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Magnetic and spintronics materials for data storage and
energy saving by nanostructure control

magnetic recording permanent magnets
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Track width 92nm

Min. bit length 15nm

Areal density ~ 550Gbits/in?
(TAR static test HGST)

L. Zhang, Y. K. Takahashi, K. Hono, B. C. Stipe, J.-Y. Juang, and M. Grobis, |IEEE Trans. Magn. 47, 4062 (2011).



L1,-FePt HAMR media for 2 Tbps

Areal Density (Thit/in”) 2 4

Grain size, D (nm) 6 4.3

Pitch distance, D, (hm) 7 5.1

Size distribution, s (%) 10-15 10-15

ugM; of FM layer (T) 0.88 1

uoM, of FM grain (T) 1.1 1.26

Ky (MJ/m®) 3.5 5

ugH, (T) 8 10

SHk/Hk 5-10 5-10

T. (°C) 480 430

st/Tc (%) 2 2 -
EA distribution, s, (°) 2 0.8 heat sink
Media thickness, t (hm) 9 8.2

Grain aspect ratio (h/D) 1.29 1.6 glass substrate
Number of grains/bit 6.7 6.2

D. Weller et al. IEEE Trans. Magn. 50, 3100108 (2014). FePt-X granular media for >2 Tbit/in2
D~6nm
PD~7 nm
0<10-15%
h/D ~1.3
t>9nm
EA distribution < 2°
R,<0.04 nm

How to grow columnar grains in the FePt-C system?
compositionally graded sputtering process

Co-sputter Cosputter of Fe, Pt and C
Ge o FePt-yWol%C  2pnym i

FePt-xVol%C
FePtzVol%C - - I I
FePt-yVol%C - -
FePt-xVol%C

X y z
FePt-20%C 15 20 25
FePt-25%C 20 25 30
FePt-30%C 25 30 35
Ar:0.48 Pa

Deposition temperature: 600°C
Deposition rate: 0.15 nm/sec
Substrate : MgO(001)

B.S.D.Ch.S. Varaprasad et al. IEEE Trans. Magn. (2015) DOI: 10.1109/TMAG.2015.2435027.



FePt-30%C, =10 nm

cosputter Compositionally graded sputter
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trop 1ayer : 12nm
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- The FePt grains with proper
surface contact with MgO shows a
good out of plate texture.
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Coherent tunneling
epltaX|aI Fe (001)/MgO(001)/Fe(001) structure

Energy band dispersion of Fe [001]
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Spin polarization of conductive electron
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CPP-GMR and FM Heusler alloys

bulk interface
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FM- B For 1 Tblin?
MR ~ 10-20%
AV =ARA X J= MR% x V, .12 mV
12% MR & J ~ 2x10° Alem?

Co,FeZ or Co,MnZ Heusler alloys
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Search for highly spinpolarized FM alloys

DOS calculations: VASP arc melting or induction meting
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Spin polarization measured by PCAR

NIMS
Quaternary alloys P(%) | Ref. Ternary alloys | P Ref. Metals and P Ref.
bina
Co,Mn(Gey75Gag2s) | 74 1 Co,MnSi 56 | 21 Y
Fe 46
Co,Mn(Ga, ;Sn, 5) 72 2 Co,MnGe 58 |1
Co,Fe(Siy -Ge, ,.) 70 |3 Co 45
o, Fe(Sl e
2 0.7520.25 Co,MnSn 60 | 12 FeCo 50
Co,Fe(Gay 5Gey 5) 68 4 Co,MnAl 60 | 12 oo s
75 25
Co,(Cry goFeq05)Ga 67 5
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Co,CrAl 62 | 17 [Co/Pd], 60
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e
(Co, Fe),MnGe 65 |8 Co,FeAl Sl S ‘;
f o/Pt 56 27
Co,(Mn, sFe, 5)Ga 65 |9 Co,FeSi 60 | 10
C0,(Cry goF€0 05)Si 65 10 Co,FeGa 58 | 22 1. B. Varaprasad et al., APEX3 023002 (2010).
X 2. B. Varaprasad et al., Acta Matel.57 2702 (2009).
Co,Mn(Ti,Sn) 64 11 Co,CrGa 61 | 23 7. A. Rajanikanth et al., JAP103 103904 (2008).
, 10. S.V. Karthik et al., JAP102 043903 (2007).
Co,Mn(Aly 55N 5) 63 12 Co,TiSn 57 |24 12. A. Rajanikanth et al., JAP101 09508 (2007).
. 17. S.V. Karthik et al., APL89 052505 (2006).
Co,Mn(Ga,Si.) 63 3 Co,VAI 48 [ 25 20. T.M. Nakatani et al., JAP102 033916 (2007).
Co.Fe(Al.Ga 63 14 21. A. Rajanikanth etal., JAP105 063916 (2009).
aFe( ) Fe, VA 56 | 25 23. T.M. Nakatani et al., JPD41 225002 (2008).
Co,Mn(SiGe) 63 15 25. S.V. Karthik et al., Acta Matel.55 3867 (2007).
: XY(Z.Z' ) 26. A. Narahara et al., APL94 202502 (2009).
C0,(Mng sFeo 5)Si 61 16 20 vz 27. A. Rajanikanth et al., APL97 022505 (2010).
Coy(CrFeAl 60 17 lee 3-6, 8,9,11,13-17,18-20,22,24. To be submitted
CoMn(Al, ;S 5) 60 |18 E
Co,Fe(Ga, S, 5) 60 19 1 |
]
Co,Fe(Al, Siy 5) 60 |20 PO
E V. Varaprasad et al. Acta Mater (2012).
COZFe(Gao_5G90_5) B.S.D.Ch.S. Varaprasad et a. Acta Mater. 60, 6257 (2012).
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S. Li, Y.K. Takahashi, T. Furubayashi, and K. Hono, APL 103, 042405 (2013).
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Large temperature dependence of MR
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Origin of T dependence of ARA
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Eveluation of § using AMR measurements
Anisotropy magnetoresistance (AMR)

