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QOUTLINE

HARD DISK DRIVES

@ History of magnetic recording

@ Fundamentals of hard disk technology and currents issues

» Perpendicular magnetic recording: recording medium and read/write head
» Recording Trlemma

@® Next generation recording media — Beyond 1 Tbit/in?

I/ FePt-based Exchange Coupled Composite (ECC) Media
IV Energy Assisted Magnetic Recording Media (EARM)

| Bit Pafterned Recording Media (BPRM)

A Shingled Magnetic Recording (SMR)

A Two Dimensional Magnetic Recording

MAGNETIC RANDOM ACCESS MEMORIES (MRAM)

@® Fundamental Aspects
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ITREND IN DIGITAL DATA STORAGE CAPACITY
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Exaponential
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Quantity of global digital data, exabytes 020
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HARD DISK DRIVES

LEADING TECHNOLOGY
FOR MASSIVE DIGITAL DATA
STORAGE

Current HDDs
« Recording Density: ~ 1 Tb/in?
« HDD sold in 2018: ~ 316 million
« Cost/Gb: 0.0035 USS
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HARD DISK DRIVES

LEADING TECHNOLOGY 1] Laptop
FOR MASSIVE DIGITAL DATA ' @ Nt
STORAGE :

Current HDDs
« Recording Density: ~ 1 Tb/in?
« HDD sold in 2018: ~ 316 million
« Cost/Gb: 0.0035 USS

Tablet
computer
D Mobile @ Database

_ 1800 W Total
f:;: 1,600 |- O Flash memory other than SSDs
| 1400 0 SSD " .
S ool = HOD All that data storedin the cloud
g 100} isn't on droplets of airborne
5 ool water. It's stored on hard disk
B a00f ’:I drives."
2 2001

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year
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HARD DISK DRIVES

...WHERE MAGNETISM PLAYS A BIG ROLE WRITE HEAD
READ High B, SOFT magnet
HeAD WRITE
HEAD
e M
@)
H
Recoroig MEDIUM
READ HEAD RECORDING MEDIUM
GMR/TMR Spin Valve High K, HARD magnet

o p=p, +%Ap-cost9

tv

0 30 60 90 120 150 180 210
Magnetization Angle 6 (degree)

05T AL =Py Ay

0.0r

SMALL MOTORS
High (BH),,ox Mmagnet

-05F

t

Normalized MagnetoResistance

2
nM gaspare.varvaro@ism.cnr.it | www.nm2lab.com slide 8




IOUTLINE

@ History of magnetic recording

@ Fundamentals of hard disk technology and currents issues

» Perpendicular magnetic recording: recording medium and read/write head
* Recording Trlemma

@ Next generation recording media — Beyond 1 Tbit/in2

| FePt-based Exchange Coupled Composite (ECC) Media
TJ Energy Assisted Magnetic Recording Media (EARM)

TJ Bit Patterned Recording Media (BPRM)

7‘ Shingled Magnetic Recording (SMR)

7§ Two Dimensional Magnetic Recording
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HISTORY OF MAGNETIC RECORDING

FROM TELEGRAPHONE TO HARD DISK DRIVE

] 898 Valdmer Poulsen invented magnetic audio recorder (Telegraphone)
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ANALOG RECORDING

p— Mechanism
WRITING PROCESS O N, EleCTrqugneTIC
G DU CINURIES SRS induction.
SOUND I(1) H(t) M,(x) \ - 3

READING PROCESS

SOUND I(t) B(1) M,(x)
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HISTORY OF MAGNETIC RECORDING

FROM TELEGRAPHONE TO HARD DISK DRIVE

] 898 Valdmer Poulsen invented magnetic audio recorder (Telegraphone)

193(0s AEG and BASH developed magnetic audio-tape recorder (Magnetophone)

Signal
current

Tape
head

Magnetic
field

e Write/Read Head

Ring inductive head

e Recording Medium
Acetate tape coated with a layer of gFe,O; particles
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HISTORY OF MAGNETIC RECORDING

FROM TELEGRAPHONE TO HARD DISK DRIVE

1898 Valdmer Poulsen invented magnetic audio recorder (Telegraphone)

193(0s AEG and BASH developed magnetic audio-tape recorder (Magnetophone)

1956 AMPEX introduced magnetic video recording.

1962 Philips invented compact cassette.

1976 Panasonic invented VHS system.
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HISTORY OF MAGNETIC RECORDING

FROM TELEGRAPHONE TO HARD DISK DRIVE

1898 Valdmer Poulsen invented magnetic audio recorder (Telegraphone)
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HISTORY OF MAGNETIC RECORDING

FROM TELEGRAPHONE TO HARD DisK DRIVE
1898 Valdmer Poulsen invented magnetic audio recorder (Telegraphone)

193(0s AEG and BASH developed magnetic audio-tape recorder (Magnetophone)

1956 AMPEX introduced magnetic video recording.
1942 Philipsinvented compact cassette.

1976 Panasonic invented VHS system.

'| 956 IBM invented the first Hard Disk Drive

RAMAC - Random Access Memory of Accounting and Control

Magnelized
data on disk

Tracks 273 Disk \ \
il N 1} Disk
j ‘ ) Rotation
Head R /
Motion o Suspénsion

Random access capability
Multiple read/write cycles
Capacity = 5 MB

50 Magnetic Disk (diameter = 24 in)
Recording density = 2Kb/in?
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HARD DISK DRIVES

AREAL DENSITY EVOLUTION

1

100000 10 Tb/iN® Current HDDs
High-K :
3 materials » Perpendicular technology
10000 - - EAMR, ECC, » Recording Density: ~ 950 ?-}!o/in2
1000 2 TH/in BPMR, SMR, TDMR ~ * HDD sold in 2015: ~ 481 million
o 1100 Gb/in? « Cost/Gb: 0.0035 USS
= 2001 AFC Media ,# 2005 Perp. Media
o 10 - TMR Read Head
O, 11 Gb/in? 1997 GMR Read Head g RECORDING
> 13 : SPINDLE Mepium
% 0.1 ] 1990 MR Read Head
a) 1 1980 Thin Film WR Head &
— 0.01 = KD
@© E .2 <~
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< 1E3 — ,
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4 Recording - Recording VoicE ColL | ENCODER
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Year
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HARD DISK DRIVES

