VSHHG�RI�WKH�IHUURPDJQHWV�� DQG�VR�IDU�� WKH�UHFRUG�VZLWFKLQJ�

VSHHG�LV�RI�WKH�RUGHU�RI�a���� SV �>�@�� )RU�FRPSDULVRQ��VLOLFRQ�EDVHG�ILHOG�HIIHFW�WUDQVLVWRUV�KDYH�VSHHGV�����SV �>�@��  

*G)H&R�� D� IHUULPDJQHWLF� DOOR\�� LV� RI� JUHDW� LQWHUHVW� IRU� KLJK� VSHHG�PHPRU\� DSSOLFDWLRQV�DV� LW� ZDV� VKRZQ�WKDW� LWV�

PDJQHWL]DWLRQ� WRJJOHV�LQ� SLFRVHFRQG�WLPHVFDOHV� XSRQ�EHLQJ� H[FLWHG� E\� D�IHPWRVHFRQG� ODVHU� SXOVH��D� SKHQRPHQRQ�

WHUPHG�DV�$OO�2SWLFDO� 6ZLWFKLQJ��$26��>�@�� 6XFK�KLJK�VSHHG�PDJQHWL]DWLRQ�G\QDPLFV�KDYH�KHUHWRIRUH�UHTXLUHG�RSWLFDO�

ODVHU�SXOVHV�RU�IUHH�VSDFH�WHUDKHUW]�LUUDGLDWLRQ�� WKHUHE\�PDNLQJ� LQWHJUDWLRQ�RQ�FKLS�LPSUDFWLFDO� 

2XU�ZRUN� DLPV� WR�EULGJH�WKH�RQ�FKLS�LQWHJUDEOLW\�DQG�VFDODELOLW\� RI�FRQYHQWLRQDO�VSLQWURQLFV�ZLWK�WKH�KLJK�VSHHG�RI�

$26�E\�H[FLWLQJ� WKH�FRQGXFWLRQ�HOHFWURQV�RI�*G)H&R� ZLWK� SV�HOHFWULFDO� SXOVHV �>�@�� 3UHYLRXV�$26� H[SHULPHQWV� RQ�

*G)H&R� KDYH�VKRZQ�WKDW�KHDWLQJ�WKH�HOHFWURQV� WR � KLJK� WHPSHUDWXUHV� LQ� SV� WLPHVFDOHV� LV� FUXFLDO� IRU�PDJQHWL]DWLRQ�

UHYHUVDO�>�@�� :H�KDYH�SUHYLRXVO\�GHPRQVWUDWHG�WKDW�$26�LQ�*G)H&R� IRU�ODVHU�SXOVHZLGWKV�XS�WR���� SV �>�@�� ,W�VKRXOG�

WKHUHIRUH�EH�SRVVLEOH�WR�WRJJOH�WKH�*G)H&R� PDJQHWL]DWLRQ�ZLWK�VXFFHVVLYH�SV�HOHFWULFDO�SXOVHV�  

:H�IDEULFDWHG� ORZ�WHPSHUDWXUH� *D$V� EDVHG�SKRWRFRQGXFWLYH�$XVWRQ�VZLWFKHV�ZLWK� JROG� WUDQVPLVVLRQ�OLQHV� LQ� WKH�

FRSODQDU�VWULSOLQH��&36�� FRQILJXUDWLRQ��)LJ��D���6SXWWHU�GHSRVLWHG�7D��QP��*G��)H��&R����� QP���3W���QP��PXOWLOD\HUV �

DUH�SDWWHUQHG�DW�WKH�WUDQVPLVVLRQ�OLQH�ORDG���8SRQ�LUUDGLDWLRQ�ZLWK����� IV�RSWLFDO�SXOVHV�IURP�D�UHJHQHUDWLYHO\�DPSOLILHG �

7L�VDSSKLUH� ODVHU� ����� QP� ZDYHOHQJWK��� WKH�$XVWRQ�VZLWFK� JHQHUDWHV��� SV�HOHFWULFDO� SXOVHV�WKDW�IORZ� WKURXJK�WKH�

*G)H&R� ORDG�ZLWK�D�SHDN�FXUUHQW�GHQVLW\�RI�a���[�����A/cm2. Magneto-optical Kerr effect (MOKE) microscopy images 
indicate that the GdFeCo load toggles magnetization with each electrical pulse, just as with optical pulses  (Fig 1b). 

