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Context: magnetic recording Interest of ultra-high density

nanomagnet arrays

Actual technology of Hard Disk Drives:
perpendicular magnetic recording (FME)
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Magnetic element of volume V
and magnetic anisotropy K
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Context: magnetic recording Interest of ultra-high density

nanomagnets arrays
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perpendicular magnetic recording (PMRE) real density an argets

10000g |
F Goal : f | 1
Manapale @ INSIC E“’i‘.ﬁ:ﬂaﬁ?n 5 C’O”:#
| Inclactiwe Wirite Element B & SRC g__.- ] f___
e | @0 Japan National-P.J - o
i Perpendicoula = 1000 F ba ' I '-;:-—F'_j:-:-h
24 BTN T Hnt:urding E E
E B
P Facomding %‘ 100 E \
Medium = - '\ B
a1 B
ot a . ® Products Demos Goals
H ey ™ 10 k e ) BT
. £ : ! R PMR
Magnetic element of volume V = e [ .
and magnetic anisotropy K [ : MTﬂ +New
1 'F' I 1 1 1 I [ 1 1 1 [] 1 1 1 1
1995 2000 2005 Year 2010 2015

Limitation of the actual technology: superparamagnetic limit

Felaxation time: _ L
t=1o.exp (KWk,7y 1+ Magnetic relaxationtime > 10 years |:> High KV product are required (KV = 40 k. T)
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Context: magnetic recording

Interest of ultra-high density
nanomagnets arrays

' Areal d [ d E&D t t
perpendicular magnetic recording (PMRE) real density an argets
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Limitation of the actual technology: superparamagnetic limit

Felaxation time: _ L
t=1o.exp (KWk,7y 1+ Magnetic relaxationtime > 10 years |:> High KV product are required (KV = 40 k. T)

Alternative technology: Eit Pattemed media (EPM)

o Demo : 1 Thits/ir®
3 _ g 1

CoCrPt PVD film deposited on a diblock
copaolymer template

o
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. Wherr pf &1 Matac Sei Fon. O 27 TTRZ GRGNT)

ro Saoantics ef &, Al Fhvs, Lalt, 85, 1hSh09 (2005

Context: Solution synthesis of Cao NWs

-

Decomposition of an organo-metallic

Organic igands

Cobalt precursor: Co[N{SiMe,).],

Pprecursor

+
Hexadecylamine (HDA)

f CHATH,). MH-

+
Lauric Acid (LA)

AR

CH.(CH,). CO0H

dissolved in dry aniscle under 3har of H. .
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Context: Solution synthesis of Cao NWs

SEM ancl 1M Aller a6 houss
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Decomposition of an organo-metallic
precursor

Cobalt precursor: Co[N{SiMe,).],
- +
Hexadecylamine (HDA)

CH{TH,). .MH-

+
Lauric Acid (LA)

AR

- CH.(CH,). CO0H

Organic igands
i

dissolved in dry aniscle under 3har of H. .

Single crystalline Co nanowires ‘

* Length @ 40 - 100 nm
* Diameter, 5 - 6 nm
« Single crystalline Ca hep

. Wherr pf &1 Matac Sei Fon. O 27 TTRZ GRGNT)
FL SIANUCE ef &L, AL Fhue Lalt 95, 152509 (2005
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Context: Solution synthesis of Cao NWs
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Decomposition of an organo-metallic

Pprecursor

Cobalt precursor: Co[N{SiMe,).],
- +
Hexadecylamine (HDA)

CH{TH,). .MH-

+
Lauric Acid (LA)

AR

CH.(CH,). CO0H

Organic igands

.,
S,

ay
]

N dissolved in dry anisole under 3bar of H,

Single crystalline Co nanowires ‘

* Length @ 40 - 100 nm
* Diameter, 5 - 6 nm
« Single crystalline Ca hep

« L H. @ 2K=1.2T _{’:
=> Effective anisctropy K., = 8.10% Jfm? )

vs theory: ¥, = Kshape + Kme =11 10° )im?
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How to organize Co NWs on a surface?

