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Recent developments in magnetic recording media

» Introduction
— Are HDD's still relevant?
— The era of “"Big Data”

* Current Technology - Perpendicular Magnetic Recording (PMR) media
— Media “trilemma” and the exchange-spring principle
— Towards graded anisotropy media
— Grain size scaling & its limitations
— Interfacial engineering to improve switchability

» Future Technology — Heat Assisted Magnetic Recording (HAMR)
— The ideal HAMR medium:- FePt-X-Y
— Single-layered vs. multi-layered segregant approach
— Grain size progression
— Challenges & prospects of FePt HAMR media

« Summary
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Storage hierarchy
Where do HDD’s fit in?
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What’s in a Hard-Disk Drive?

Magnetic Force Microscopy (MFM)
image of data on a hard-disk drive.
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e Inductive write-head

to polarize the
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Source: http://www.cambridgenano.co.uk
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The Magnetic Recording Medium
Modern Perpendicular Recording Media (PMR)
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Design perspectives

Intergranular = Heychange Voids/Oxide phase
interactions ' H

magnetostatic /

T 1Hd°m39 T THanisotropy
m m

Co-rich
magnetic
matrix

/

Columnar
grains

S. N. Piramanayagam and K. Srinivasan,
J. Magn. Magn. Mater., 321, pp.485-494 (2009)
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* Sputter deposition process

* Low mobility conditions for inducing
physical segregation of grains

« Hexagonal Co-Cr-Pt-Oxide

* Cr and Oxide such as Si0,, TiO, etc. for
1. phase separation
11. magnetically isolate grains
111.corrosion resistance

« Pt for increasing anisotropy (X&)
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How to overcome it? SNR o log (N) N = no. of

) kT grains/bit
- MEDIA
ignal-Noise
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: ,
S :
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Angle
SPACE
SUPERPARAMAGNETIC
LIMIT ,
KV THERMAL URITABILITY/ | Exchange-spring
kuT ~ 60 \STABILITY, SWITCHABILITY | “ECC” media
B
Western Digital.  ©2018 western Digital Corporation or its affiliates. Al rights reserved. 3/20/2019 9
HIGHLY CONFIDENTIAL - ATTORNEYS' EYES ONLY MR Technologies GmbH  KS0000009

Ex. 2015, IPR2026-00014 i
Pace 9 of 45 JX-2057.009



exchange spring media

EXCHANGE SPRING

single phase media

£
g

TR

RN
:

bm=bem by bem

(a) (b)

CONVENTIONAL TWO INDEPENDENT PHASES
IR | small force

large force (small field)
(high field)
\ thermal
H stability

T ff,":ﬁg'.;e Suess et. al., J. Magn. Magn. Mater., 321, pp.545-554 (2009)
The Exchange-Spring Magnet: A New Keep the same energy barrier (thermal stability)

Material Principle for Permanent Magnets”,

IEEE Trans. Magn., 27, pp.3588 (1991) but change the required force (field)!
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X-Ray Magnetic Circular Dichroism

APPLIED PHYSICS LETTERS 98, 262507 (2011)

Direct probing magnetization reversal of exchange-coupled-composite
media by x-ray magnetic circular dichroism

Hao-Cheng Hou,' Dieter Suess,® Jung-Wei Liao,’ Meng-Shian Lin," Hong-Ji Lin

Fan-Hsiu Chang,® and Chih-Huang Lai™®

Dep(u tment of Materials Science and Engineering, National Tsing Hua University, 30013 Hsinchu, Taiwan
*Institute of Selid State Physics, Vienna University of Technology, 1040 Vienna, Austria

*National Synchrotron Radiation Research Center, 30076 Hsinchu, Taiwan

ECC-N3, Fe-marker @ 3rd layer ECC-N7, Fe-marker @ 1st layer ECC-N7, Fe-marker @ 3rd layer  ECC-N7, Fe-marker @ Tth layer

1: |. i W
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Exchange-break layers

'EBL1&2 =0 nm
- 1 Assist layer o (A ®
- | -®-Single-EBL
ﬁ high Ms/low Ku ijz / &
N— | Exchange-break layer 5200 * -&-Dual-EBL
(EBL) 2000 EBL1=0nm

Storage layer
low Ms/high Ku

EBL 2=0.7 nm
7800 \
7600 EBL 1 = increasing

Saturation (switching) Field (Oe)

7400 \\ EBL2=0.7 nm
7200 N\
C > : N |
Assist layer 7000 (
\ﬁ/hlgh Ms/low Ku 6800 ! — ' -
s ~ |EBL2 150 200 250 300 350 400
-~ Middle layer Thermal stability
. ~_Jmed Ms/med Ku
EBL1

G. Bertero et. al., "Advanced double exchange-break PMR media structures”,
Storage layer TMRE 5010

low Ms/high Ku
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Exchange-coupled composite media
How many EBL’s?