We then performed time-resolved MOKE experiments to study the magnetization dynamics of GdFeCo following  
excitation by the electrical pulses. The amplitude of the electric pulse was varied by changing the bias voltage of the 
CPS. For electrical pulses with absorbed energy densities less than 1.24 mJ/cm2 (with respect to the surface area of 
GdFeCo), the GdFeCo only demagnetizes , followed by magnetization recovery. At 1.3 mJ/cm2, the GdFeCo switches 
its magnetization within 10 ps of the arrival of the electrical pulse (Fig 2a). An optical pulse with a similar heating 
pulsewidth (6.4 ps) appears to need a higher critical absorbed fluence of 1.65 mJ/cm2 to drive AOS in the same GdFeCo 
film (Fig 2b). The magnetization recovery following irradiation with the optical pulse is also slower than with 
electrical pulse. We believe that the spin currents arising from the Pt and Ta layers sandwiching the GdFeCo following  
an electrical pulse might lead to the lower energy and faster recovery time in the electrical pulse toggling experiments .  

The energy density required to switch the magnetization in our device is 13 aJ/nm3. For a cell size of (20 nm)3, which 
is typical for memory devices, switching should be possible with as low as ~4 fJ of energy (peak current of 3 mA). 
The Auston switch is not necessary to generate ps  electrical pulses; the demonstration of 5-ps gate delay with 45-nm 
CMOS technology [2] indicates that sub-10 ps pulses can be generated on-chip with existing CMOS electronics.  
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I. COMPARING EMERGING NON-VOLATILE MEMORY TECHNOLOGIES 

Applications such as the Internet of Things (IoT) and big data analysis, including machine learning, are 

driving the needs for increasing storage and memory capacity, performance and power savings.  To meet 

these needs, the conventional memory and storage hierarchy is being transformed by new storage 

interfaces, such as NVMe as well as new architectures, such as memory-centric computing.  New 

non-volatile memories are needed to serve many of these new applications and to enable power efficient 

instant on devices. This poster will examine the array of emerging memory technologies and their 

application with a focus on uses and projections for MRAM technology. 

These non-volatile memory technologies include Ferroelectric RAM (FeRAM), Magnetic RAM 

(MRAM), Resistive RAM (ReRAM) and Phase Change Memory (PCM) as well as the version of PCM 

offered by Intel and Micron’s 3D Xpoint memory.  Important characteristics of these non-volatile 

memory technologies are compared to NAND flash (a common solid-state non-volatile memory) and 

DRAM (a common volatile memory) in Table 1. 

II. MRAM APPLICATIONS AND TRADE-OFFS 

MRAM, particularly spin tunnel torque MRAM (see Figure 1), has performance and endurance 

characteristics that approach those of DRAM and even SRAM, while requiring lower operating power due 

to the non-volatile storage characteristics of MRAM.  However, MRAM products trade off storage 

capacity, data retention at elevated temperatures and endurance to meet requirements for various 

applications where it might replace SRAM, NOR Flash or DRAM.   

These applications include standalone MRAM chip applications, such as those served by companies 

such as Everspin (claiming over 70 million MRAM chips shipped) as well as applications using MRAM as 

internal memory in embedded industrial and consumer devices and potentially for data center applications 

in FPGAs and ASICS.  These embedded memory uses could create a significant market for MRAM and 

has driven a number of semiconductor companies to announce plans to ship MRAM embedded products in 

2018. 

This poster will compare the current and projected state for the next five years for various emerging 

non-volatile memory technologies, talk about where they will find applications and make market and 

technology projections about the growth of stand-alone chip as well as embedded MRAM memory.  It 

will also explore the various trade-offs for applications, including automotive embedded memory and 

embedded memory in IoT industrial and consumer applications as well as data center applications, 

illustrated in Figure 2.  Growth in MRAM and other emerging memory applications will also drive the 

growth of specialized capital manufacturing equipment used to make these products and we will give some 

indications of the resulting capital equipment spending required to equip the manufacturing lines. 

This poster is based upon data from the 2018 Emerging Memory and Storage Technologies Report and 

their Manufacture Report, published by Coughlin Associates, Inc. and Objective Analysis 
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Table I.  Characteristics of Emerging Memory Technologies.  

 
 

 
Fig. 1 STT MRAM Structure (After Everspin Corp. Presentation, February 2018).  

 

 
Fig. 2 STT MRAM Trade-offs (after Spin Transfer Technology Presentation, September 2016).  

