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CF"‘] What is Spintronics?

Spintronics is a new branch of electronics based on purely
quantum effects, where the information is stored, transmitted
and read via electrical carrier spin orientation.

It requires an artificial manipulation of the spins orientation
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ST = spin polarized transporter
SA = spin analyzer
Ls = spin diffusion length

S| = spin polarized injector |‘
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@ Is Spin Polarized injection POSSIBLE?
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Anysotropic Magnetoresistance (AMR): William Thomson, 1856
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sensor hased on anisotropic magnetoresistance (left) is added to the inductive
ring-type’ head (right) still used for writing. The distances P1-P1" and P1-P2 between
the pole pieces of the magnetic shields 51 and 52 define respectively the “write” and
‘read’ gaps, on which depends the minimum length £ of the magnetic domains. Wis
the track width and tis the thickness of the recording medium. Note that in today's
hard disk recording, Wand 8 are of the order of 100 nm and 30 nm respectively, but
with a different arrangement of head and domains in ‘perpendicular recording™.



« J"‘ ] Anysotropic Magnetoresistance (AMR): the nature
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Comincia I’era dello spin polarizzato
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Figure 2 The spin valve. a, Schematic representation of the spin-valve effect in a trilayer film of two identical ferromagnetic layers F1 and F2 sandwiching a r
metal spacer layer M, the current circulating in plane. When the two magnetic layers are magnetized parallel (lower scheme), the spin-up electrons (spin antiy
magnetization) can travel through the sandwich nearly unscattered, providing a conductivity shortcut and a low resistance. In contrast, in the antiparallel case
both spin-up and spin-down electrons undergo collisions in either F1 or F2, giving rise to a higher overall resistance. b, Schematic arrangement of the ‘curren
valve sensor in a read head. e. Schematic arrangement of the ‘current perpendicular to plane’ spin-valve sensor in a read head. In both configurations, the rec
travels parallel to the front face of the sensor.
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Giant Magnetoresistance metallic multilayers
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Qriginal GMR effects
were not directly usable

—The MR effect is spread
over a too large field (low
sensitivity)

—Need for a biasing field
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Evolution of read/write sensor technology
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Read/MWrite Sensors
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GMR Read Head
Write Wide-Read Narrow
Four Contact Structure
Pinned, Free Films

Antiferromagnetic
Thin FilmInductive Write Exchange Film
MR Read Head CIP Operation
Write Wide-Read Narrow
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SAL
NiFe MR Film

Thin Film Inductive

Read/Write Head
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NiFe Poles ===
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Impact of the introduction of GMR heads
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Areal Density of Magnetic HDD and DRAM
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L’effetto Spin Valve
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Magnetic tunnel junctions
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J.S. Moodera et al., Phys. Rev. Lett. 74, 3273
(1995)
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Fig. 1 Electron tunneling through a thin tunnel barrier layer. {Top) Thewave
nature picture of the tunneling of the electrons. A traveling wave approaching
from the left of the bamrier. When the barrier height is greater than the energy
of the electron, the electron wave inside the barrier layer becomes evanescent
as its amplitude decreases exponentially through the barrier. If the barrier layer
i5 thin enough so that the amplitude of the evanescent wave does not
completely diminish at the other side of the barrier, a traveling wave
reemerges again with the residual amplitude and continues to propagate.
(Bottom) The corresponding particle view of the tunneling effect. The
amplitude ratio between the transmitted and incident waves determines the
probability of an electron tunneling through the barrier.
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Fig. 2 llustration of the bias of a tunnel junction and Simmon’'s -V relation.
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Fig. & (Top ) imaginary part k of the complex wave vector in the surface Brillovin zone at the Fermi level for the two bands of Mg with the smallestx. (Bottom)
Schematic of the probability amplitudes at the T point with A, and Ag symmetry. (Reprinted with permission from™=. @ 2006 American Physical Society.)
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Figure 4 The magnetic tunnel junction. a. Schematic representation of the tunnel magnetoresistance in the case of two identical ferromagnetic metal layers separated by

a non-magnetic amorphous insulating barrier such as ALO,. The tunnelling process conserves the spin. When electron states on each side of the barrier are spin-polarized,
then electrons will more easily find free states to tunnel to when the magnetizations are parallel (top picture) than when they are antiparallel (bottom picture). b, Record high
magnetoresistance TMR = (B — Annl/ B for the magnetic stack (Co,gFe glaoByg (4 nmi/Mo0 (2.1 nm)(CogFe eeBsg (4.3 nm) annealed at 475 °C after growth, measured