State of the art of Co(0001) film growth

o
Foonader, LT Dorig, Dlyes Raw 8. 49 205 |"|'.'35'§'2-.'i!j,,_|
A Thirls Surf Sei 384, 1201258 01997 ",

[para] a 2=20]
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How to organize Co NWs on
subsirates?
F’r QeSS
State of the art of Co(0001) film growth Pt l11) | | |||||| | M
Ao (0001 LD
Spptering depos tar: Pi(111) P11l
P 20NN Dl G f Crgana- mc:tralllc A O, (0001) AL (0001)
ALDOUOLE 1kl omey GeCRmpEasian
1 2 3 4

" Co(0001}

Pt (111}

o
Foonader, LT Dorig, Dlyes Raw 8. 49 205 |"|'.'35'§'2-.'i!j,,_|
A Thirls Surf Sei 384, 1201258 01997 ",

[para] a 2=20]
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Conditions 1
Co/LA/HDA=1/1.2/1.2 ; 100°C, 3
bars of H., 4.5 days of reaction
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Conditions 1
Co/lLA/MHDA=1/1.2/1.2 : 100°C, 3

bars of H., 4.5 days of reaction

«8 nm in diameter

* 150 nm in length

« 2 nm inter-NWs distance

* single-crystalline Co hcp

« epitaxial Co NW growth:
Co(0001) [11-20] // Pt(111) [2-20]

AED
symmetric 6268 scan
Electron microscopy . A0 (000
. Hi117
o | go oz
B o i
= iy o N

A% 4 4% ED 4h &0 Ba
24 {dag.;

d scan Cofl0-11}

1Ch [:__.\: -:"l_l-'11:-
EHE
! E L] | :
Co nanowires 5 i _ . R |
- S : : : |
Pt{111] £ : D ..J'...-JL..,._JL..;.L.JLML..
| :'I : . - . Tl ] @ w0 el
Alz03(0001) e 3 M 11} p ideg.)
Sl French Patent 10.00405 (2011),
FCTWO201L095731 GDR MICO 19/11/2013




Co NWs / Pt(111): Conditions 1
7 T-wires/inZ arrays Co/LA/HDA=1/1.2/1.2 ; 100°C, 3

bars of H., 4.5 days of reaction

= hexagonal armray with a
10 nm penodicity
= 7x102 NWslin?

7 T-wires/in? Co NW arrays

0.188 nm’"
bt =2 10nm

0.1 1/nm

French Fatent 10.00405(2011)

PCTWO2011/005731 SOF MICO 19/11/2013



Conditions 2
Co/LA/HDA=1/2/2 ; 150°C, 3 bars
of H., 24h of reaction
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Co NWs { Pt(111) Conditions 2
ColLA/HDA=1/2/2 ; 150°C, 3 bars

of H,, 24h of reaction
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Conditions 2
Co/LA/HDA=1/2/2 : 150°C, 3 bars

of H., 24h of reaction

* 5-6 nm in diameter

* 960 nm in length

« 2 nm inter-NWs distance

* single-crystalline Co hcp

« epitaxial Co NW growth:

Co(0001) [11-20] // Pt(111) [2-20]

* Low dispersion of the NW axis: +2°

Symmetric 608 scan
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Co NWs | Pt{111):
10 T-wiresfin? arrays

Small angle neutron scattering (SANS)

PAXY spectrometer at the Laboratoire Léon
Brillouin { Orphee, Saclay, France

SAMS patiem

0.15
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0.1 .
= 0.05 300
<
e . 200
C nos
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-0.15

Q}(D(A‘1 )D. 1

Collaboration: F. O, (5.
S smmeeeies Chaboussant, LLB-CEA

Conditions 2

Integration circulaire de l'intensite diffusée

Co/LA/HDA=1/2/2 ; 150°C, 3 hars
of H,, 24h of reaction
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Array periodicity : P = 2x/Q = 8.4 nm

> density : 10.3x10? NWs/in?