132

P2-5



                     

SPIN-ORBIT TORQUE MAGNETOMETRY BY WIDE-FIELD 
MAGNETO-OPTICAL KERR EFFECT 

 
 Tian-Yue CHEN1, Tsung-Yu TSAI2 and Chi-Feng PAI3* 

1) National Taiwan University, Taipei, Taiwan, r05527067@ntu.edu.tw 
2) National Taiwan University, Taipei, Taiwan, r06527023@ntu.edu.tw 

3) National Taiwan University, Taipei, Taiwan, cfpai@ntu.edu.tw 
 

Magneto-optical Kerr effect (MOKE) is known to be a convenient way to detect the surface 
magnetization in thin film samples. In MOKE measurement, a polarized light shine on the sample, then 
light reflected and passed through the analyzer. Since light that is reflected from a magnetized surface can 
change in both polarization and reflected intensity, the analyzer should pick up a variation when the 
magnetization switches from pointing up-ward to pointing down-ward. Thus, we can easily get a hysteresis 
loop if dealing with magnetic materials with perpendicular magnetic anisotropy (PMA).  

In this work, we present a quantitative analysis on the dampling-like spin orbit torque (DL-SOT) by 
polar wide-field MOKE. Through current-induced hysteresis loop shift measurements [1], we quantify the 
DL-SOT efficiency of a Ta-based heterostructure with bar-shaped geometry, Hall-cross geometry, and 
unpatterned geometry to be |ξDL| ≈ 0.08. Unlike other conventional methods, which require the patterning 
of thin films into micron-sized or nano-sized devices, our proposed technique can be employed to 
accurately estimate DL-SOT efficiency from as-deposited films [2], as shown in Fig. 1. This approach will 
benefit future SOT-MRAM development since researchers are allowed to determine current-induced SOT 
efficiencies at the early stage of thin film development. 

 

 
Fig. 1 (a) Streamline plot of the current density vector field J(x,y) and (b) the calculated x component of 
current density Jx(x, y) for two-probe configuration. The dashed box represents the probing area. (c) 
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Optically-determined current-induced effective field per current plotted as a function of probing area 
length L for a Ta(4)/CoFeB(1.4)/Hf(0.5)/MgO(2) unpatterned film with PMA. (d) Estimated DL-SOT 
efficiency as a function of L. The dashed line represents the mean of all results, |ξDL| = 0.074. 
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ABSTRACT 

Magnetic materials with perpendicular magnetic anisotropy (PMA) have received the increasing 

attention because of their promising properties for the applications in ultra-low energy and ultra-high 

density spin memory devices, such as spin-transfer-torque magnetic random-access memory 

(STT-MRAM)[1]–[3]. For satisfying the demand of the reliable storage (>10 years) and ultralow switching 

current density, these materials should possess high magnetic anisotropy (Ku) and low damping constant 

(α). Most importantly, the materials need to maintain their PMA properties after the thermal treatment with 

the temperature as high as 400 oC, which is the essential requirement for spin memory devices integrated 

with complementary metal-oxide-semiconductor (CMOS) technique.  

Among the bulk PMA materials, L10-phase FePd is a promising candidate due to its high PMA Ku~ 

2×107 erg/cm3 and low damping constant α~0.002 (4).  The disadvantage of the FePd PMA material is the 

Pd diffusion after the high-temperature thermal treatment; this issue has been solved by inserting the 

diffusion barrier.[4] Besides, the seed layer also plays a signif icant role in obtaining the highly-textured 

FePd thin film with better performance. Previously the Cr/Pd or Cr/Pt bilayers are designed as a seed layer 

to develop highly-textured FePd thin films.[5], [6] However, the Pd or Pt can diffuse into the FePd layer 

after high-temperature thermal treatment, which will change its composition and further change the PMA 

property. 

In this work, we have designed a new bilayer, Cr/Ru, as the seed layer for FePd thin films. We further 

investigate the magnetic and structural properties of the FePd thin films. All the samples were prepared by 

a magnetron sputtering system with the base pressure smaller than 5.0×10-8 Torr. The (001) MgO single 

crystalline substrate was used to induce the (001) texture. First, the Cr/Ru seed layer was deposited on the 

MgO substrate with the substrate temperature at 350 oC. Then FePd thin films were grown at the same 

substrate temperature by co-sputtering Fe and Pd. A Ta capping layer was deposited after the system 

cooled down to room temperature. After that, the FePd samples were post-annealed at 400 oC and 500 oC, 

respectively, using a high-vacuum furnace. The magnetic property and crystal structure of the FePd 

samples were investigated as a function of the post-annealing temperatures. The crystal structure of the 