at room temperature (filled circles) and at 5 K {open circles). Reprinted with permission from ref. 31. e, Transmission electron microscope cross-section of a TMR read head
from Seagate. Reprinted with permission from ref. 32, The tunnel junction stack appears vertically at the centre of the picture, with the tunnel barrier af the level of the thin
white horizontal line. The thick bent lines on both sides are the insulating layers between top and bottom contacts. The two thick light grey layers on top and bottom are the
magnetic pole pieces (see Fig. 1). The track width of the TMR element is typically 90100 nm.
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Fig. 9 Considered interface geometries with and without FeQ layer: ideal
junction (top ), symmetric junction {middle), and asymmetric junction
(bottom). (Reprinted with permission from®C, © 2005 American Physical
Society.)



Hy

+E!"-.|"'."E]

e B eviz
K

Fig. 5 Spatial variation of the electrochemical potential under an applied bias

voltage V. The tunneling states (yellow arrows ) in the energy window between
Vg &nd i, contribute to the current.



Fig. 7 TEM image of a Fe/AlO /NiFe tunnel junction fabricated using a
sputtering technique. The AlQ, tunnel barrier is formed by depositing Al
followed by a plasma-enhanced oxidation process.
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Crystallization at the, interface

Fig. 9TEM image of @ CoFeB/MqQ/CoFeB MT| deposited using a sputtering
technigue followed by postannealing at 270°C. The as-deposited CoFeB is
purely amorphous while the directly deposited MgO layer clearly shows a well-
ariented (007 ) texture. After the annealing process, the two CofeB layers form

a bec crystalline structure epitaxially from the interface with the MgO lattice.
The measured room-temperature TMR ratio of this particular MT] is ~ 1 10%34,



r ] ‘Bit' lines

‘Cross point’
architecture

Transistor

MRAM

Figure 5 Magnetic random access memory. a, Principle of MRAM, in the basic
cross-point architecture. The binary information 0 and 1 is recorded on the two
opposite orientations of the magnetization of the free layer of magnetic tunnel
junctions (MTJ), which are connected to the crossing points of two perpendicular
arrays of parallel conducting lines. For writing, current pulses are sent through
one line of each array, and only at the crossing point of these lines is the resulting
magnetic field high enough to orient the magnetization of the free layer. For
reading, the resistance between the two lines connecting the addressed cell

is measured. b, To remove the unwanted current paths around the direct one
through the MTJ cell addressed for reading, the usual MRAM cell architecture has
one transistor per cell added, resulting in more complex 1T/AMT. cell architectura
stch as the one represented here. ¢, Photograph of the first MRAM product, a
4-Mbit stand-alone memory commercialized by Freescale in 2006, Reprinted with
permission from ref. 33.
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Figure 6 Spin-transfer switching. a, Principle of the STT effect, for a typical case of a Co{F1)/Cu/Co(F2) trilayer pillar. A current of s electrons flowing from left to right will
acquire through F1 {assumed to be thick and acting as a spin polarizerj an average spin moment along the magnetization of F1. When the electrons reach F2, the s—d exchange
interaction quickly aligns the average spin moment along the magnetization of F2. To conserve the total angular momentum, the transverse spin angular momentum lost by the
electrons is transferred to the magnetization of F2, which senses a resulting torque tending to align its magnetization towards F1. b, Principle of STT writing of a MRAM cell:
reversing the current flowing through the cell will induce either parallel or antiparallel orientation of the two ferromagnetic layers F1 and F2.
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Fig. 17 The spin torque effect, also known as spin momentum transfer. \,f

Reversing the current direction reverses the spin polarization direction of the

tunneling current. If the electrons flow from layer 2 to layer 1, the effect of Fig. 18 Schematic of Sony's spin-RAM memory element with direct current
spin torque is to rotate the magnetization of layer toward the parallel state. In injection in which spin torque is used to perform the magnetic switching of the