% = M x 100(%) P, > p,: Positive

P 0, P, < P : Negative
M 0y Ve P,
-, >

Ferromagnet

Theory of AMR and spin asymmetry by Kokado

ARA (mQ-um?)

A
C 2 oy (D - D)0, - )
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, , p . .
N ' noD,(E) + - AMR is always negative
Q Half-metal: D,E) - + in half-metal
D\(E) half-metal D(E)

D, Ap/p
14 22
o IH=— mAplp <0, |Ap/p| AN » D /D B PP

i
Kokado et al. (J. Phys. Soc. Jpn. 81, 024705 (2012))

ARA and AMR
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Temperature dependence of Ap

Ap(T)= AMR(T) x p(T)

y

XY (Z1sZ )
|

-

ot

, A.p/Ap(lo K)

p of CFGG does not degrade at RT!

Y. Sakuraba et a. APL104, 172407 (2014).

Band matching at FM/NM interface

» Rh,CuSn (L2,)

thickness dependence
Co,MnGe Rh,CuSn L EE———
wje " ® o) ~ FM layer
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i | ll [ — e < s .
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K. Nikolaev et al., Appl. Phys. Lett. 94, 222501(2009)
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small R, for up spin
large Rg,y for down spin ~ small total Ry



Temperature, ‘'C

i § Eat

Torperature “C

All B2 CPP-GMR

Cu

CuZn or AgZn (5 nm)
Co,FeGa, -Ge

i § 3

Ag(100 nm)

ARA and T, of Heusler/NM/Heusler PSV

" 60°C e
E - A:::S“?\Gﬂ) um’ 52 ‘E:
2 ' g
22 epi-(001) | * | e poly-<100>
50l OCFGGIAg w —d L @ CFGG/Ag
(O CFGG/CuZn U aon | poly-<110>
18r ’CFGG/XY CFGG/Aan CFGG/Ag
— 16}
N§L14‘ ?:OIy tal., 2011
: . y Carey et al.,
g 12 o0C CFGGIA + Diao et al., 2013
&t 10F p-Diao et al., 201 i
< 8+  CFGG/Cuzn
6 :
4 ' 1
ol p-Carey et al., 201 i
O 1 . 1 :. 1 . 1 . 1 . |
200 300 400 500 600 700

Ta (°C)
Y. Du et al. APL, 2015.



Interlayer diffusion during annealing
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Improvement of y by band matching

Why NiAl insertion ? Disadvantage of NiAl
Short spin diffusion length of NiAl ~ 8 nm
= B2 structure, a = 0.288 nm cf. Ag > 200 nm
oAI 2 Good structural and band 1
structure matching S CFAS/NIAl (ty)/CFAS |
Ni = \kf e meemmean o hAQ sacer
el v
Calculated transmittance based first-principles calculation ‘é‘ Al “‘*n‘%%_ _
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05 3 05 3 ZF ARAIL) = AR, G- i
25 25 fg= B.1 m
5 2 o . . . . .
15 15 o z & <] -] ] 12
1 1 t, (nm}
05 05 T. Nakatini )doctoral thesis)

Small ARA using thick NiAl spacer because of
spin relaxation

04 05 28 05 o
-05-04-0302-0.1 0 0102 03 04 05 05-04-03-02-0.1 0 0102 03 04 05 Tann = 550°C

k Calculated by Y. Miura k This stu dV
- CFGG

RA = 2.9 mQum? RA = 4.5 mQum? B2-NiAl _,-

Better band matching between CFGG and NiAl.  (fyja = 0.2-0.6 nm)™
Improve band matching by inserting thin

NiAl to Ag spacer interface ?

Large MR in CPP-GMR with NiAl insertion
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MR-RA updated benchmark
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In-plane TEM observations of CFAS layer
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T.M. Nakatani, Ye Du, Y.K. Takahashia, T. Furubayashi, K. Hono, Acta Mater. 61, 3695 (2013).

@Two approaches toward low RA & high MR devices
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Prospect of CPP-GMR sensors

RA ~ 30-60 mQum?, MR = 40-60%@RT

Magnetic Sensor
HDD read sensor MR for STT-RAM (earth magnet, automotive, bio)
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T dependence of Heo at CMS & CFS/Ag interfaces

2 1o Hnm _____ H. Yako et al. MMM2014.
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Insersion of thin FM layer for increasing exchange stiffness

N. Hase et al. JAP 109, 07E112 (2011).