FePd thin films was characterized by an x-ray diffraction (XRD), and the diffraction patterns are shown in 

Fig. 1. In Fig. 1, the (001) and (002) diffraction peaks are observed for all the FePd samples, which 

indicates that the Cr/Ru seed layer can induce the highly-textured structure in the FePd layer. The 

important thing is that the intensity of these two peaks slightly increases with the increase of the 

post-annealing temperature, suggesting the crystallinity of the FePd layer improves. Meanwhile, the 

magnetic properties of FePd samples were measured by a PPMS with the VSM mode. The results are 

plotted in Fig. 2. From Fig. 2, we can clearly find that the FePd thin film still possesses the PMA property 

after post-annealing at 500 oC. With the increase of the post-annealing temperature, the in-plane 

component of FePd thin films decreases and the effective anisotropy (Hkeff) increases, which are observed 

from their magnetic hysteresis (M-H) loops, indicating that the PMA property of the FePd thin film 

becomes better. These results demonstrate that the Cr/Ru-seeded FePd thin films can be used to fabricate 

the spin memory devices, which can integrate with the current CMOS technology.   
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Fig.1 Out-of-plane XRD patterns of the Cr/Ru-seeded L10-phase FePd at the different annealing 

temperatures.  

 

 

Fig. 2 Magnetic hysteresis (M-H) loops of the Cr/Ru-seeded L10-phase FePd samples at the different 

annealing temperatures. 
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I. INTRODUCTION 

Magnetic materials are the necessary components of the magnetic memory and microwave devices. 

Ferromagnetic resonance and permeability measurements provide a basis for the design and characterization of 

magnetic materials and the development of new devices. Here, we demonstrated a wideband (10 MHz -26GHz) 

rf magnetic metrology system that combines FMR spectrometer and permeameter. The system enables the 

characterization of the complex permeability, FMR linewidth, saturation magnetization, effective anisotropy field, 

Gilbert damping, inhomogeneous linewidth broadening, and gyromagnetic ratio.  The demonstration has been 

performed on in-plan samples of 30 nm FeGaB and 2 nm NiFe film, and ultra-thin FeCoB/MgO multilayers with 

perpendicular magnetic anisotropy (PMA). In addition, the permeability measurements do not need expensive 

vector network analyzer (VNA) and show 40-50 dB higher SNR over the other permeameters. 

II. EXPERIMENT AND RESULTS 

The proposed rf magnetic metrology system is established from the FMR spectrometer presented in the 

previous report [7], which uses a microwave source instead of a VNA. The signal detected is proportional to the 

field derivative of the microwave power. The FMR data are plotted in Fig.1 for the in-plane 30nm FeGaB and 2 

nm NiFe films, and a FeCoB/MgO multilayer with PMA. For the in-plane films, the saturation magnetization Ms, 

anisotropy field Hk can be extracted from the FMR results. The gyromagnetic ratio γ and effective perpendicular 

field Heff and damping constant α can be extracted for the PMA sample. 

The complex permeability is defined as = +i    , where and  are the real and imaginary part of 

permeability respectively. The initial permeability can be determined from saturation magnetization and 

anisotropy field as  HHM ksinitial   41 , where H is the external field. The complex permeability as a 

function of frequency at fixed bias field is determined by frequency -swept measurement. The imaginary  

permeability versus frequency is obtained by using the integration process as described in Ref [7]. We then 

calculate the real part of permeability from the imaginary part, using Kramers -Kronig relation. Fig. 2 shows the 

measured spectrum of complex permeability of a 30 nm FeGaB sample at zero bias field and 2000 Oe bias field. 

The resonance shifts from 2 GHz to 20 GHz with the increase of bias field and the magnitude of permeability is 

reduced by the applied field. The permeability results on an ultra-thin 2nm NiFe is presented in Fig. 2(c). The 

profile of the complex permeability agrees well with the theoretical permeability calculated from Landau–

Lifshitz–Gilbert (LLG) equation, which validates the results.  

III. PERFORMANCE COMPARISON BETWEEN DIFFERENT METHODS ON PERMEABILITY 

MEASUREMENTS 

A comparison between the reported permeability measurements on magnetic films is summarized in Table I.  