AREAL DENSITY EVOLUTION

1

100000 110 Tb/in® Current HDDs
High-K .
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HARD DISK DRIVES
WORKING PRINCIPLE (PERPENDICULAR RECORDING MEDIA — PMR)

Sector

Cluster of 4

s Writing

current |

Writing
field — —

“ooam || T

SSIO0Ad ONILIIM

Read/Write
Heads

Clock window

Output
voltage
. \ |P - from head

$$3D0¥d ONIAVAY

WRITE
Element Dataread .0 0 000 11111010111.

| AREAL DENsITY (Gb/in2) = tpi x bpi

tpi = frac

READ
Element

Recording
Medium

SuL
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HARD DISK DRIVES

RECORDING MEDIUM (PMR)

Il

HARD FERROMAGNET

— |1 can be permanently
magnetized allowing the information

to be retained over time. H
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HARD DISK DRIVES

RECORDING MEDIUM (PMR)

Dip-coating \
IBD, PE-CVD, ——_Overcoat
Sputtering (" Recording layer

—
11iti1tld

Intermediate Layer

Soft Underlayer (SUL)

Lubricant

Sputtering <

\
Adhesion layer

Substrate

|

nM~.
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PFPE (1 -2 nm)
Reduces the friction and wear during the head-disk contact

Diamond Like Carbon - DLC - & CNx (1- 2 nm)
Provides chemical and mechanical protection

Ni-(X,Y)/Ru or Ru-(X,Y)/Ru (X,Y =Cr, Mn, W) (~ 15
nm)

+ Exchange-decouples the SUL and the magnetic layer

» Favours the epitaxial growth of the magnetic layer

Co(Fe)TaZr-based (20 - 100 nm)
Guides the magnetic flux form the write to the collector
pole of head

AlTi, CfTi, NiTa (5 - 10 nm)
* Improves the adhesion of SUL
* Improves corrosion robustness of the substrate

AlMg (Server & Desktop), Glass (Laptop)
Performs the role of support (hard, stiff, inert, smooth)
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HARD DISK DRIVES

WRITE HEAD (PMR)

5

MINIATURIZED ELECTROMAGNET r rt

— It supplies a write field H, high H
enough (i.e. > Hg,) fo induce the
reversal of the magnetization of a bit.

g )
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HARD DISK DRIVES

WRITE HEAD (PMR)

_ Single pole Head
-
/ 17 +
% Soft Under-Layer (SUL)

Guides the magnetic flux (F) from the write to the collector (or return) pole

Recording
Medium

suL Write A. |Collector
Pole |— - Pole

_ B, B, L
E’;;:;Jrrdlng t l " l ']‘ l, It is assumed that ' ‘ ‘ ' l ' t l
> the SUL generate =

suL ABy a mirror image of _
the main pole b e

® =AB. = ApBy, = AiB,
A.>A, - B.<B,
B, is not enough to R

record on the media “The recording media is placed
in the gap of the write head”

2
nM gaspare.varvaro@ism.cnr.it | www.nm2lab.com slide 21




HARD DISK DRIVES

WRITE HEAD (PMR)

_ Single pole Head

Soft Under-Layer (SUL)

Guides the magnetic flux (F) from the write to the collector (or return) pole

Recording
Medium

Recording
SUL Layer
suti— e -E
o] SOFT FERROMAGNET
B o « High M, (~ B, in small fields)
i | DhighHy > Hy,
_t ] « Highm
<, <” — High efficiency (low |)
£ L & * Low H,
- — Low Hysteresis Losses
:/ FeCo
18 ] | I | ] | | |

; = mM, ~ 2.4T, m~ 900, mH, ~ 0.05 mT
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HARD DISK DRIVES

READ HEAD (PMR)

Quiescient point

\
Recording
Layer

Giant/Tunneling Magneto-resistive (GMR/TMR)
Sensor

Metallic/Insul

Free layer .
___ating spacer
(GMR/TMR)
Pinned
layer
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Normalized MagnetoResistance
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HARD DISK DRIVES

READ HEAD (PMR)
%
o =%

~

Giant/Tunneling Magneto-resistive (GMR/TMR)
Sensor

Recording
Layer

Metallic/Insul

Free layer .
___ating spacer
(GMR/TMR)
Pinned
layer
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HARD DISK DRIVES

READ HEAD (PMR)

I

\%

READ
Head

o~ I

Recording
Layer

1 1 1 1

1 1 1
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Normalized MagnetoResistance

\‘)
n Magnetization Angle © (degree)
. . . Output
Giant/Tunneling Magneto-resistive (GMR/TMR) voltage
Sensor from
head PN P

Metallic/Insul

Free layer ___ating spacer

(GMR/TMR)
Pinned ?ecgg O ] 0 ] o) |
layer
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HARD DISK DRIVES

READ HEAD (PMR)

\

READ
Head

o~ I

Recording
Layer

Giant/Tunneling Magneto-resistive (GMR/TMR)
Sensor

Metallic/Insul

Free layer .
___ating spacer
(GMR/TMR)
Pinned
layer
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HARD DISK DRIVES

READ HEAD (PMR)

v 1'0",0=p(,+lA,o-cos9
READ | 2
Head / 05+ - Ap:p
‘ 0.0f |

Normalized MagnetoResistance

- 14 ‘ - D hur >> D our
Recording -1.0r ‘ ' ' ]
Layer 30 0 30 60 90 120 150 180 210
Magnetization Angle © (degree)
=
Output
Giant/Tunneling Magneto-resistive (GMR/TMR) voltage T m f
Sensor from
head PN P

Metallic/Insul
___ating spacer
(GMR/TMR) Data

Free layer

) —> M
Pinned
o _
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HARD DISK DRIVES

READ HEAD (PMR)

READ
Head

Recording
Layer

Giant/Tunneling Magneto-resistive (GMR/TMR)
Sensor

Metallic/Insul

Free layer .
___ating spacer
(GMR/TMR)
Pinned
layer
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HARD DISK DRIVES

RECORDING MEDIUM (PMR)

Dip-coating \

IBD, PE-CVD, —/ Overcoat
Sputtering Recording layer

—
11itit1tld

Intermediate Layer

Soft Underlayer (SUL)

Lubricant

Sputtering <

\
Adhesion layer

Substrate

nM~.
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PFPE (1 - 2 nm)
Reduces the friction and wear during the head-disk contact