C>» packing fraction P = 0.38

10 T-wiresfin? Co NW arrays
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Co NWs / Pt(111): Conditions 2
10 T-wires/inZ arrays

Co/LA/HDA=1/2/2 ; 150°C, 3 bars
of H., 24h of reaction

10-— H substrate 1.0 | ———
.=- H /i substrate f o
0.5- ." 0.5- / ,f”
0w 4
= ; Kf.l' .']I.' gl |
— .0 0.0 T
= ,I;i! | {,F’ /
0.5- ;,Z ’ 0.5 " }f]l il 2
! Y ] . 1.
_1_n_l_¢-#"j - 1.0 ."'r:—w_;f o A2 LA 04 00 04 0B 12
2 02 41 0 1 2 3 £ 4 3 2 10 1 2 3 4 5 H(T
aH (T) uH (T) HoH (T)
. . 1 — L= .
300K : ppHC = 0.35 Tand Mi/Ms == 0.61 » no exchange bias after FC (5T 300K -= 4K)

4K: g, Hc+=0.62Tand Mi/Ms+=0.81
p,Hc”=0.21Tand Mi/Ms#=0.17

GOR MICO 19/11/2013



Co NWs / Pt(111): Conditions 2
10 T-wires/inZ arrays Co/LA/HDA=1/2/2 ; 150°C, 3 bars

of H., 24h of reaction

1h-— H  eubstrate : e ——
-=-H /i substrate - o
0.5- f f
L
E .0 KI’ J
s L
i "‘ZH 4K
F.,._..r
1n_l_¢-#j R 42 08 -04 00 04 08 12
R R ) 1 2 3 4 5 H(T
aH (T) uH (T) HoH (T)
. . 1 — L=
300K p,HC 0.35 Tand Mi/Ms 0.61 * no exchange bias after FC (5T 300K -= 4K

4K: g, Hc+=0.62Tand Mi/Ms+=0.81
p,Hc”=0.21Tand Mi/Ms#=0.17

{I.EIE_ .
.60 § "-.._ Impossibility to fit the
— 0.9 .- data with the Sharmock
5, 0.50- R, formula :
* o Dl gné/eokT {0
0.40- . Nl o,
.30

D 50 100 150 200 250 300
T K)
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Co NWs / Pt(111): Conditions 2
10 T-wires/inZ arrays Co/LA/HDA=1/2/2 ; 150°C, 3 bars

of H., 24h of reaction

10-— M esybstrate
.==H /i substrate

42 0 -04 00 D4 08 12

LE u H (T)

. . 14— L=
300K p,HC 0.35 Tand Mi/Ms 0.61 * no exchange bias after FC (5T 300K -= 4K

ft,Hc” =0.10 Tand MI/Ms” = 0.14 2> no Co oxidation
4K: p,Hc+=0.62Tand MI/Ms-+=0.81 * saturation magnetization: 7.1x10< emu.
j,He” =0.21 T and Mi/Ms”=0.17 using bulkMs == £ =0.42
085 - slope of hysteresis loop at He: ﬁj"‘”ﬁt ~1P
G607 % Impossibility to fit the == P =0.40 dH
— 0.9 S - data with the Sharmock
o, 0.50- e formula :
ff 0.45- Ry ] ymy
040- o Ho=H [NEEST
0.35- . p0 KOV 1

Q.30

D 50 100 150 200 250 300
T K)
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Co NWs / Pt(111): 1 — H_substrale =]
10 T-wires/inz arrays N
-~ DD "!“I’I,
* Measured perpendicular magnetic anisotropy (300 K): = //if
K_.=9.3 10°J/m3 e A sk
) -1.1:—-—~—L";—-"j“'f
a 2 1 a4 1 =z 3
* Theoretical magnetic anisotropy: kH (T
M?
K. =K +H7sq1. 3p)=45x1F)/n7’

4

E:) Difference between exp. and expected anisotropies: dipolar interactions
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= 10— H_ b‘E-t 1 g — o]
Co Nw_s / P_t(}ll]. s IR !,r;:?
10 T-wires/inZ arrays D.5- [
% DE- .'I{ll:-l'r::fll
* Measured perpendicular magnetic anisotropy (300 K): = //f,*.f'
K_.=9.3 10°J/m3 e A sk
13—-—~—L";—"’j""j
i 2 1 a 1 =z 13
* Theoretical magnetic anisotropy: kH (T)
M?
K. =K + “04 5(1- 3P)=4.5x10/ / n?*
E:) Difference between exp. and expected anisotropies: dipolar interactions
« KV = 4000%Kk_T (using T=350K, a typical magnetic mediaworking temperature)
[> Fossibility to reduce the nanowire volume W
E& FL 4 .,-'
E :'-I'.I'l-.
E |;|.. - -