The new method presented in this study can measure thin -film samples through a much wider frequency 

bandwidth than any other permeability measurements using microwave transmission line or cavity with vector 

network analyzer. The measurements on 30 nm FeGAB film show SN ratio of 72 dB, which is the highest 

sensitivity among all the permeability measurement techniques that we know. In addition, our system is able to 

detect a 2 nm ultra-thin NiFe film with 28 dB SNR. 

IV. CONCLUSION 

A new rf magnetic metrology system with the functions of FMR spectrometer and permeameter has been 

demonstrated with ultra-wide frequency band from 10 MHz up to 26 GHz. The system is capable of characterizing  

the magnetic properties of the magnetic films  with in-plane or perpendicular anisotropy, including complex 

permeability, FMR linewidth, saturation magnetization, effective anisotropy field, Gilbert damping, 

inhomogeneous linewidth broadening, and gyromagnetic ratio, through the FMR measurements and analysis. The 
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TABLE I 

S/N RATIO AND BANDWIDTH OF DIFFERENT PERMEABILITY MEASUREMENT 

METHODS ON VARIOUS MAGNETIC FILMS 

Sample under Test BANDWIDTH 
Estimated  

SNR  
 

700nm NiZn Ferrite 45MHz-10GHz 13dB  Ref [1] 

100nm FeGaB 500MHz-3GHz 27db  Ref [2] 

100nm FeCoN 1MHz-1.2GHz 30dB  Ref [3] 

100nm NiFe 100MHz-6GHz 14dB  Ref [4] 

100nm NiFe 500MHz-6GHz 16dB  Ref [5] 

200nm CoNbZr 1MHz-9GHz 27dB  Ref [6] 

30nm FeGaB 10MHz-26GHz 72dB  This study 

2nm NiFe 10MHz-26GHz 28dB  This study 

 

 

measurements on permeability have shown much higher SN ratio over the conventional permeameters. 
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Fig. 1 The measured FMR spectrum of in-plane films, (a) 30nm FeGaB and (b) 2nm NiFe, and (c) 

perpendicular film of 2nm MgO/1nm FeCoB/0.3nm Ta/ 1nm FeCoB/2nm MgO. 

 

 

Fig. 3 The measured complex permeability spectrum of 30nm FeGaB at (a) zero bias field and (b) 2000Oe bias 
field, and (c) 2nm NiFe at zero bias field. The dashed lines are the theoretical permeability from LLG equation. 
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I. Abstract 

In response to the exponentially growing demand for Cloud based storage capacity1), HDD development has 

concentrated on Areal Density improvement and disk platter count increases. As a Glass substrate maker for a long 

time, HOYA has continuously supported these development directions. In the course of the development we 

developed high modulus and high heat resistant glass substrate to support both increasing HDD platter count and 

HAMR technology. A new form factor of 3.5inch OD-0.5mm (20mil) thickness is now available and thinner 

thickness of 0.38mm (15mil) is under development. Developed glass N105Z has high modulus of 95GPa and high 

glass transition temperature (Tg) of 691 °C with CTE of 51 x10E-7/K.    

II. 3.5inch Thinner substrate  

To increase platter count in one-inch height HDD thinner substrate is needed. The concern is of decreased 

stiffness which results in poor operation shock resistance and higher fluttering. HOYA developed a new glass N105Z 

with Young’s modulus of 95Gpa that is much higher than former generation glass N105X.  

Table 1 shows the thermal-mechanical properties of substrate materials. GD7S is exclusively used for PMR and 

N105X is designed for HAMR. These glasses have Young’s modulus and specific modulus higher than AlMg by 

118% and 120% respectively. However, in comparison with AlMg, N105Z has higher modulus (134%) and higher 

specific modulus (138%).  

Fig.1 shows the Vickers and Knoop indentation test results of Glass (GD7S) and AlMg substrates. Glass shows 

less depression due to higher Vickers hardness of 620Kg/cm2 than 128Kg/cm2 of AlMg. A harder surface contributes 

to preventing scratches or surface damages by shock induced head slap during HDD operation. 

 

1) Operation Shock Test  

Shock test was done by using a single platter shock tester (Lansmont Model 23D) shown in Fig.2. High speed 

camera captures the motion of disk with 10,000 frame/second while the shock of 100G through 200G with 2ms 

duration is applied.  

Fig.3 shows the results of disk edge deformation of 3.5 inch OD-0.5mm thick (respectively, N105Z, GD7S and 

HOYA MEMORY DISK TECHNOLOGIES LTD  

E-mail: eda@md.hoya.co.jp 

fax: +84 221-3-974-924 

tel: +84 221-3-974-578 

Plot A9, Thang Long Industrial Park Ⅱ , Lieu Xa Commune, Yen My District, Hung Yen 

Province, Vietnam 

Table 1 Property comparison (Glass vs AlMg) Fig.1 Hardness comparison 
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Table 2 Anti-Shock test (600G) result 

Test No. 