Diamond Like Carbon - DLC - & CNx (1 - 2 nm)
Provides chemical and mechanical protection

Ni-(X,Y)/Ru or Ru-(X,Y)/Ru (X,Y =Cr, Mn, W) (~ 15
nm)

+ Exchange-decouples the SUL and the magnetic layer

+ Favours the epitaxial growth of the magnetic layer

Co(Fe)TaZr-based (20 - 100 nm)
Guides the magnetic flux form the write to the collector
pole of the head

AlTi, CtTi, NiTa (5 - 10 nm)
* Improves the adhesion of SUL
* Improves corrosion robustness of the substrate

AlMg (Server & Desktop), Glass (Laptop)
Performs the role of support (hard, sfiff, inert, smooth)
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HARD DISK DRIVES

RECORDING MEDIUM (PMR) — RECORDING LAYER

Dip-coating ~_ /
Lubri t
IBD, PE-CVD, ——_ Overcoat - I
Sputtering (" Recording layer

T4i1i118

Intermediate Layer

Soft Underlayer (SUL)
Sputtering <

\
Adhesion layer

Substrate
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PFPE (1 - 2 nm)
Reduces the friction and wear during the head-disk contact

Diamond Like Carbon - DLC - & CNx (1 - 2 nm)
Provides chemical and mechanical protection

Ni-(X,Y)/Ru or Ru-(X,Y)/Ru (X, Y = Cr, Mn, W) (~ 15

nm)
+ Exchange-decouples the SUL and the magnetic layer
» Favours the epitaxial growth of the magnetic layer

Co(Fe)TaZr-based (20 - 100 nm)
Guides the magnetic flux form the write to the collector
pole of the head

AlTi, CtiTi, NiTa (5 - 10 nm)
* Improves the adhesion of SUL
* Improves corrosion robustness of the substrate

AlMg (Server & Desktop), Glass (Laptop)
Performs the role of support (hard, stiff, inert, smooth)

slide 30




HARD DISK DRIVES

RECORDING MEDIUM (PMR) — MAGNETIC LAYER (15T GENERATION — 2005 )

CoCrPt@Sio,

K,=0.2-0.5MJ/m3
Pt : Increases K, — Hg, = K /M
Cr, SiO, : promotes grain isolation

Easy axis

Co alloy
hcp (002)

Boundary: SiO,
(non-magnetic)

¢ : Core: Co-rich
; (magnetic)

Stoner-Wolfarth like system
— Single domain grains
— Weakly exchange coupled grains

— Uniaxial perpendicular anisotropy K, M

L

Smooth surface (Ra roughness ~1 nm)

R/W
Head

NANOSLIDER l

~5nNm ~0.3 mm
|
Hard Disk Surface Ground
\I- 20-40 m/s
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HARD DISK DRIVES

EVOLUTION OF PERPENDICULAR MAGNETIC RECORDING MEDIA

1¢ (2005) Generation 74 (201 3) .
AD ~ 100 Gb/in? AD ~ 700 Gb/in?

Single
CoCr(Pt,Ta,B)
Layer

ML (K5)

ML (K;)
K, > K, K, >K; > K, K,>K;,>K;>K,
S /
~

EXCHANGE COUPLED COMPOSITE MEDIA

Multilayer  structures  consisting of  CoCrPt-Oxide
magnetic layers (ML) with different anisotropy (K)
separated by a non magnetic break layer (BL e.g. Pt)

* Improved writability
* Reduction of magnetic layer thickness
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HARD Disk DRIVES AD ~ 950 &b in?

EVOLUTION OF PERPENDICULAR MAGNETIC RECORDING MEDIA
R/W

1+ (2005) Generation 7+ (2013) Head

AD ~ 100 Gb/in? AD ~ 700 Gb/in?
NANOSLIDER g

Single
CoCir(Pt,Ta,B)
Layer

Ra Rough. 3.5 A 1.5nm

Lubricant (~ 1 nm)
Overcoat (<2 nm)

Recording layer (15 nm)

tiitittd

ML (K,)
ML (K,) SAF - SUL (50 nm)
ML (K;)
K, > K, Ki>K,>K, | Ky >Ky> Ky > K,
& ~ J

EXCHANGE COUPLED COMPOSITE MEDIA
Multilayer  structures consisting of CoCrPt-Oxide

magnetic layers (ML) with different anisotropy (K) :
separated by a non magnetic break layer (BL e.g. P1)
upsirare

* Improved writability
» Reduction of magnetic layer thickness
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HARD DISK DRIVES

BEYOND 1 Thit/in?

] )
100000 ;10 Tb/in

10000 -
11 Tb/in®

1000 -
1100 Gb/in® ﬂ

2001 AFC Media 2005 Perp. Media
, TMR Read Head
1997 GMR Read Head g

=
o
o

=
o
I

11 Gblin’

=

1990 MR Read Head i
1980 Thin Film WR Head _ i

o
[EEN
|

0.01

11 Mb/in®
1E-3

Areal Density [Gb/in®]

] Longitudinal Perpendicular
1544 Recording Recording

1€ ] = e - IUIN

166 ] 1956 IBM RAMAC (flrst HDD 2 Kb/ )

1960 1970 1980 1990 2000 2010 2020 2030
Year
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HARD DISK DRIVES

BEYOND 1 Thit/in?2— RECORDING TRILEMMA

16
LONGITUDINAL MAGNETIC RECORDING (LMR) MEDIA

B — ) aa ) =TT

14 . 4 The areal density has been increased by continuously reducing
g AL the in-plane size of the grain in order to maintain an adequate
= Number of
s 1 * i i e St i MR grains per bit
N
vcx 10 ~ 11111 SNR Log_l_o(N)
® 9 - — oS T TY
© 8

i Higher areal density require

SMALLER GRAINS (D)
6
0.01 01

Areal Density (Thfin?)