2005 zo 18 Intergranular

exchange

E..E-

i0th, iith gemn.
Multiple EBL’s

200 Gbits/In2 ~ 1 Tbits/In2

v

Anisotropy

Significant increase in complexity!
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Limitations of grain size reduction
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1000
Courtesy G. Bertero

Grain size scaling appears limiting in PMR media — Why?
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Role of intergranular exchange
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J. Zhu, IEEE Trans. Magn.. “Understanding Noise
Mechanism in Small Grain Size Perpendicular
Thin Film Media”, 46, pp.2391 (2010)

SNR (dB)

15
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Intergranular exchange increases exponentially!
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Role of intergranular exchange

Gra(':r:)'mh Ms (emulcc) |Ku (10%rg/cc)
9.6 456 3.55
Medium A 8.3 449 3.42 m |
6.9 442 3.33 |

9.6 430 3.22

Medium B 8.3 427 3.25 m
6.9 429 3.05
9.6 429 3.09

Medium C 8.3 428 3.06 m
6.9 417 2.97

Y. Ikeda, IEEE Trans. Magn.. “Magnetic Cluster

Size Analysis for Small Grain Continuous
Media”, 48, pp.3185 (2012)

ASNR (dB)

—— Medium A
—=&— Medium B
4— Medium C

15 17 \Q 21 23 25

N

™

h

Granular layer cluster size (nm)

Intergranular exchange is the limiting factor!
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Can the switchability be further improved?

il >
Soft
# ECL1
Med
' : ECL2

Hard
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Reversibility: Recoil Loop Susceptibility

S
\ /

Soft
N— e
.. ECL1

_Medium _

I ECL2 I

K. Srinivasan et. al.,
59" MMM Conf. ,
Paper FQ-06 (2014)

Recoil loop susceptibility,

v (arb. units)

—a—0nm-—O0—04nm-—-—0.7 nm —&—0nm—0—0.6 nm-—-—0.9 nm
—7— 0.9 nm 1.1 nm —&— 1.3 nm —7— 1.1 nm 1.3 nm
8.0 (a) ECL-I series 12 8.0 (b) ECL-II series i
7.0t 15 7.0¢ |
6.0} - *;.",_ —6.0} -
5.0F 19 5.0 T
. 18 S .
4.0 10w 540 .
B 1o = L 4
3.0 {10830t 1
| | 0 = . .
20 1= 2.0 i
r o 3 r
1.0 I ] 8 1.0 7 ]
X 0.0

0.0 s 1 ) i 1 ) 0. " L . " ! .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Initial Magnetization, M. (normalized) Initial Magnetization, M. (normalized)

No change in susceptibility for type-II ECL series!
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Angular dependence of remanent magnetization

©2018 Western Digital Corporation or its affiliates. All rights reserved.
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. = g —C—0.7nm ) l/. {@{ —5—1.8€m
Soft T —A—1.3nm A 6.0 / /@ Z o =9VWF 4 24
— 1 © ——20m 2 | T i
—ECL1 1 x $-23m X ool o0
_Medium | & s V7
4.0 ! . | . ! . | . | . [ .
05 06 07 08 09 1.0
cos(0) .
K. Srinivasan et. dl. Linear cos(Q) Complex dependence
59th MMM Conf. , dependence for type-1 | for type-II
Paper FQ-06 (2014) |
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Two types of switching mechanisms
What interfacial "tuning” can do

Type-1 ECL Type-Il ECL

_ Mo R
T
E E Soft i i Soft
E E Hard E E Hard
L
‘ Exchange-spring } Magnetostatic /AP-coupled

K. Srinivasan et. al., 59t MMM Conf. ,
Paper FQ-06 (2014)
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So much for the
present...

...what about the
future??