Fig. 2 Test apparatus 
Fig.3 Result of Disk Edge Maximum Deformation 

AlMg). Disk edge deformation at 70G, which is maximum operation shock in specifications, is predicted by 

extrapolation. The space between ramp surface and disk surface is designed as 0.25mm in 10 platters HDD. At 70G 

shock, disk edge deformation of N105Z is below 0.25mm, which indicates that the ramp-media collis ion is not of 

concern. On the other hand AlMg shows much larger deformation than 0.25mm. GD7S is marginal. The results show 

that N105Z substrate is applicable to 10 platters HDD. GD7S is also applicable if thickness is increased up to 

0.55mm.    

 

 

 

 

 

 

 

 

 

 

  

2) Anti-Shock Resistance 

Table 2 shows anti-shock resistance of 3.5 inch OD-0.5mm thick N105Z at 600G. No breakage or chipping was 

observed in two times shock tests for 5 disks. This result verifies that the strength of 0.5mm thick N105Z is sufficient 

to meet the 3.5-inch HDD specification.   

 

 

III. Summary 

We have developed a new glass substrate N105Z of Young’s modulus 95GPa for 3.5inch multi-platter HDD. 

With 0.5mm thick disks 10 platter HDD is realized. N105Z has also high heat resistance due to the high transition 

temperature of 691°C (Tg) as shown in table 1. This Tg is sufficient for the formation of ordered L10 structure of 

Fe-Pt binary alloys2) for HAMR media. HOYA will continue the development of rather higher modulus glass 

substrate for thinner disk to realize larger capacity HDD with 12 platters or more. 
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SHAW J. F3 80 VOTO M. P2-3 128

SHEN D. E3 70 VOYLES P.M. F5 84

SHI S. P1-16 118 WAN L. D2 55

SHIMA T. P1-2 90 WANG J. B5 35

SHIMADA K. C1 41 WANG J. P1-18 122

SHIMATSU T. C1 41 WANG J.-P. F5 84

SI Z. P2-1 124 WANG J.-P. P2-2 126

SILVA T. F3 80 WANG J.-P. P2-7 135

SMITH N. D2 55 WANG J.-P. D3 57

SMITH N. D6 63 WANG L. F4 82

SMITH R. B1 27 WANG M.X. E2 69

SMITH R. B2 29 WANG P.-K. E3 70

SOUSA R. E1 67 WANG R. E4 72

SRIVASTAVA S.K. P1-8 102 WANG S. F1 77

STASHKEVICH A. P2-3 128 WANG S.X. D5 61

STEWART D. D6 63 WANG X. P2-8 137

STRELKOV N. E1 67 WANG Y.-J. E3 70

SUN C. F5 84 WEI G. P2-1 124

SUN J. F6 86 WELLER D. B3 31

SUN N.X. P2-8 137 WHITE R. M. D5 61

SUNDAR V. E3 70 WIEDWALD U. B3 31

SUTO H. C3 45 WILSON B. B7 39

SUZUKI I. P1-18 122 WILSON R.B. P2-4 129

TAKAHASHI Y.K. P1-18 122 WORLEDGE D.C. E5 74

TASAKA K. B1 27 WU R. F5 84

TENG Z. E3 70 WU T.-W. D2 55

TERRIS B.D. D2 55 XIONG S. B1 27

THAM K.K. P1-10 106 XUE L. E4 72

THAM K.K. P1-14 114 YAMAJI T. P1-17 120

THIELE J.-U. P1-3 92 YANG Y. E3 70

THIELE J.-U. P1-4 94 YANG Y. P2-4 129

THOMAS L. E3 70 YOON S. B7 39
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Author Session Page Author Session Page

YU L. E6 75 ZHENG X. A5 23

ZHANG B.Y. E2 69 ZHONG T. E3 70

ZHANG D. P2-7 135 ZHOU H. A3 19

ZHANG D.-L. F5 84 ZHOU J.Q. E2 69

ZHAO W. P2-1 124 ZHU J. E3 70

ZHAO W.S. E2 69 ZHU J.-G. D1 53

ZHAO Z. D3 57 ZUCKERMAN N. P1-5 96

ZHAO Z. F5 84
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