Bit length (B)
Bit length (B)

2
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HARD DISK DRIVES

BEYOND 1 Tbit/in?2— RECORDING TRILEMMA
16

PERPENDICULAR MAGNETIC RECORDING
5 e e THITTY (PMR) MEDIA
14 — A N\ -
Be i i I s i 1 | The in-plane size of the grain has been

12 kept almost constant and higher areal
» * densities have been obtained reducing
the number of grains per bit (down to

Grain Size, (nm)

10 * * | : e
* ‘ ~15) without compromising the SNR.
9 ‘s r : * 3 ‘ ?0 ' ,
8 4
7
6
0.01 0.1 1

Areal Density (Th/in?)

gaspare.varvaro@ism.cnr.it | www.nm2lab.com slide 36




HARD DISK DRIVES

BEYOND 1 Tbit/in?2— RECORDING TRILEMMA

16
PERPENDICULAR MAGNETIC RECORDING
15 —t —_—
" = _ ‘- -' ‘- | || tll_"; -~ | (PMR) MEeDIA
tMR (|| PMR
_ Be =1 1011 ' 1 The in-plane size of the grain has been
E 12 ~ e kept almost constant and higher areal
;f 1 * ' densities have been obtained reducing
g 5o . ‘ ‘. . the number of grains per bit (down to
* ~15) without compromising the SNR.
'g 9 ‘s o z . ‘ .’0 ' ) X 9
o 4
8 !
7
6
0.01 0.1 1

Areal Density (Tb/in?)

To go in the Tbit/in2 regime the grain
size must be reduced to maintain an
adequate SNR.
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HARD DISK DRIVES

BEYOND 1 Tbit/in?2— RECORDING TRILEMMA

Number of
grains per bit

SNR Log,(N)

Higher areal density require
SMALLER GRAINS (D)

SNR

Y/
T A
S8\~
DN
“ CE,
INSAS
)
Uniaxial
Anisotropy Grain
Constant Volume
Stoner-Wolfarth
p="mo s BV 60
K Ta00 KgTago 10Years

STABILITY FACTOR
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HARD DISK DRIVES

BEYOND 1 Tbit/in?2— RECORDING TRILEMMA

Number of
grains per bit

SNR Log,,(N)

Higher areal density require
SMALLER GRAINS (D)

SmC

— /m 05 Y\_/ *

S8\
= £ L1,-FePt ORI

o’ 8o S i ; RS CE
= o L1,-CoPt K, ~7 MJ/im \z\ \@ 0
- —

. D.~2.5nm /\ /\

> 600 o) ]

by ot C

7)) ..

c Uniaxial

8 i Anisofropy Grain

Co,Pt Constant Volume

o Co/Pt L10-FePd

£ 200 [COP Syna

5 5 Stoner-Wolfarth K V

= CoCrPt (K ~ 0.7 MJ/m",D_~ 7 nm) system

=} CoPt,[Co/Pd ! ¢ B — - > 60
O 0OF 3[ 0 ]n — -_

)

(12 ' : . . * : * ' 10 Years

0 1 2 3 4 5 6 7 8 kB-I—SOO kBTSOO
K, (MJ/m’) STABILITY FACTOR

D. Weller et al., Phys. Status Solidi A 210 1245 2013

slide 39




HARD DISK DRIVES

BEYOND 1 Tbit/in?2— RECORDING TRILEMMA

Number of
grains per bit

SNR Log,(N)

Higher areal density require
SMALLER GRAINS (D)

SNR

Q . .
e Switching
Field

H,° W _ /4p0>H ( K,) 7Z WSy o/ Ng/t

CE,
Writing
Field
Recording Medium Ky Write Head mM Unioxiol .
Material (104 J/m3) Material (M) Aguso’rfrop}ry lerom
onstan olume
s - AL 24 Stoner-Wolfarth K V
L1, FePt ; o b — DEo system u > 60
~ 10 Years
o COPY ° Kg Ta00 Kg T30
Co/Pi(Pd) - STABILITY FACTOR
CoCrPt ~0.7
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HARD DISK DRIVES

FUTURE TECHNOLOGIES OPTIONS

EXCHANGE COUPLED COMPOSITE MEDIA

In soft/hard exchange coupled composites the
domain wall forming in the soft phase supports the
reversal of the hard phase leading to a reduction
of Hy, (improved write-ability) without affecting Lk,
(i.,e. thermal stability).

r
10 nm
140S

10 nm

dydvH

2.5/ in plane easy axis
_—

-1.0 vﬂ..E D.ID ﬂiE 1.II‘.I
K, (MJim?

ENERGY ASSISTED MAGNETIC RECORDING

An external energy source (laser light or
microwave field) is used fo reduce H, during the
recording process (improved write-ability) without
affecting thermal stability.

Heat Assisted Microwave Assisted
Recording* Recording™**
Reader Laser Spm-'!’orque
Oscillator

Near Field Write Field |
3 A = :ll e M
54—, Heating Magneti- |
L N zation—_ = Hac

H S H .

g R N write
5 Cooling” \Recording
4 Head
&)

Ambient Temp T(K) precessional Reverse

*D. Weller et al., [EEE Trans. Magn. 50 1 2014
J.G. Zhu et al., IEEE Trans. Magn. 44 125 2008

**§. Okamoto et al., J. Phys. D: Appl. Phys. 48 353001 2015
M. Kryder et al., Proc. IEEE 96 1810 2008
E. Gage et al., Ch 4 in “Ultra-High-Density Magnetic Recording”,
(G. Varvaro and F. Casoli Eds.,) Pan Stanford Publishing 2016

F. Casoli et al., Ch 6 in “Ultra-High-Density Magnetic Recording”
(G. Varvaro and F. Casoli Eds.), Pan Stanford Publishing 2016

G. Varvaro et al.,, IMMM 368 4152014

D. Suess et al., IMMM 321 545 2009
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EXCHANGE COUPLED COMPOSITE MEDIA

EXCHANGE-SPRING SYSTEMS
7

10 nm

10 nm

Soft FM | 82+

Non magnetic — a0

interlayer = 78

Hard FM <’ 76

K, K, K Y 74l

72-

Reversal Mechanism 70.
Hp. Soft and hard layers thick enough to fit a full domain wall

5.0-

A - C Nucleation of areversed domain in the soft regior 4]
Reversible Reversal

Hg,=maxH,,H )

- 4.0:
e IfH, >H
H, =2K,/Js+2Ap® | 4M 3 35 S
D - E Pinning/propagation of the domain wall i Ho, =H, ~ (K, - K{)/2J
Irreversible Reversal 2.5 L" plane easy axis
H = 2(Kh' KS) 269_ KsAsS 2"-,1.0 05 00 0.5 1.0 DE,~ VAK,
" (B e KA -
1 . - - GAIN FACTOR
wal . 2DE,