reversing the direction of tunneling current, the antiparallel state is preferred. storage layerss.
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Figure 7 The spin-RAM. a, Schematic architecture of a spin-RAM: upper panel, scheme of the memary cell, and lower panel, tentative architecture of the cell array. Reprinted
with permission from ref. 70. b, Resistance versus current hysteresis loop of a spin-BAM cell. Reprinted with permission from ref. 71. The different colours show the evolution
of the loop after an increasing number (up to 1 G = 107 of writing cycles (100 ns pulses of successively positive and negative currents, see image). This demonstrates excellent
stability. TEM image: TMR device size 100 nm x 50 nm:; free layer CoFe (1.0 nm) / NiFe (2.0 nm); tunnel barrier Mg0 (1.0 nm).
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Figure 8 Domain wall storage devices. Examples of storage devices using current-induced domain wall (DW) propagation. a, In the concept first proposed by Parkin®, the
hinary information is stored by a chain of domain walls in a magnetic stripe. An electrical current in the stripe, by applying the same pressure to all the domain walls, moves
them simultanecusly at the same speed for a sequential reading (or writing) at fixed read and write heads. A reverse current can move the domain walls in the opposite direction
for resetting, or in an alternative solution the domain walls might turn on a loop. This mimics the fast passing of bits in front of the head in HOD recording, but here there is no
moving part and addressing a sector would be done by CMOS electronics at microsecond access times. The initial scheme™ proposes to store data in vertical stripes: this would
open the way to very compact high capacity ‘storage track memory devices'. Other schemes now propose multilayers of in-plane domain tracks, which would be easier to
fabricate. b, Scheme of a MRAM cell using domain wall propagation from one stable position to another on either side of a magnetic tunnel junction (ref. 95).



From CIP to CPP sensors : TMR vs GMR

Fig. 2. TEM image of ABS view of a commercial TMR head with permanent

magnet longitudinal hard bias layer. Seagate unique design with metal to seed : : . : ;
the top shield. Fig. 1. Industry first 120 GB 2.5-in Seagate Momentus I high capacity mobile

drive using TME reading element.

Commercial product with TMR read-head
S. Mao et al., IEEE Trans. Magn., 42, 97 (2006)
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Perpendicular thiﬁ film medium

Fig. 12 MT| read head in an HDD. One magnetic electrode is a free layer, and
its magnetization rotates freely in response to the medium signal field. The
magnetic moment of the other electrode is fixed’ through the interlayer
magnetic coupling and functions as a reference to the free layer magnetization
orientation.



@ Navigation : use of an attitude detector

Magnetic

rall ¥
pitch ‘:' (maee) HEADING North
h §
irigiit i) z - Level Plane
o~ o ,

(perpendicular to G)

East

Sensed Quantities:
G - Gravity Vector
He - Earth’s Field

=> 1 triaxial magnetometer — H¢

=» 1 triaxial accelerometer - G [xyz- Coordinate
. frame of sensor] | 5%

=>» G x Hg = Magnetic East

Magnetic North Plane
(defined by He and G)

Ref. : www.ssec.honeywell.com

v

[The simple sailing boat solution







Organic spintronics




@’SMN—CNR OS in Spintronics - MOTIVATION

Most organic semiconductors are characterized by
very weak spin scattering strength:

- low Spin-Orbit Coupling (low Z values) and
- low Hyperfine Interaction (r-conjugation)

v v v
possibility to transport the spin polarized signal to
long distances (102 nm) even at room temperatures

Technological advantages:
- easy to grow, low sensitivity to impurities

- stable and easily controlable interfaces with many
inorganic materials — interface tuning by Self
Assembled Monolayers



«’ r ]ISMN-CNR OUR MAIN APROACH

Direct (current) spin injection in long channels of
Organic Semiconductors (>102 nm) by using both

conventional - Co, Ni, Fe, ...
non-conventional - manganite (La,,Sr, ;MnO,)

for spin injection and detection

Why manganites —> so far show the best efficiency in
applications to Organic Spintronics

v v v
easiest way for the investigation of the basic spin
physics — still to be understood



@ Manganites: properties
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Phase diagrams of manganites
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(C) Magnetic homogeneity in La, ;Sro ;MnO; films
by SP STM

Wk o N
di(x,y)/dV maps S EG s

FM =~ 50% FM

High magnetic homogeneity at T<<T. results from
highly homogeneous oxygen distribution



@ Facilities involved at ISMN

Film growth:

1. HIGS (Hybrid Integrated Growth System) combining:
organic growth chamber (5 + 3 Knudsen cells); Oxide electron beam
ablation chamber (4 targets — manganite, magnetite, ...); FM metals (3 e-
guns); analysing chamber (MR, EL, PL, MOKE)

2. 2 independent PPD (electron beam ablation) for various oxides

Characterizations:

Magnetoresistance at low and high magnetic fields (7 T)