G40 Fn A0 &0 R1 &0 FO A0
Reactian time {h}

Fanowire length measured by TEM
as a function of the reaction time
(ColLAMDA ratio : 1/2/2, 110°C).
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. 1.0-— =
Co Nw_s / F_t(_:_lll]. L= EuiEe T
10 T-wires/inZ arrays D.5- !,u #
% 0o ,lll;'l:.l-"::l"l
* Measured perpendicular magnetic anisotropy (300 K): = //f,*.f'
K_.=9.3 10°J/m3 e A sk
4 ::—-—FL";—J"J
_ _ _ i 2 1 a 1 =z 13
* Theoretical magnetic anisotropy: kH (T)
M?
K. =K + “04 5(1- 3P)=4.5x10/ / n?*
E:) Difference between exp. and expected anisotropies: dipolar interactions
« KV = 4000%Kk_T (using T=350K, a typical magnetic mediaworking temperature)
[> Fossibility to reduce the nanowire volume W
E .l '
* Magnetic media requirements =
- ven low surface roughness B :
- protection of the active laverwith an adequate protective laver -f';é R
% |;|.. - :' I
* Read/write process: S i

- Eeacﬂwﬂte methu:nds are proposed for :Lr:JTt:_lltsﬂn2 (shmgl_ed Manowire length measured by TEM

writing and two-dimensional readback and signal processing) as a function of the reaction time

- bundles of several NWs == several Thits/in2 media (Co/LA/HDA ratio - 1/2/2, 110°C).
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Influence of the film surface symmetry

Co NW / Pt{001)

Co(0001) NW growth on a
B-fold symmetry surface
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Influence of the film surface symmetry

Co NW / Pt{001)

Co(0001) NW growth on a
Co(0001) NW growth on a 4-fold symmetry surface ? Process

6-fold symmetry surface =
I ]
Q1
MgO {001) =
Spullering deaositian -
PL 200rm 260 *C A Ci Brnn
SEICH W yQianl)
1 2
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Influence of the film surface symmetry

Co NW / Pt{001)

Co(0001) NW growth on a
4-fold symmetry surface ? Process

}T 001
[y

‘ MgO {001) =

e
]
[

o

-
|

Spullering deaositian -
i PL 200 360 *C A2 Erin
j!’f ""“.- ~Co{0001) 2GCH K yOeonT)
1 2

/7 TL!'-':E";- =
s
*..i'i’*. }[[}1(;]

Co nancrods
T | ' Tilted growth
= 1 s of Co
it . TN o 5 nanowires on
i 'hi?‘ # (1 7
" - PL(001)

P1(001)

MgO(001)
i T
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Influence of the film surface symmetry
Co NW | Pt{001}

RO pole igure CofQ002} relleclion

ARLD v scan Cuf0002)

Intensity

Co(1123) / P01} @) Pt

"3 40 a5 | B0 B& B
af

1 (deg.)
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Hysteresis loops (SQUIDY

Influence of the film surface symmetry
Co NW / Pt(001)

1_.1:" H _\- _-—E.;.'F |'|-
——H /I [001] ,#;ﬁ ;,
= H /1 [100] d;f
0.5+ = H N [110] :L;' # w,He [001] = 70 mT ’
- fiig wHer100 = 50 mT
o « eff = 1.890x10° Jim I? r:_- |-|-:-|HE' [-I 'I{]] =50 mT
= 0.0 it
£
= 300K /g
0,5 WAy
Ao MnMs [o01] = 0.37
e MriMs [100] = 0.67
= S MrMs [110] = 0.62
Q=
15 10 -05 0.0 0.5 1,0 1.5 p=
wH(T)