Western

Digital® © 2018 Western Digital Corperation All rights reserved Confidential
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HDD/Flash Areal Density Perspective

0t
= TMR Head
) o E[L[; " Perpendicular \. “135% CGR
r ucts Eaﬁnrrﬁnn
o~ 10% E | * Flash _'_"_....--i"' ey 256 Gb 19nm TLC
= - Products 40% CGR 128 Gb 19nm TLC
o i £4 Gb 20nm
= 1st AFC Media 64 Gb (3 MLC 7
= 1 = WIS |
= 1025 . \ ® 16 Gb (2 MLC)
S - 100% CGR 7 s
e ol 1t L:MR\Head o
I F 60% CGR 2Gb
= = b
m -
= 1 st MR Head
I 512Mb
@ =
- )
<L )
107
:/’f/ b Courtesy Ed Grochowski
1 1 1 1 I‘ 1 1 1 1 I 1 1 1 1 I 1 1 | L I] [ 1 1 1 I 1 1 1 1
102
90 95 2000 2005 2010 2015 2020

Production Year
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Future technology options
Current

Near-term Far-out

Microwave-Assisted / Heat-Assisted . !
Magnetic Recording Bit Patterned Media

Reader Shingled Writer Field Generating Reader Laser

Shingled / Two Dimensional
Magnetic Recording

Reader Main Pole

EeaEs Progicsalve Write Field | Microwave Near Field
— _ M 3 _ 1 bit=1 Island
Head - Magneti- = Heating
Motion & zation—_— Hac Y
' write g )
‘-§ Cooling" \Recording
()}
S "
e Fe Precessional Reverse i T (K)

Source: dHeﬁ' _de dT
Y. Shiroishi, FA-01, Intermag (2009) & 4T de
o Very high /{u magnetic materials enable media with smaller thermally stable grains.

¢ Higher temperature gradients allow for high effective field gradients.
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Media material choices
What are the high Ku magnetic materials?

¢

Co, Pt

Weller et al., IEEE Trans

Fepd/’—é Magn., 36, pp. 10 (2000)
Co]

CoPtCr, Kubota et al.(1998) d
CoP1tCr, Peng et al (1993) 1
CoCr15Ptx, Ishikawa et al. (1996)
CoCr15Pt12, Inaba et al.(1996)
CoCrTa, Inaba etlal.(1998)

== Charap's 40 Gbit/in’ boundary
Bertram et al. 100 Gbi¥/in® projection 3

10 15 20

M.® (10° (emu/cm’)?)

—
o

s
=
L
iy
@
o

=]
™~
~—
.
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Media material choices
Grain size scaling & areal density

E. Gage et. al., ch.4 “Energy
Assisted Magnetic Recording”,
in “Ultrahigh Density Magnetic

Recording”,
eds. Gaspare & Varvaro (2016)

(o]
o
o

(=2}

w
=
c
3
o
—
©
—
ua I
o
~
v
{

o
<

K, (10" erg/cm?)
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Heat-assisted magnetic recording

HAMR scheme

Coercivity

LR AR R R R R R R R R

Temperature

Heating
Media

E. Gage et. al., ch.4 “Energy
Assisted Magnetic Recording”,
in “Ultrahigh Density Magnetic

Recording”,
eds. Gaspare & Varvaro (2016)

N
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Heat-assisted magnetic recording

Principles of HAMR recording

—

LASER

Inter-layer

Heat Sink

Laser

SRR AR AR E

Heat bubble

Inter-layer

Heat Sink

Adhesion layer

Thermal gradient
1s a key enabler
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The Fe-Pt HAMR recording medium

Media requirements: Ideal

Table 5.1 HAMR media requirements for 2 and 4 Tbit/in?
released from the Advanced Storage Technology Consor-

tium (ASTC)
R,<0.04 nm -
I;\ _ Areal density (Tbit/in?) 2 4
p; %OI ° Grain size, D (nm) 6 4.3
(o] () (o} Center-to-center distance, Dy, (nm) 7 bl
o o o Size distribution, ¢ (%) 10-15 10-15
0.366 nm Lo Msof ferromagnetic layer (T) 0.88 1
D~4 nm, OD<10°/° Lo M; of ferromagnetic grain (T) . 1.26
h WD>15 Ku (M)/m®) 35 5
o Hi (T) 8 10
oHy /Hyg 5-10 5-10
O i | 480 430
o Te/Te (%) 2 Z
Angular distribution, oy (%) 2 0.8
Media thickness, ¢ (nm) 9 8.2
Grain aspect ratio (h/D) 1.29 1.6
Grains/bit 6.7 6.2
K. Hono et. al., ch.5 “L10 FePt granular films for HAMR
media”, in “Ultrahigh Density Magnetic Recording”,
eds. Gaspare & Varvaro (2016)
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] 4 L b : ‘ ' /
“ ’ \ ] - |

Actual Media

Seed/
Heat-sink/
Underlayer

structures

WESI:EI‘H Digltal ©2018 Western Digital Corporation or its affiliates. All rights reserved. . .
HIGHLY CONFIDENTIAL - ATTORNEYS' EYES ONLY 0 PR3 o
Ex. 2015, IPR2026-00014 JX-2057.030