MOKE: 632 nm, temperature 4,2-400 K, up to 1 Tesla

Time resolved Magneto - Optical spectroscopy: EL and PL as function of
Field, 100 ps — 1 ms

Micro-Raman

STM, AFM + STM spectroscopy with SP tips

Spin Polarized STM - UHV, variable T (100 —1000K), 0-1000 Oe









MMnO3 films by electron beam ablation
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Supercon. Sci. Technol. 8, 160 (1995)
Phys. Stat. Sol. 215, 1443 (1999)




6T monolayers on LSMO
A) grow a 6T film, desorb multilayers by annealing
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B) gradual depositio
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C‘J'dl’SMN'CNR First Organic MR device Alek Dediu

V. Dediu, C. Taliani et al.
Sol. St. Comm.122 (2002),181
Patent US6325914

oooooo
......
oooooo
oooooo
D
o,
4
ooooo
oooooo
oooooo
oooooo &
...... 2

......
......

oooooo

[ w=70-500 nm

oooooo
000000

Large negative magnetoresistance measured

Advantage: NO short circuits!

Problem: not possible (at least not at all easy) to reach AP
configuration.



Magnetoresistance across LSMO-T,-LSMO devices
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Spin valve effect (negative
Magnetoresistance):

a) Spin polarized injection
at interface

b) Spin polarized transport
between electrodes

LSMO work function (4.5-4.7 eV)

close to T HOMO

V.Dediu,C.Taliani et al. Sol.St.Comm.122,(2002),181



@ Magnetoresistance vs channel length
1.0

=
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= Total LSMO/T6/LSMO
S 06} resistance scales with w
%O 41+ =
=02 Resistivity p = 10° Qcm
0.0t i
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Channel length (nm)

Spin relaxation length L; ~ 70 nm

Spin relaxation time 7~10°s



CU‘I’SMN'CNR Demonstration of the Spin Valve effect Alek Dediu

T
250

e La, ,Sr, ;M nO3IAIq?1(1 30nm)/Co
gm I 1% ¢ becomes most used OS in organic spintronics
20
i 204 g
10

i Z. H. Xiong, V. Vardeny et al.
= o Nature 427, 821 (2004)

=150 -0 o 50 1,500
Magnetz fleid [Os)

1735 -

%
- &

Inverse spin valve effect:
The inverse magnetoresistance was explained by the opposite spin
polarizations of the LSMO and of the Co d-bands at the Fermi level

v

While this explanation looks qualitatively convincing, the detailed
mechanism of the inverse spin valve effect is still debating: see the
presentation of L. Hueso (Tuesday)
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10 nm thick LSMO/NGO film at room temp.
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MOKE characterization

MOKE setup built at ISMN by T. Mertel



4 nm thick LSMO film at room temp.

Coercive field
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Film thickness: 4nm




e XMCD of LSMO on Si

Element specific, "surface sensitive" magnetic moments

! @@,60%
2 : M
g ——-J
>_
=
(7))
@ Non-epitaxial LSMO, but
= clearly ferromagnetic at RT
X-ray magnetic dichroism
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@ Vertical Spin Valve geometry

Co 20 nm
LiF, AIOx»

2 Nm




@’SMN'CNR Tris(8-hydroxyquinoline)aluminium (Alg3) Alek Dediu

Material widely used in organic LEDs — UHV Molecular Beam Dep.

Forms ordered polycrystalline films at 120-150°C substrate T —
rough surface

Forms amorphous films at room substrate T -
smooth surface

Van der Waals interaction between molecules



@ISMN-CNR LSMO/AIq3/TB/Co Spin Valve: IV curves
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Insulating like behavior is typical for most spin valve
devices



Dediu et al. Nature Mat. submitted
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Immagazzinamento di informazioni e sensoristica
nanomagnetica a base di dispisitivi spintronici ibridi
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PLANAR DEVICES

/

N\ /
TWO “PERFECT” INTERFACES

VERTICAL DEVICES

ONE “PERFECT” AND ONE “VERY BAD "INTERFACE




E Dimostrazione di memoria elettrica non-volatile in dispositivi E
- spintronici ibridi: la possibilita di cambiare tra due stati di -
- resistenza “scrivendo” con voltaggi positivi (1) e negativi (0) .
= Hueso, Dediu et al. Adv. Mat. 2007 up toroom T
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- Principi della sensoristica magnetica a base