M/M

nM

x=1

CMHV

Single S-W Hard Phase

1¢x¢?2 Exchange-Spring System

Slide 42

S



EXCHANGE COUPLED COMPOSITE MEDIA

GRADED SYSTEMS

Reversal Mechanism

SF?I\T Hp. Graded layer thick enough to allow the formation of a domain wall
A - B Nucleation of a reversed domain in the softest region
Hn :2KS/JS+2A5,02/4'[52MS
Hard C - E Pinning/propagation of the domain wall
M z H, =[W29)1E@)/1e],.0, = |20 WAK (D) fie].,,
Basic principle In a particle in a potential well, the K(2)=aZ =2°K, It} H, =(2/ I AK, /te
maximum force that is required to move it from
one minimum to the other depends on the H,,=maxH_,H )
dient, which can be d d by scaling th - T — 2DE,
gradient, which can be decreased by scaling the _
energy landscape in the horizontal direction, st_(Z/‘Js) AR/t 1¢ X = ¢ 4
without affecting thermal stability, which is If Hp > Hy HV
DE, =2FJ Hls SwW

determined by the energy barrier (LE,).

Small Force

'\(Smoll Field) K= 0
LE, § >
\ S
\ ©
©
Large Force { S
. . / o
(High Field) ! % 2
r 7]
f \ S
\ r \ v "g
CE, f =
! A"
' / K,=3.8 MJ/m
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ENERGY ASSISTED MAGNETIC RECORDING (EAMR)

HEAT-AMR

WRITING PROCESS
A tightly focused laser beam is used to increase the
medium ftemperature up to a value close to T, where

P-\-\\\\ “_ Recording head the cmiso’rr'opy.of Thg medium- is low and jrhus only a
N tun  (PMRcomponent) very small field is required to switch the media.

Thin-film coil

Read head
(TMR element)

Il
=/

High-K, materials can be used.

READ-OUT PROCESS
Is performed with a magneto-resistive head at room
temperature

Magnetic flux

Heating
Media

Coercivity

— , Y Wi
ﬁwallahlfr Head Field +Lemp

Temperature

E. Gage et al., Ch 4 in “Ulira-High-Density Magnetic Recording” (G. Varvaro and F. Casoli Eds.), Pan Stanford Publishing 2016
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ENERGY ASSISTED MAGNETIC RECORDING (EAMR)

HEAT-AMR

High-T Lubricant

WRITE-HEAD To withstand repeated temperature changes ranging from an
hn ambient temperature to near T., which may cause the
Au Near-Field desorption and decomposition of lubricant molecules.

Transducer
(250 nm) L1,-FePt

T. (~ 750 K) is to high for practical applications and need to be
reduced down to 500 K by adding a third element (e..g Ni,
Cu) without compromising K.

Dielectric

Waveguide
80 b)
. Ni-content
- = e =% 3
Recording layer f f ‘ 9_4 " 0u% ®
Int diate L o 20a% V
FEHEEEE SEVE 20 Wa% O | ju. Thiele etal.,
Heat-Sink Underlayer  mmemmOEe Rttt J. Appl. Phys. 91
0k, Sy, o] 65952002
800
Ag, AU, Al, Cu, Cr (20 - 200 nm)
Adhesion layer Establishes proper thermal gradients and optimizes write

Substrate power requirements

2
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ENERGY ASSISTED MAGNETIC RECORDING (EAMR)

MICROWAVE-AMR

Spin-Torque WRITING PROCESS
OSCIIIjltor A transverse AC magnetic field with a frequency matching the
ferromagnetic resonance frequency of the media induces a
precession mode of the magnetization around the easy-axis that
allows lowering the coercivity when a DC external field is applied
along the easy direction.
High-K, materials can be used.

" Y
2 | w=0.786
™ 0.64
- | e M Eﬂ 0.38
Magneti- ! ¥ H et no rf
TS T &5 L Okamoto et al., J.
zation— ;‘ N ‘H e < Phys. D: Appl. Phys. 48
write . L 353001 2015

0 0.2 04 06 08 1
™ hdc
READ-OUT PROCES>

Is performed with a magneto-resistive head.
Precessional Reverse

E. Gage et al., Ch 4 in “Ulira-High-Density Magnetic Recording” (G. Varvaro and F. Casoli Eds.), Pan Stanford Publishing 2016
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ENERGY ASSISTED MAGNETIC RECORDING (EAMR)

MICROWAVE-AMR

Spin-Torque
Oscillator

3D Magnetic Recording

.7 Multilayer recording
medium

Magneti- e | (rryepereer ey
- layer2 i layer 1 _ 1
y 4 at 10N— l :I:;On\z;cve ¥ m;:;on\:g:e \ Selective switching
i ! conditions
frequency F2£ : frequency F1 |\ Cayera
: -------------------- z \ ' . Layer2
E t Reoordlng Iayer - L [ Layert p—
' Layer2
''''''''''''' —— —— Layer 1
l t t t Recording layer
2 rf frequency
Precessional Reverse ‘ ‘ l

Okamoto et al., J. Phys. D:
Appl. Phys. 48 353001 2015
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HARD DISK DRIVES

TOWARDS 1 TBIT/in? AND BEYOND — RECORDING TRILEMMA

Number of
grains per bit

SNR Log,(N)

Higher areal density require
SMALLER GRAINS (D)

SNR
T
S5\~
DN
“X [E,
INSAS
)
Uniaxial
Anisofropy Grain
Constant Volume
Stoner-Wolfarth K V
b — DEO sys’rém u > 60
Ks Ta00 KgTago 10Years

STABILITY FACTOR
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HARD DISK DRIVES

TOWARDS 1 TBIT/in? AND BEYOND — RECORDING TRILEMMA

Number of
grains per bit

SNR Log,(N)

Higher areal density require
SMALLER GRAINS (D)

SNR
T
S5\~
DN
“X [E,
INSAS
)
Uniaxial
Anisofropy Grain
Constant Volume
Stoner-Wolfarth K V
b — DEO sys’rém u > 60
Ks Ta00 KgTago 10Years

STABILITY FACTOR
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I BIT PATTERNED MAGNETIC RECORDING (BPMR)

Conventonal )
b KUV > 60 Multigran '_"_‘-f"'a \—_\ Patterned Media
\ Kié-}

kB-I-SOO

© + magnetizalen
O = magneazaton
/

% 23 4 P N GCC"A}C\“,Q .
f# ‘ N ) Mté:cdd‘s QCU L ~..c v ‘a J
Lk A <

* u
7 {o'?" .g f \
’fodg B 177 Y R ]

di!ao.) o?,.,toq.o.o.'