0.5 4

1.0 4—
=200 -

Cell size: 4*4*4 nm?
Kmec=5,3.10% 2'm*
Ms= 1,37 .10% Alm
A= 13.10-4)m
a=05

0.5

0.0

COOMME code; Domahue M. J. ard PorterD. . 1589 O0OMME User s Guede, Version L0 Interagency
Report NI TIR 6376, Natiomal Ire titute of 5 tandards and Technology, Gaithersturg, MD . version 1.2a3

—
1500 1000 <300 O

1 - T . ' B

. TR T
DD 1000 1500 2000

WH (mT)
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Localization of the Co NW growth
LPCHO

« Co NW growth does not occur on bare AlLO,
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Localization of the Co NW growth
LPCHO

« Co NW growth does not occur on bare AlLO,

C> Co NW growth on predefined positions :
FIE patterned Pt{111) films: 100 x 100 nm*® islands
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Localization of the Co NW growth

« Co NW growth does not occur on bare AlLO,

C> Co NW growth on predefined positions :
FIE patterned Pt{111) films: 100 x 100 nm*® islands

CoMWs grown on aFIB paﬁerned Pt(111) film

e # ;rr#'h?tm#uﬂ. A
i :& H""- F"""‘"I‘-

#%#ﬁ##*i%g%ﬂ
“#qb;;#ﬂhnx-w# ztﬂ,lf###a
E t'f'.tﬁbﬂi'#iﬁiﬂ-b';fﬁ-hitmyl.l_.

.#;t.,th-r :.! L.J. il ﬂrfn'ﬁu
ﬁﬂuh&uqiht&“

o #e'“#—*""-#ﬂ""-fﬂ-"’f*i e
wr*#utunanhvh" : :
#i-ﬁ"rtma b S R R R v
5 fw,i—ui.:r'u #nxuz o AT
_-—f#.;.;yi_-t‘,.¢1i¥-lzf.h -q--'
Sl
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10 Tera-bits-per-square-inch arrays of self-organized, single
crystalline 1D nanomagnets

*  Manowire arrays of ultra-high densities on large 20 surfaces (1 cm=)
* Diameter < 10nm

Single crystalline 10 nanomagnets ferromagnétiques == high perpendicular anisotropy
Low cost and scalable process

Understanding of the
growth mechanism

Promising technology for future
magnetic media

New bottom-up method for
nano-object self-organization
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Context: Successive organo-metallic

decompositions

iR

] o ;"_'_:-
TR T o ,-':hi'

e
! =

Bt

Cond

2 e g --.
gl
i

tions 1

e
- DR SR ==

CdEc (202 2515

._l-\"'

Conditions 2

4 defined g angles
between Co and CdSe
MRS

112+43%, 135+3°
B+3°, 99+3°

Sequential decomposition of
organo-metallic precursors

« 1- decomposition of
CdSe precursor and
formation of the CdSe
nanorods

» 2- decomposition of Co
precursor: [Co(n,-CHy)-

(Ma-CeH 5]

*« +HDA+LA

\_under H,pressurefor 24h

Epitaxial growth of Co on nano-objects

Maynadié et al Angew. Chem . Int. Ed. 1814 48 (2009)
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Co NWs / Pt(111):

7 T-wires/inZ arrays

Magnetic properties of the 7 T-wire/in2
array (SQUID)

1.l]-—IHJ_:-;th5=.IrI:—1|:—: I =
- =M & substrate =

Co namowires

Pt(111)
Al=05(0001) .Sﬂﬂ =

300K : p,Hc+=147 mT ; Mi/Ms+=0.46
pHe” =57 mT ; Mi/Ms” = 0.43

5K p,HCc+=417 mT; MI/Ms+=0.7; pH__ = -35mT
p,Hc” =234 mT ; MI/Ms”= 0.6 ; B ,H_, = -35mT
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Extension of the method

Iron Nanoparticles on Pt films
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Fe / Pt(111)

Fe{11a} f Pt 111}
wariant
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Influence of the film surface symmetry
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Influence of the film surface symmaetry W, Symmetne (-7 1) scan
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Influence of the film surface symmaetry

Co NW / Cu(001)

Hyptothesis: 3D growth of Co / Cu{001)
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Co Co (221) Cu (001)
3alv2
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