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1. Introduction to classical (Mott) spintronics
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2. Magnon spintronics
v" Spin waves and related devices
v" Thermally assisted magnetic scanning probe lithography”
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v Applications to magnonics
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I
N| Spintronics paradigms

Mott Dirac Shockley
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Sinova, J. and Zutic, I. Nat. Mater., 11 (5): 368-371, May 2012.
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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 |. 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.

- . ) | : layer in the structure
Eigenstates: ?/j],s,k (l') JS: sp?;n nthes

Eigenvalues: 8]',5 (k) up and down bands

DOS (up and down): nj,s (E) = E 5(E - 8]',5 (k))
k

This is the Stoner description or band description of a ferromagnet

Riccardo Bertacco- l POLITECNICO DI MILANO




N Spin dependent electronic structure

2 Electron Transport in Magnetic Multilayers 21
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Ultrathin Magnetic Nanostructures Ill, Springer Verlag (2005)
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Giant Magnetoresistance

The Nobel Prize in Physics
2007

— Giant
Magneto

Resistance

Photo: U. Montan Photo: U. Montan
Albert Fert Peter Grinberg
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2007 was awarded jointly to Albert Fert
and Peter Grunberg "for the discovery of Giant Magnetoresistance"
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GMR and magnetic recording

GMR Head Structure
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| The discovery of GMR (1988)

R/R(H=0)

MBE growth *

T=4.2K (Fe 30 A/Cr18 A) 5, -
Pp
(Be 30 A/Cr12 &) 55 79% at4.2 K

(Fe 30 AICr9 A) 44

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)
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| GMR: a simple model

» Spin dependent scattering due to defects and impurities in magnetic layers as
well as at interfaces
» CPP configuration

Parallel alignment (P) Antiparallel alignment (AP)
r <sr, ; E /‘a
(N - --)
L
&—
29(% 2)147 T@4TG TG
7(\0 BRIt SERIo L Toap = ST
Jie 4 2

TP > o In the parallel configuration there is a short in the
majority channel

GT/(Q = %LAVP _ %P: ()&XQZ
oC P SIS
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N Exchange bias
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| Spin valve (1991)
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O
| Tunneling magnetoresistance

“~Insulator

F, N F,
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Insulator »
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Julliere model for TMR (1975)

14} Assumptions:
2L » Spin conservation during tunneling
e A » Constant transmission coefficients,
S independent on magnetization and energy
e ol « Small applied voltage
-\Q:‘ 6 =
4t
G, —GM +GH <>CD”D2T +DMD2¢
O - PSS b pl] S A PN iy AT _
3 64 3 0 I 4 6 @ GAP - GH +GH x D1¢D2¢ +D1¢D2T
¥V (mVolts)
Fe/GeO,/Co
P=D1T_Du TMR=RAP_RP =GP_GAP _ 2R P,
! Dm +Du RP GAP 1_PIPZ

It works, especially in case of Al,O4 barriers.
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N Fe/MgO/Fe: Coherent tunneling

TMR (RT) MTJ conventional (AlI203) ~ 70%
TMR (RT) MTJ Fe/MgO/Fe ~ 800% (theoretical value = 1000%)

Giant room-temperature

magnetoresistance in single-crystal 25| r=20K —_ .
Fe/MgO/Fe magnetic tunnel junctions T=283K
20 -
SHINJI YUASA"2*, TARO NAGAHAMA', AKIO FUKUSHIMA', YOSHISHIGE SUZUKI' AND KOJI ANDO' ~ 0
"NanoElectronics Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki 305-8568, Japan -
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Symm

etry based spin filtering

FM Emitter:

Selects the different
injected symmetries

Fe(001)
A (s, Py ),

A5 (dyay2), Az (dy),
As (Px, Py; Ay 07)

C. Tiusan et al, J.Phys.:Cond. Matter 19 165201 2007

majority-spin bands
minority-spin bands

Insulator

Filter

Attenuation rate

= expl-2 k(8 d)

Em
Collector:

Selects / impose
the
reception states A

Majority Density of States for Fe|MgO|Fe
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N Application to non-volatile MRAMs: the writing issue

Current lines

write line 1

I_ on for —I
sensing

off for MR signal

programming

Thermally assisted cell writing

Eu- OFF

0 state
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Spin transfer torque (2001)

(>0) BV Spin torque p The in-plane torque is
therefore useful for

e J B stabilizing the
"> \ ﬁ‘ﬁ;ﬁJ LK. 49%; magnetization in its

Fixed layer Free layer equilibrium position,
or, on the contrary, to
_ R destabilize it to bring it
Spin ;“;n Magnetoresistance to another equilibrium
—> I I torque i > r\[\/ situation.
Magnetization Resistance >t (ns)
dynamics variations The out-of-plane
torque, often called
¢ M, . field-like torque, it can
HT | emulate the action of

a field on M, which
means that it can
modify the energy

To |=| To [+] Toor landscape seen by
the magnetization.

