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* 1. Introduction



The Nobel Prize in Physics
2007

Giant
Magneto

Resistance

Albert Fert Peter Grunberg
Prize share: 172 Prize share: 1/2

The Nobel Prize in Phiysics 2007 was awarded jointly to Albert Fert

and Peter Grinberg “for the giscovery of Giant Magnetoresistance”



GMR for magnetic recording
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Non Volatile RAMs
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GMR/TMR for medicine and biology

Magnetic tag

Magnetic sensor for read-out of biomolecular
recognition at their surface

v'"No quenching

v'Direct electrical read-out: easily
integrable

v No magnetic background

[V. C. Martins, F. A. Cardoso et al., Biosensors & bioelectronics, 2009]
[R. S. Gaster et al., Lab Chip 2011 and Nat. Nanotech. 2011] [ magnetic field sensor

Surface functionalization, molecular recognition and marker binding scheme
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Microarrays of spintronic transducers

Multiplexing: up to 8 sensors sequential Integration with microfluidics
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Mott Dirac

Shockley

44@

> o

e




Outlook

« 2. Mott spintronics: two currents model



MOTT spintronics: Two currents model

Original idea: N. F. Mott, Proc. Roy. Soc. A153, 699 (1936)
First experimental evidence for spin dependent transport:
A. Fert and I. A. Campbell, Phys. Rev. Lett. 21, 1190 (1968) — Ni/Fe alloys

Basic idea: conduction in independent parallel channels by the spint
(majority) and spin| (minority) electrons. The spin flip scattering of the
conduction electrons by magnons is frozen out, the spin mixing rate is much
smaller than the momentum relaxation rate.

Eigenstates: , (l‘) j - layer in the structure
'9 ?/jJ»S»k s: canale di spin

Eigenvalues: gj,s (k) Bande up e down

DOS (up and down): nj,s (E) = E 5(E - gj,s (k))
k

This is the Stoner description or band description of a ferromagnet



Spin dependent electronic structure

2 Electron Transport in Magnetic Multilayers 21
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Ultrathin Magnetic Nanostructures lll, Springer Verlag (2005)



Validity of the two current model /1
1) Negligible spin-orbit interaction
The spin-orbit contribution in the Hamiltonian should contain a term like:
ntoodv

H_ = L-S
0 dmPetr dr

The Hamiltonian would depend ont the angle between L and S, and the
eigenstates could not be indexed as up or down with respect to a quantization
axis.



Validity of the two current model /2

2) The magnetization in the different layers of a multilayer should be
parallel or antiparallel to a given quantization axis

If in two adjacent layers M, and M, form an angle different from n7t an up
electron in the layer 1 must be described as a mixture of states up and down in
the layer 2, where the quantization axis is rotated by 6.

Exercise: Consider M, (6 =0) ; M, (6, ¢) ; e : unit vector in the direction (0, ).
Find out the equations connecting the pure states of spin in the two layers.

The spinors describing the eigenstates in M, satisfy the equation:

(6-e)x=A~Ax

0 1 0 —i 1 0
G = u_+| u, + u,
1 0 i 0) 7 {0 -1



Eigenstates in the first layer:

" cos2
A= sin /2 e
[ singy2
A2 = —cosif2e”

Eigenstates in the second layer:

There is a mixing of the spin channels in the first layer when passing

in the second layer:

¥, =cosH2 y, +sin¥2e 7y,

A =1 spin up

A = -1 spin down
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Validity of the two current model /3

3) T<<Tc
Magnon scattering, inducing spin flip and mixing of the two spin channels,

can be neglected only at low temperature, well below Tc.

Example: An electron up undergoes a spin flip event and becomes down upon
annihilation of a magnon.

1T

magnon (d electrons) / 8k 1

delocalized electrons(s, p)

Conservation of total momentum and spin.



Transport in the two current model

Channel up Channel down
— k)-7/.(k
—eEx/h-a_ﬁ)=_fT(k) ﬁ)(k) —eEx/h~a—f°=—f¢( ) f()( )
O = €2T1\ (gF)nT o = €2T\L (8F)I’l¢
T m, * | m ¥

) !
Two channels in parallel

2,0
0= T
Py * P,
Spin asymmetry coefficients:
P P, —P _a-l

P, p,+p, a+l



Within the two current model

| NE
T, (&) z‘<k‘Vu‘k> n,(&r)

m, |

Spin dependence of: Py, =
Cem Ty

a) Intrinsic origins

For transition metal the most relevant term is 1/T ~ n(er), where the
density of d electrons must be considered. A major part of the current is
carried by light electrons of s character and these electrons are more
strongly scattered when they can be scattered into heavy states of the d
band for which the DOS is large.

Co, Ni, NiFe, CoFe have a d} band completely occupied, thus leading to:
nd? (eg) =0 nd| (eg) #0

There is a relevant s-d scattering only in the minority channel:

P, > P,



b) Estrinsic origins

The perturbation potential due to impurities depends on the spin.

p—

Fig. 1: Resistivities, pTand p|, induced by 1% of several
types of impurity in the spin| and spin? channels of Ni
[7,14].