CONVENTIONAL MEDIA BIT PATTERNED MEDIA
+ Continuous granular recording media * Highly exchange coupled granular media
* Multiple grains per bit « Multiple grains perisland, but each island is a
+ Boundaries between bits determined by grains single domain particle
+ Thermal stability unit is one grain + Bit locations determined by lithography

« Thermal stability unit is one dot
2 -5 Tbit/in?  with CoCrPt

. . , , : 40 - 50 Thit/in2 < Hard Materials (e.g. L1,-FePt)
D. Makarov et al., Ch 7 in “Ultra-High-Density Magnetic Recording” ECC

(G. Varvaro and F. Casoli Eds.), Pan Stanford Publishing 2016 EARM
T.R. Albrecht et al., IEEE Trans. Magn. 51 1 2015
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I BIT PATTERNED MAGNETIC RECORDING (BPMR)

Density Bit period (nm)
(Tb/in2) BAR=1

Bit period (nm)
BAR=4

1 25.4

5 1
10 8
40 4

12.7
5.5
4
2

BAR =1
5 Tbit/in?
1

BAR =4
5 Tbit/in?
1

NANO-LITHOGRAPHY

o Accuracy
< Resolutfion
e« Large Area Order

+ Cost
* Time-consuming

a) 8-beam source
Focused a-beam . _e-beam

( P — ’ g-Deam axposad dot
<

_(200m dia)

e _-a-beam rasist
- -

~ie— %
Direction \
2.75 l Stamper substrats
nm b) d)

RIE gtching plasma

nm nm
- |
nm

RIE stching plasma

11
11

A A AP Deveioped = 1 1 M 1<
' 1 } 1 I L) LJ “Hardanad
Disk subsirata. nanoimprint

rasist pattarn

vatter:
% pattern

~Transparent stamper substrate

MAIN CHALLENGES
Extreme fabrication requirements: ©  Uivaviolst light *
+ Low cost vated
- Fast process Ssnsparentatmartmered)  1LLILIIEIIN "0
\ - e an am ewm

o ngh resolution Disk substrate gl e _}‘»"_1;_,
* Large area order Liquid \Magneb

nanoimprint resist film

Meatal deposition

of

2
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I BIT PATTERNED MAGNETIC RECORDING (BPMR)

TEMPLATE- ASSISTED SELF-ASSEMBLY

Density Bit period (nm) Bit period (nm) . Accuracy

(Tb/in2) BAR=1 BAR=4 “
] 25.4 12.7 .

« Resolution
Large Area Order

5 11 5.5 ™ - Cost
10 8 4 “~’ * Time-consuming
40 4 2
Block-Copolymers Nano-spheres
BAR =1 BAR =4 S
5 Tbit/in? 5 Tbit/in?

11 11

nm nm
- |
nm

MAIN CHALLENGES
Extreme fabrication requirements:
* Low cost
» Fast process
» High resolution
* Large area order

.
A A AL L2
LA AL E R FFT )

»
AAALA L E LT LT
» .
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I FINAL REMARKS

E . 2 |
100000 20T/ B TR High-K
] materials,
10000 EAMR, ECC,
] in2 BPMR, SMR, TDMR
1000 - 1 Thb/in W
3 . 2
= 100 ;100 Gblin i —
= : 2001 AFC Media & erp. Viedia
o 10+ TMR Read Head
O, 11 Gb/in? 1997 GMR Read Head g*
> 13 ;
[ZR 1990 MR Read Head g 2015
1956 ) g N T ~ 950 Gb/in2
RAMAC (IBM) a) 0 01—: 1980 Thin Film WR Head '
in2 (_5 ' § <~
2 Kb/in o 11 Mblin’ o
< 1E-34
1E-4
1E-5
1E.6 ] 1956 IBM RAMAC (first HDD, 2 Kb/in?)
- I T I T I T I T I T I T I T
1960 1970 1980 1990 2000 2010 2020 2030
Year
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GEOMAGNETISM

Geographic North Pole

“t=

Magnetic

Magnetic North Pole

field lines

TAxis of

ratation
Magnetic
South Pole

Geographic South Pole

Geographic North Pole

Magnetic
South Pole

Magnetic
Morth Pole

Geographic South Pole

Normal polarity Reverse polarity
Volcanoes Mid-Ocean Deep-Ocean
Ridge Trench

Rising

Magma

Mantle

Rising

Magma

Subduction
Zone

1.0 2.0 3.0 4.0 5.0
Millions of Years Ago
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Ultra-High-Density

Magnetic Recording
Storage Materials and Media Designs
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edited by
Gaspare Varvaro
Francesca Casoli

978981-466958-0 (Hardback)
978981-466959-7 (eBook)
Mar 2016, 544 pages

www.panstanford.com
WWW.CICpress.com
www.amazon.com

Ultra-High-Density Magnetic Recording

Storage Materials and Media Designs

G. Varvaro & F. Casoli (CNR. Italy) E

» Coversthe most recent progressand developmentsin magneticrecordingfrom the media perspective,
includingtheoretical,experimental aswell astechnologicabspects
» Providesan overviewof the emergingclassef magneticmemoriesregardedas potential candidatesfor

future informationstoragedevices

+ Containgontributionsfrom worldwide expertsfrom university publicresearchinstitutionsandindustry.
* Includescomprehensiveeferencegogetherwith clearandthoroughfigurescomplementeachsection
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QOUTLINE

HARD DISK DRIVES

@ History of magnetic recording

@ Fundamentals of hard disk technology and currents issues

» Perpendicular magnetic recording: recording medium and read/write head
» Recording Trlemma

@® Next generation recording media — Beyond 1 Tbit/in?

