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Half-metallic Heusler alloy

Co,FeSi perfect L2,
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Quaternary Heusler alloy

e Balance different properties
e.g. Co,(Cr,Fe)Al: Co,CrAlis HM but low Tc,
Co,FeAl has high Tc but not HM

e Tune the Fermi level
e.g. Co,Fe(Al,Si), Co,(Mn,Fe)Si
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Purpose & outline
]

1. Study physical aspects of Heusler based-CPP-

GMR using a Co,Fe(Al, :Si, s) alloy.

e Spin-dependent scattering

e FM and spacer thickness for CPP-GMR

* Annealing temperature for Heusler ordering
e Spin torque noise

2. Search and develop new Heusler composition
with large CPP-GMR output.

Experimental methods
|

UHV Magnetron sputtering Fully epitaxial on MgO(001)

* Single crystalline = more intrinsic property
* Smooth interfaces

MgO//Cr(10 nm)/Ag(100 nm) underlayer
\—'41

lead electrode
Roughness R, = 1A

3 inch DC/RF cathode, 10 targets

* base 1x107 Pa Device fabrication

* RT deposition Photolithography + EB lithography
e Deposited from alloy target ==
e Substrate heater

— —1

0.07 um X 0.14 pm

Z. N
~ 1 cm substrate




Material for the spacer layer

Small lattice mismatch

Band matching

Twin in Cu spacer: Co,MnSi/Cu 001 epi

Large lattice mismatch with Heusler 10%

Kodama, J. Appl. Phys. 105, 07E905 (2009)
Furubayashi, JAP 107, 113917 (2010)

Good conductivity = spin diffusion length

Thermal stability for annealing
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Large interfacial spin-
Ag dependent scattering
e p=2uQcm

e SDL>100nm

e Lattice mismatch < 2% with Heusler
* Immiscible with Co, Fe or Si either

* Band matching ??

Furubayashi et al. APL (2008)

NiAl B2 intermetallic compound

* ARA comparable to Ag
* Short spin diffusion length
* Strong ferromagnetic interlayer coupling

Nakatani, to be published

Cross-sectional TEM

Annealed at 500 °C

Ag underiayer

-
400

2 e Coherent epitaxial at
o.% ¥ CAFS/Ag interface.

* Free from strain.

Very flat and sharp
interfaces.

e B2 ordered CFAS
layers.

B2 structure
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Exchange biased spin-valve

Co,Fe(Al, sSiy ) Heusler (CFAS)

device: 70 nm x 140 nm ellipse
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Pseudo spin-valve annealed at 500 °C
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e AP state by dipole coupling i ARA

* Large ARA with 2.5 nm FM layers® 1} RAp _
* Large temperature dependence ufpo-oo—p—o—0—
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Nakatani, Appl. Phys. Lett. 82, 094444 (2010).
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Spin-dependent scattering

CFAS/Ag/CFAS PSV annealed at 500 C

* Large bulk scattering

* High resistivity 70 pQcm

* Short spin diffusion length
* Large interfacial scattering

* 290 G
4./{‘/r 4=0.70, y=0.771 Large ARA and AR/R with thin FM layers.
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Nakatani, Appl. Phys. Lett. 82, 094444 (2010), J. Appl. Phys. 109, 07B724 (2011)

Ag spacer thickness: How thin can we reduce?
|

600 — S ——
S00r oo - ety ,"q\ oo B0 CFAS (3 nm)
— I
8 400+ P 10.75 _»
= 300} | ".; b _'0505 Ag
T 200t ! : L/ |7 = CFAS (5 nm)
1001 l,'b . ’l'(\ _ 1025
0 Eg-N k. S §---a 0.00
0 1 2 3 4 5

Ag spacer thickness (nm)

10
Ag = e Oscillatory AFM coupling
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To be presented at MMM by Nakatani (poster)




Annealing temperature dependence

14 CPP-GMR
& 12 CFAS(2.5)/Ag(5)/CFAS(2.5)
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8
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I 4
3 2 e RT----e T, <300 °C, ARA lower than CoFe.
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submitted to proceedings of TMRC2011

Bias current density and spin torque noise

dc bias circular pillar
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Summary of Co,Fe(Al, .Si, ;) CPP-SV

001-epitaxial CFAS/Ag/CFAS SVs

ARA =6 mQum?, AR/R =21% in EBSV with 5 nm CFAS (T, = 500 C).

Large contribution of interfacial scattering.
- Good band match at CFAS/Ag
— Advantageous for ultrathin reader.

Ag spacer for SV must >4 nm to decouple FL and PL.
FM/NM/FM trilayer ~ 10 nm

ARA: strong dependence on T,, > T,, > 400 C for B2 ordering.
o J =40 MA/cm? for 1/f-like spin-torque noise.

critical —

Need Heusler materials with
|:> e Larger ARA and AR/R with thin FM thickness.
e Lower annealing temperature for ordering.

Purpose & outline

2. Search and development of new Heusler
composition with large CPP-GMR output.
Co,(Cry ,Fey o)Si
Co,Mn(Ga, sSn, 5)
Co,Fe(Ge,Ga, )
Co,Mn(Ge, :Ga, )




Methods of alloy search

Alloy synthesis

arc melting or induction meting
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Thermodynamically property

differential thermal analysis (DTA)
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Co,(Cr,Fe)Si alloy: effect of Cr doping

Co,FeSi: Tc = 827 oclil
T|_21/32=1145 OC[2]
Predicted half-metal

[1] Wurmehl, Appl. Phys. Lett., 88, 032503 (2006).
[2] Umetsu, private communication.
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Kubota, Appl. Phys. Lett. 94, 122504 (2009).
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Enhancement of P by small Cr
Improvement of ordering by Cr
by XRD and Mdssbauer

Karthik, J. Appl. Phys. 102, 043903 (2007).




Intermetallic Co,MnGa, .Sn, -

DTA Endothermic =

Co MnGa
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Varaprasad, Acta Mater. 57, 2702 (2009).
Hase, J. Appl. Phys. 108, 093916 (2010).

Enhancement of CPP-GMR by inserting CoFe layers

HAADF-STEM GUEL

CMGS(12)
Co50Fe50(2)

iy )
Co50Fe50(2)

CMGS(12)

Ref: RL(4)/CoFe(0.5)/Cu(4)/CoFe(0.5)

/FL(4)/CoFe(0.5)/cap

RLand FL = Co,MnGe

Carey, J. Appl. Phys.
109, 093912 (2011)
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Twofold enhancement of ARA by 1 nm CoFe insertions.

Practically useful to improve ARA
without increasing thickness much.

Hase, J. Appl. Phys. 109, 07E112 (2011)




Co,Fe(Ge,:Ga, ;)
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Summary
|

RA—-AR/R of Heusler CPP-GMS SVs
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CFGG = Co,Fe(Ge, 5Gay ) Further improvement of fand ¥ (also, p;
CMGG = Co,Mn(Ge, ,5Gag ,s) . .
CCFS = Co,(Cr, ;Fey o)Si and AR, ...t.c.) Will enhance ARA with low RA.

CFAS = Co,Fe(Aly sSig.)

Future direction
I ——

B Further search of new Heusler composition
High spin polarization
Ordering by low annealing temperature
B Spacer material with better band matching
B Fundamental questions:

Origin of temperature dependence
Mechanism of enhancement of ARA by CoFe insertion
Role of interfacial structure at FM/NM
Effect of crystalline orientation
B Poly-crystalline CPP-GMR films on Si/SiO, substrate
B Alternative reader structure

Dual-free-layer (scissors-type trilayer)
Non-local spin-valve