Pagce 30 of 45



Defective grains

Highly ordered L1, Defects in FePt

\

renerwn

R R
casnerereRas
- s‘. b‘ta‘t_“.’so t AN
sisssmassas

FErsssnss bttt
Tissesenitiins
L SRR R
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4.26 213 4.26

“ Reduction
of in-plane
variants is

\ key

Courtesy
Prof. J. Zhu, CMU

-

Ho et. al., J. Appl. Phys., 116, 193510 (2014)

mout-of-plane min-plane & multi-variant mfcc like mothers
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_________ -~
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' Tc variation ™,
_— { needs to be '}
Tc distribution : |

b
o
T

. o
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w
!

j (TC’T)graiﬁ

-
o))
T

£ f(TC,T)’éféi" 2

-
N
T

—
o
1

Medlum SNR @ W=30nm (dB)
r
|

3 4 5 6 7 8 9 10
Medium Grain Pitch (nm)

Zhu et al., J. Appl. Phys., 115, p. 17B744 (2014)
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Thermal gradient (TG)

R R o e e > Carbon Overcoat /Hi T Lube
18 |- \,, SNR « D% _
~ 16 |- 5 |
(1) ,—‘ S -
S T | Seed layer (5-20 nm) P ™
o 14 - Significant
M : ] e T -\, challenge /
12 |- - »” ’
E \\ , Heatsink/Plasmonic,’ e —
B .ol —e—TG=15 °K/inm N ~.Underlayer (20-200 nnl)_
= | —v—TG= 9 °K/nm . | e —==" |
8 |- —d—TG= 6 °K/nm -
i TGx= 3 °Kinm ‘ Adhesion layer
€ E Y & 3 8 P ¢ Eo0 KB § & & 0 8§ 2
2 3 - o 6 7 8 9 10 11 HI T GlaSS
Grain Pitch D (nm)
Weller et al., IEEE Trans. Magn., 50, p. 3100108 (2014)
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Thermal
Properties

Segregant Chemical
for FePt Stability

Optical
Constants

Grain boundary — C, Si02, B,
other oxides, nitrides & carbides

1HHE stem Digi\tal ©2018 Western Digital Corporation or its affiliates. All rights reserved. 3/20/2019 35
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Effect on magnetic properties
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Carbon is a
unique sergegant!
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‘

Hc(perp) of FePt-Segregant (kOe)

Volume fraction of Segregant (%)

Shiroyama et. al., IEEE Trans. Magn., 49, p. 3616 (2013)
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Plan-view

- 23%'Si0, M 30°/ Sio

M:’] USIO

Yang et. al., J. Appl. Phys.,
111, p. 07B720 (2012)
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Single-layered FePt-X systems
Types of segregants: FePt-Cr203 & FePt-TiOZ2

, FePt-Cr203
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Varaprasad et. al., IEEE Trans.
Magn., 49, p. 718 (2013)

Shiroyama et. al., IEEE Trans. Magn., 50, p. 3202404.1 (2015)
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Segregant type pro’s & con’s

C segregant (40 vol%) Si0, or TiO, segregants (50 vol%)
1. Good particle separation 1. Poor particle separation
2. High degree of L1, ordering |2. Poor degree of L1, ordering
3. Spherical type grains 3. Cylindrical type grains
4. Rough surface 4. Excellent surface smoothness

Weller et. al., “A HAMR Media Technology
Roadmap to an Areal Density of 4 Tbits/in?”,
IEEE Trans. Magn., 50, p. 3100108 (2014)
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Combining Segregant types

FePt-C as template

- T - -

Weller et. al., “A
HAMR Media
Technology
Roadmap to an

FePt-TiO,, SiO, .
. . . . . . . FePt-C Areal Density of 4

Tbits/in®”,
IEEE Trans. Magn.,
. 50, p. 3100108
FePt-TiO, SiO, (Y nm) 8nm @ 600 oC (2014)
FePt-C (X nm)
MgO(10 nm) @RT
NiTa(100 nm)
Sub
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HAMR media grain size progression
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HAMR drives could be commercialized by the
industry within the next few years!
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Recent developments in magnetic recording media

- The Future of HDD technology is still bright

— Cloud/archival storage will be key

5
*PMR is the prevailing magnetic storage technology - | §’
_ - R

— Grain size scaling does not benefit PMR (exchange-dominated)
— The “exchange-spring” principle in ECC media has guided most of the -
advances in PMR media since inception soft

*HAMR is in the near-term outlook for HDD : S
- Significant challenges overcome, but many still remain = Canp B
— HAMR HDD could be commercialized in the next few years: P
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