I/ FePt-based Exchange Coupled Composite (ECC) Media
IV Energy Assisted Magnetic Recording Media (EARM)

| Bit Pafterned Recording Media (BPRM)

A Shingled Magnetic Recording (SMR)

A Two Dimensional Magnetic Recording

MAGNETIC RANDOM ACCESS MEMORIES (MRAM)

@® Fundamental Aspects
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I MEMORIES CATEGORIES

MEMORY MAIN FIELD OF ADVANTAGES DRAWBACKS
APPLICATION
Secondary  data  « High density (~1 Toit/in2) Moderate ~ read and  write
. : speeds (~1 Gbit/s)
HDD storage device in Very low cost per byte stored .
. Bulky moving parts
computers (~0.004 $/Ghbit) P :
ower consuming
) E%r;cg]—’r:rm external Nonvolatile Moderate read and write
FLASH rorag Very high density (> 1 Tbit/in2) speeds (~6 Gbit/s)
» Firmware Low cost (<1 $/Gbit) Limited endurance
« SSD drives
SRAM Cache memory in go;i’r”rse)od and write speeds (~35 Volatile
computers ) : Low density (~4.5 Gbit/in2)
OW power consuming
High density (>500 Gbit/in?) Volatile
DRAM/S  Primary memory in Low cost (~1 $/Gbit) Constant refreshing of data
DRAM computers Superfast read and write speeds Drains power

(~200 Gbit/s)
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I MEMORIES CATEGORIES
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MEMORY MAIN FIELD OF ADVANTAGES DRAWBACKS
APPLICATION
Secondary  data « High density (~1 Tbit/in?) Moderate = read and  write
. : speeds (~1 Gbit/s)
HDD storage device in Very low cost per byte stored .
. Bulky moving parts
computers (~0.004 $/Ghbit) P :
ower consuming
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FLASH rorag Very high density (> 1 Tbit/in2) speeds (~6 Gbit/s)
» Firmware Low cost (<1 $/Gbit) Limited endurance
« SSD drives
SRAM Cache memory in go;i’r”rse)od and write speeds (~35 Volatile
computers ) : Low density (~4.5 Gbit/in2)
OW power consuming
High density (>500 Gbit/in?) Volatile
DRAM/S  Primary memory in Low cost (~1 $/Gbit) Constant refreshing of data
DRAM computers Superfast read and write speeds Drains power
(~200 Gbit/s)
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MEMORY MAIN FIELD OF ADVANTAGES DRAWBACKS
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« SSD drives
SRAM Cache memory in g];;/rse)(}d and write speeds (~35 Volatile
computers ) : Low density (~4.5 Gbit/in2)
OW power consuming
High density (>500 Gbit/in?) Volatile
DRAM/S  Primary memory in Low cost (~1 $/Gbit) Constant refreshing of data
DRAM computers Superfast read and write speeds Drains power
(~200 Gbit/s)
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MEMORY MAIN FIELD OF ADVANTAGES DRAWBACKS
APPLICATION
Secondary  data « High density (~1 Tbit/in?) Moderate = read and  write
. : speeds (~1 Gbit/s)
HDD storage device in Very low cost per byte stored .
. Bulky moving parts
computers (~0.004 $/Ghbit) P :
ower consuming
) E%r;cg]—’r:rm external Nonvolatile Moderate read and write
FLASH rorag Very high density (> 1 Tbit/in2) speeds (~6 Gbit/s)
» Firmware Low cost (<1 $/Gbit) Limited endurance
« SSD drives
SRAM Cache memory in g];;/rse)(}d and write speeds (~35 Volatile
computers ) : Low density (~4.5 Gbit/in2)
OW power consuming
High density (>500 Gbit/in?) Volatile
DRAM/S  Primary memory in Low cost (~1 $/Gbit) Constant refreshing of data
DRAM computers Superfast read and write speeds Drains power
(~200 Gbit/s)
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NON-VOLATILE
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MAIN FIELD OF
MEMORY ADVANTAGES DRAWBACKS
APPLICATION
Secondary  data  « High density (~1 Toit/in2) . 2"‘;‘;220(*?] Gfﬁ(f) and - write
HDD storage device in Very low cost per byte stored P .
: + Bulky moving parts
computers (~0.004 $/Ghbit) P :
« Power consuming
) E%r;cg]—’r:rm external Nonvolatile + Moderate read and write
FLASH forag Very high density (> 1 Toit/in2) speeds (~6 Gbit/s)
» Firmware Low cost (<1 $/Gbit) + Limited endurance
« SSD drives
SRAM Cache memory in go;i’r”rse)od and write speeds (~35 | Volatile
computers ) : « Low denisity (~4.5 Gbit/in2)
OW power consuming
High density (>500 Gbit/in?) » Volatile
rimary memory in ow cost (~ i « Constant refreshing of data
DRAM/S  Ppii i L t (~1 $/Gbit) Constant refreshing of dat
DRAM computers Superfast read and write speeds |+ Drains power
(~200 Gbit/s)
MRAM Nonvolatile
Magnetic | - Military and space Fast read and write speeds (~I1
T Tbit/s) . "
Random applications High density (~128 Gbit/in?) High writing currents
Access + Universal Memory L r
in computer ow power consumption
Memory Unlimited write endurance
Radiation hardness
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BASICS OF MRAM WORKING PRINCIPLE

Reading Process Writing Process
Measuring the change of  Setting the magnetization of the
resistance between P and free layer (P or AP to the reference

Bit Lines AP magnetic configurations. layer)

Ry, > Ry + Field-Induced Magnetic Switching
+ Stoner-Wohlfarth Writing
I\ + Toggle Wrting
+ Heat Assisted Writing

* Spin Transfer Torque

» Spin Orbif Torque

* Magneto-Electric Coupling
«  Optical Writing

CROSS POINT
ARCHITECTURE

Spin Valve

FM free layer
NM spacer
FM reference layer

e

Word 0
Lines

C. Chappert et al., Nat. Mat. 6, 813 2007
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MRAM STRUCTURE

SPIN VALVE

- )

Metal, Insulator

—

gaspare.varvaro@ism.cnr.it | www.nm2lab.com

FM-Free Layer
(Recording/storage Layer)

NM Spacer

FM-Reference
Layer
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MRAM STRUCTURE

SPIN VALVE

FM-Free Layer
(Recording/storage Layer)

[

Metal, Insulator NM Spacer
FM-Reference
-
M
Uniaxial ‘0’
Anisotropy N
> .
Y N
‘e H
- @
- Rpp > Ry
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MRAM STRUCTURE

SPIN VALVE

[

FM-Free Layer
(Recording/storage Layer)