A. Fert and ILA. Campbell, J. Phys. F, 6, 849 (1976)
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Giant Magneto Resistance (GMR)

? RR(H=0)
MBE growth * ;
T=4.2 K - \ Te WACr IS A) -
iy MR = P4P — PP
//u- v \ pP
arh 0% 0 Ay 124) 79% at4.2 K
% : / 20% at 300 K
I Fe30ACEYA) o
I R : arp—— Record: 220%
Fe/Cr multilayers

Schad et al. (1994)

[1] M.N. Baibich, J.M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, G.
Creuzet, A. Friederich, and J.Chazelas, Phys. Rev. Lett. 61, 2472 (1988)

[2] G. Binash, P. Griinberg, F. Saurenbach, and W. Zinn, Phys. Rev. B 39, 4828
(1989) (trilayer)



GMR: a simple model

Hp1: Spin dependent scattering due to defects and impurities in magnetic
layers as well as at interfaces
Hp2: Consider a CPP configuration

Parallel alignment (P) Antiparallel alignment (AP)
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GMR oscillations

20 30 40 50

0 10 20 30 40 50
Cr thickness (A)

S. S. P. Parkin, N. More, K. P. Roche, Phys. Rev. Lett. 64, 2304 (1990)

GMR ratio of (Fe 2nm/Cr) multilayers at T=4.5 K as a function of the thickness
of the Cr layers. Different symbols correspond to different deposition
temperatures. From Parkin et al. [16].



GMR oscillations Co/Cu
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MR ratio of (Co 1.5nm/Cu) multilayers as a function of the thickness of Cu layers.

D. H. Mosca, F. Petroft, A. Fert, P. A. Schroeder, W. P. Pratt, R. Loloee,
J. Magn. Magn. Mater. 94, L1 (1991)



Interlayer exchange coupling or bilinear coupling

?1—'—;4{/{ E oS ey
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Oscillatory exchange coupling in Fe/Au/Fe(100)

J. Unguris, R. J. Celotta, and D. T. Pierce
Electron Physics Group, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

J. Appl. Phys. 75 (10), 15 May 1994

L% - 400000 g
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http://cnst.nist.gov/epg/Pubs/pdf/epg625.pdf Au spacer thickness (layers) -



Physical origin of bilinear coupling

— P —
—i:—é/\“(‘wa =D >:§4<EAP”KP>

roRCE THEORBH: 7 At W Al mreQun )ﬁné
/csf%ocpi 2O L”Quz d%a MTWL@%
co o Lstid b rumn Mzg&—pa/dbc@ Luang ied
,{>\fm\[c€031/\5)ﬂ,\10(» aogwgiw%@@(
o Q. M@f connddeut WO

INENALYN

SPIN DEPENDENT QW STAXTES TTAKE ®E DIFFERENCE

Quupple colel - Wobie (30l Lt wilifer T ot

> aplorg fant Foptid S @}

Qma%cﬂln/\ oﬁwmﬂf(ze & TL

S e

AP: no QW 7 ; states only for |




(Epo - ¢\ AHlpeols on At aanfhy of Quo el for P auel AP
Coun

AN
(*) Spin-down (o) Spin-up “).' ‘ ‘ A i ‘!. ! '
--------- S WS (il &y % R _1\,‘,_:_
Al'::::::: * I $ '\/l Yy v /T
T Mt dmt MTLE MY
..... 7+ RO rmomaqnct" Spacer : Fencmm*
R I T s -
M M. M| Ml

Phase accumulation model fguor L oo
7o sl auupbtucte

)(,1 - (/@ “CKDQQ L/C}(b Q)A@ oa,D’fo/\ 1 m@(w
P, 00: 2P Sufpanchud 1 flctacun coeffficeon

Aeo :&22 CCJCQ@ 2el.)" - 2“0 2R, /A%

| 4 - Reo o #®

(%= OZQ/@/OQ()Q @ _ v e



CQ/)Q/ Mc/lf)f&. ,ZM’f'j/ngwucz Jé),\ MU ©£ A_ oZQo/L /C:C ZKB/C,O C(De.e,MbL
2}’@-%@(%—(—@{))_: 2u 1
?\W [CESONANCES VASY. /&AM%Y

Imm W%gow@s\wm

—
| — E* - | ———
-
—
D Dex/2k Da2nidky

Fig. 4.5. Evolutioa of quantum well resonances with spacer layer thickness. The three panels
illustraie the bound states (fines) and resonances (fuzzy ellipses) for quantum wells of increasing
thickness. The arrows indicate how each resonance evolves as the thickness s increased
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Direct exchange coupling , exchange bias
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Spin valve (1991)
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Semiclassical model for CIP GMR

- . — A. Barthélemy and A. Fert, Phys. Rev. B 43, 13124 (1991)
T Hp: only intrinsic spin dependent
T & & = scattering at interface
(No impurities or defects leading to spin
<><—> g dependent scattering in the bulk.)
e ERe

Ok for thin layers, so that bulk scattering
b . > can be neglected
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Example 1: homogeneus material
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Example 2: single interface at z=0
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