: dispositivi spintronici: nano-imaging

E La resistenza del M Il passaggio della nanoparticella
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@ISMN-CNR New EBL geometry: interdigitated strips

Au pads

|

85.46
g;nm fm

10pm

LSMO contacts Alg3/LSMO



Manganite based OLEDs

LiF(2 nm)

o La,;;Sry sMnO;

SrTiO; (0.5 mm)

OLED on

SPECTROMETER
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(i] Optical transmission of La, ;Sr, ;MnO, ferromagnetic

films at 300 K
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@’SMN'CNR Tris(8-hydroxyquinoline)aluminium (Alg3) Alek Dediu

Material widely used in organic LEDs — UHV Molecular Beam Dep.

Forms ordered polycrystalline films at 120-150°C substrate T —
rough surface

Forms amorphous films at room substrate T -
smooth surface

Van der Waals interaction between molecules



C‘J’“I’SMN-CNR Is the insula*tingltu*nnel barrier needed? Alek Dediu

Double role

Co electrode <

BARRIER -, I
® O © 6 & g ¢ 0 o

............ <— Co clusters
—0rg. Semic+

AN Botem FA#;inu  MMIMIIMIMHI1DjH<umm\,

SUBSTRATE SUBSTRATE

OUR OPINION!!!
??? The success of organic spintronics, at least for vertical devices,
will be determined by the art of growing
HIGH QUALITY TUNNEL BARRIERS
on top of organic layers

??7? Difficult or almost impossible to control and reproduce the quality
of the top interface for direct deposition of metal on top of soft organic layer



«r ]ISMN—CNR Alek Dediu

PLANAR DEVICES

/

N\ /
TWO “PERFECT” INTERFACES

VERTICAL DEVICES

ONE “PERFECT” AND ONE “VERY BAD "INTERFACE



Spintronics with carbon nanotubes

Exotic electrode materials. Highly spin polarized manganese oxides

Transformation of spin information into electrical signals
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Long distance magnetoresistance as a proof of spin coherence

L.E. Hueso, A. Fert et al., Nature 445, 410 (2007)



« J"‘ IISMN-CNR Alek Dediu

Will we, and how, combine various materials accepting spin injection?

Metals: Al, Au, ...
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INTERFACES in Organic Spintronics — First EC project
Poster P22

CNRS
Palaiseau

Univ.
Linkoeping

CNRS
Strasbourg

Univ.
Wuerzburg

OFSPIN
STRP 033370 2006-2009

Organic-Ferromagnetic Hybrid
Interfaces for Spintronic

Applications

v

Knowledge of structural, electronic and magnetic properties of the new
interfaces between organic and spin polarized magnetic materials

\

Improved charge and spin injection at such interfaces
and REPRODUCIBILITY!!!

ISMN
Bologna | —
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We are pleased to inform you of the Workshop
on Spintronic Effects in Organic
Semiconductors (SpinOS 2007) that will be
held at the CNR Campus in Bologna from 9 to
11 September 2007.

The main scope of the SpinOS 2007
Workshop is to bring together for the first time
the international community of scientists
working in Organic Spintronics.

The organizers hope to start an intense dialog
in the community and to lay the foundations
for future regular meetings in the field of both
basic research and applications of spin injection
and transport in organic semiconductors.

The Conference will include presentations on
recent experimental and theoretical results on
various  spintronic  effects in  organic
semiconductors.

For more details, please visit our website at
http://www.spinos.org
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Conference chairman

C. Taliani. ISMN-CNR, Bologna

Scientific Advisory Committee (confirmed)

Martin Aeschlimann. Univ. Kaiserslautern
Sasha Alexandrov. Loughborough University
Arthur J. Epstein. Ohio State University
Albert Fert. Unité Mixte CNRS/THALES
Michel de Jong. Linkoping University

Bert Koopmans. Eindhoven UT

Jagadeesh S. Moodera. MIT

Laurens Molenkamp. University of Wiirzburg
Thom Palstra. University of Groningen
Stefano Sanvito. Trinity College Dublin
Darryl Smith. Los Alamos National Laboratory
Erio Tosatti. SISSA/ICTP

Evgeny Y. Tsymbal. University of Nebraska
Xin Sun. Fudan University

Z. Valy Vardeny. University of Utah

Markus Wohlgenannt. University of lowa

Program committee

V. Alek Dediu. ISMN-CNR, Bologna
Georg Schmidt. University of Wiirzburg

We look forward to seeing you at the
conference