Metal, Insulator

—

NM Spacer

FM-Reference

Layer
M
Uniaxial ‘0’
Anisotropy - - easy
- axis
Y N
i'I 1 H '
Ba R, >R <] 1
= RN Kan=-3 M2
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MRAM STRUCTURE

SPIN VALVE

- or ‘ FM-Free Layer
(Recording/storage Layer)

Metal, Insulator NM Spacer
FM-Reference
- |
Exchange Bias Synthetic
coupling with an Anfiferromagnets
AFM (SAF)

Metallic Spacer

—
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MRAM STRUCTURE

SPIN VALVE | REFERENCE LAYER — AFM PINNING LAYER (EXCHANGE BIAS)

Ty <T<T-
. I i
b T<T\ a
M| = = = = = " FM
e ) / """""""""""" —
MMl = S = = g ladil
c d
M= == — e P b w1
AFM — — — — +—|AFM
y o —| = ,
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MRAM STRUCTURE

SPIN VALVE | REFERENCE LAYER — AFM PINNING LAYER (EXCHANGE BIAS)

M
X Magnetization
| - reversal of the
- ! =» freelayer
i |
o mm) e Layer : . :
| !
Magnetization - : Offset
Metal, Insulator NM Spacer oo lover el |
FM-Reference :' Heg
Layer
R «
AFM Layer m R
- -
- -
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MRAM STRUCTURE

SPIN VALVE | REFERENCE LAYER — AFM PINNING LAYER (EXCHANGE BIAS)

M
X Magnetization
| - reversal of the
- ! =» freelayer
I :
o mm) e loyer : . :
| !
Magnetization - : Offset
Metal, Insulator NM Spacer oo lover el |
./ FM-Reference :' Hep
+ Layer
R «
AFM Layer m R
- -
- -

gaspare.varvaro@ism.cnr.it | www.nm2lab.com slide /0




MRAM STRUCTURE

SPIN VALVE | REFERENCE LAYER — SAF LAYER (INTERLAYER EXCHANGE COUPLING)

- or ‘ FM-Free Layer

Metal, Insulator NM Spacer
\

FM-Reference Layer
> Synthetic Antiferromagnet (SAF)
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MRAM STRUCTUREE

SPIN VALVE | REFERENCE LAYER — SAF LAYER (INTERLAYER EXCHANGE COUPLING)
S.S.P. Parkin, Phys. Rev. Lett. 67, 3598 (1991)

. ’ F'\;I ' ' "] |Tio| V ¢/Cr ¢/ Mna|Fe ¢ Con|Ni g Cug
. No 913 7 7 Ferro- Ferro- Ferro- 8 3
100 Metallic Spacer a — & Coupling =TT o4l 18 Magnet | Magnet | Magnet [ " T o
T : M = = | | 289 | 262|250 | 224 | 248 | 250 | 2.49 | 2.56
= ° - Zr 0| Nb @ Mog| Tc O/ Ru | Rh o Pd @] Ag &
E 50| - 1 | N [9825]52]3 3[3]79|3 (No | No
S AFM T o2 21 3 O i
T’é B P ] 317 | 286 | 272 | 271 | 265 | 269 | 275 | 2.89
0b—an ® : \- ;‘-.-1&: Hf O|Ta @9 W ® Re 0 Os O|Ir @| Pt @ Au @
. R/ . No |7 ]2 (55| 3 [42(35 43| N | o
- v | FM 48 o1 % [oa| % | .41]10 188| o | 7UPInE|Conline
50 | [ | | | : 313 | 286 | 274 | 274 | 268 | 271 | 277 | 2.88 |
0 10 20 30 B © bee
Spacer-Layer thickness (A) O hep # complex cubic AdJ[PA] ) P

A,(A): Spacer-layer thickness corresponding to

Joy Oscillates with the thickness of the spacer the first peak of AFM exchange-coupling .

layer with a dependence that is well DA,(A): Range of spacer-layer thickness of the first
described by a RKKY-ike exchange AFM region.

coupling model. J, (erg/cm?): Magnitude of the AFM exchange-coupling
Joy <OA AFM coupling at the first peak.

Jex > 0 A FM coupling P(A): Oscillation period
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MRAM STRUCTURE

SPIN VALVE | REFERENCE LAYER — SAF LAYER (INTERLAYER EXCHANGE COUPLING)

- or ‘ FM-Free Layer

Metal, Insulator NM Spacer
_ + 0

- - +
- + FM-Reference

Metallic Spacer > Layer (SAF)
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Magnetization
reversal of the

free layer
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|
Magnetization i
reversal of SAF I

Zero|Offset
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MRAM STRUCTURE

SPIN VALVE | REFERENCE LAYER — AFM + SAF

- or ‘ FM-Free Layer

Metal, Insulator NM Spacer
™

l FM-Reference Layer

Metallic Spacer > Synthetic Antiferromagnet (SAF)

AFM Layer
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MRAM STRUCTURE

SPIN VALVE | IN-PLANE VS. OUT-OF-PLANE MAGNETIZATION

- or ‘ FM-Free Layer t or ‘

Metal, Insulator NM Spacer Metal, Insulator

1

FM-Reference
> o

« Higher stability of time and
temperature.

- Two magnetic stable states are
intrinsically defined A elongated
bit are not needed.

Smaller bit size A Higher recording
densities
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I READING PROCESS

ISense

P state AP state
) 4
) —
Ry < Ry
Isolation 0 1

Transistor
HON”
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I READING PROCESS

ISense

P state AP state
) <4
) )
<
FQTT FzTi
Isolation 0 1
Transistor
[1} »
Metallic Spacer up to 55 %
GMR Spin Valve JMMM 200, 274 (1999)
Insulating Spacer up to 604 %
TMR Spin Valve APL. 93, 082508 2008

Slide //
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I WRITING PROCESS

Setting the magneﬁzg’rion of the free - or ‘ FM-Free Layer
layer parallel or antiparallel to that (Recording/storage Layer)

of their reference layer. Metal, Insulator NM Spacer

 Field-Induced Magnetic Switching FM-Reference
o Stoner-Wohlfarth Writing ‘ Layer

o Toggle Writing
o Heat Assisted Writing

Spin Transfer Torque 0’

-
Spin Orbit Torque » .

Magneto-Electric Coupling A

Optical Writing
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