Equilibrium
position

N. Locatelli, V. Cros and J. Grollier, Nature Materials, 13,11 (2014)
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N Magnetization dynamics with in-plane spin torque

Resistance (02)
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Spin-torque building blocks

a Spin-torque microwave oscillators
I STe. m R v,
u Jic m ST it MR V=Ri
t ST f t t
d.c. current Sustained Resistance oscillations a.c. voltage
precession
b Spin-torque wave emitters
| ST M
H Iy il:| ST ) Exchange interaction
e C R >
! ST
d.c. current Local sustained Spin-wave emission
precession
c Spin-torque microwave detector
ST,.. M
73,_\ R VA
U -
L’ i} ..... S-, I‘<'3 ﬂ) u’ W

a.c. current

Resonance if w = w, Resistance oscillations d.c. voltage

Spin-torque memristor
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ﬁ Jy © or MR ‘ C V=Rl | j
. B - —— S
t t t

Pulsed current Domain wall displacement Resistance variations
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2. Magnon spintronics
v" Spin waves and related devices

v Thermally assisted magnetic scanning probe lithography”
(tam-SPL)

v Applications to magnonics
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Magnon spintronics

nature

physics

REVIEW ARTICLE

PUBLISHED ONLINE: 2 JUNE 2015 | DOI: 10.1038/NPHYS3347

Magnon spintronics

A.V. Chumak™*, V. . Vasyuchka, A. A. Serga and B. Hillebrands

N ) e B
Magnonics
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Spin waves (SW)

Exchange SW: spin flip delocalized over the entire lattice, strong short
range exchange interaction (A<1mm)

H= —%JZSi S5 —Q#BZH - S;
» ;

a Ground A A A A A A A A A
state

NNNH Model

b Excited
state

High energy

¢ Excited
state

Low energy
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Dipolar or magnetostatic waves (MSWs)

Long-range dipolar interaction (A>1mm), excitation/detection via antennas

a z
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N Proposed devices

a Magnon source input 2 b 30 nm c
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. . . O
» | Thermally assisted magnetic scanning
==| probe lithography” (tam-SPL)

nature ARTICLES

rlallOteCI] nOlOgy PUBLISHED ONLINE: 7 MARCH 2016 | DOI: 10.1038/NNANO.2016.25

Nanopatterning reconfigurable magnetic
landscapes via thermally assisted scanning
probe lithography

E. Albisetti*?*, D. Petti’, M. Pancaldi®, M. Madami?, S. Tacchi®, J. Curtis?, W. P. King®, A. Papp’,
G. Csaba’, W. Porod’, P. Vavassori®%, E. Riedo*°* and R. Bertacco''%*

Riccardo Bertacco- I POLITECNICO DI MILANO



N Conventional technologies for magnetic patterning

- H

Top-down: lithography lon irradiation

Planar Patterned Magnetic Media
Obtained by lon Irradiation

C. Chappert, H. Bernas, J. Ferré, V. Kottler, J.-P. Jamet,
Y. Chen, E. Cambril, T. Devolder, F. Rousseaux,
V. Mathet, H. Launois

SCIENCE VOL. 280, 19 JUNE 1998

— mm—— ‘ 1
J, g ;o.ojL
: : : 0.5}

T @

(1)
1.0% —J

03 02 04 00 01 02 03
H (kOe)

H (kOe)
Gubbiotti, G. et al. Phys. Rev. B 90, 024419 (2014)

Destructive, irreversible and not suitable to easily produce a vectorial
modulation of the magnetic properties within the pattern.
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Concept of tam-SPL
|
Writing
Initialization Magnetic pattern
A B ¢ < C
H
N —hd ~—d
«SEEEEE € 2EJESS T 22555
S=2=TT- —_— ===
FM | == T e 2 4—0—‘—:.': ::'—:‘:’
— &> - s
—
D AM E AM
H»

Y

v" Non destructive and single step

v Extremely robust upon application of external magnetic fields

v Fine tuning of magnetic anisotropy for patterning magnetic landscapes
v" Fully reversible (cancel and re-write)
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Magnetic patterning via tam-SPL
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NI | Tunability

Tuning the exchange Tuning the exchange bias direction
bias»fiel

H//H,
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ep
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N Rewritability

T,=600°C

] erasing

T,=600°C Ho  He=-700Oe

0 | re-writing
| H _
4 E Endurance
: &
rewritability
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N An example of application to magnonics

Anisotropic propagation of spin-waves (OOMMF simulation)
Point source @ 10 GHz

. S y
"""""" k||M
3 um IM A
k1M
) ) ) > A
..... A
------- 16
""" /’LII
\ 4

In terms of the refractive index seen by magnons:

™16

n,
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Wave amplitude [a.u.]

How to implement a phase shifter

|
H, H,
NN
_u_ Exchange-bias field
tttrtrt 117 rtt
tttr f[.;. R E T T , 1 T‘ Magnetization (OOMMF)
1 - :
Q —stripe
R n n n & ——wave in stripe
05 n N —plainfilm |
0-

0 500 1000 1500 2000 2500

The basic building block of a Mach-Zehnder SW interferometer, where one of the
two branches contains a phase shifter.
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'|Magnonic crystals (MCs) patterned via tam-SPL

|
R
1.4
le—t

500 nm

OOMMF

one-dimensional  §
transfer matrix é
method @
9
=
3 3.5 4 4.5 5 5.5 6
Frequency (GHz)
Advantages
1. MCs patterned in a continuous film: lower SW attenuation expected.
2. Fine tailoring of magnetic anisotropy or refractive index easily implemented
3. AFM fabrication: suitable for concept development
4. Flexibility and rewritability: ideal tool for scientists
5. Reprogrammability via external magnetic fields
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N Selective excitation and propagation of SWs
in patterned magnetic tracks

N
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Plenty of room ?

Non volatility Coherent and non-linear Bloch sphere
(memory) phenomena (quantum)
(wave computing) /

Photonics
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Conclusions
Thantk you
gor qour
' attention!
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