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Background of tunneling
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J. Bardeen, Phys. Rev. Lett. 6, 57 (1961)
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J. Tersoff and D.R. Hamann, Phys. Rev. B 31, 805 (1985)

Measure of the Local Density of State (LDOS)




Tunneling between magnetic electrodes

Ma

(b)

) . 0 é’o \ Zz
Spinor in electrode A, along z, :

R ( | ) Ty = () < ; )

Spinor in electrode B, along zg:
1 0 » My My, i@+ /2 c05(0/2) et ¢/ 25in(0/2)
— J — 7 = J . — oy
Upr = x(r) ( 0 > , Up = x(r) ( 1 ) ( My My > ”“( i€’ (=T 2 5in(0/2) e~ T2 cos(6/2) )

(G = 27T2G0 (IOAT/)BT PA = PAY + PAl, PB = PB T+ PB|;
ma = pAl — PA|, MB = pB| — PB|-

+payppi|M g [> +papp 1M *) po_ma o _mn
G = 212Gy |My|?papp (1 + P4 Pg cosh) 4 i
=i Gr g + Gy, CORE,

M. Julliére, Phys. Lett. A 54 (1975) 225

Projection along z, :

My |?

1’7\'[”‘2 + pA1PB|

J.C. Slonczewski, Phys. Rev. B 39 (1989) 6995



Tunnel magneto-resistance
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SP-STM : experimental techniques
ﬂnnstant current topography\ m:k-in on magnetization modul% /STS, conductance image\

R. Wiesendanger et al, W. Wulfhekel et al, Typical setup : LT STM,

Phys. Rev. Lett. 65 (1990) 247 Appl. Phys. Lett. 75 (1999) 1944 tip preparation,
MBE for Cr, Fe, Co...

_ AN AN Y,

Other related techniques : @ Optically pumped spin polarized GaAs tip
cf. A. Rowe, LMC, Polytechnique

@ Spin-polarized Ballistic Energy Electron Microscopy
A. Bellec et al. EuroPhys. Lett. 91 (2010) 17009




Spin polarized
Scanning Tunneling Spectroscopy

STS :
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The magnetic tip

W tip, flashed at 2200 K\

R. Wiesendanger,
Rev. Mod. Phys. 81 (2009) 1495

G. Rodary et al,

\Appl. Phys. Lett. 98 (2011) SZSM

Bulk tips
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Fe, Co, Ni, Cr,

FeMnC, FeCoNiSiB...

P-J. Hsu et al,
Appl. Phys. Lett. 96 (2010) 142515

Nano-indentation
or manipulation

\

tungsten
tip

T

/__—iron cluster

S. Loth et al,

A. Bassi et al,

Appl. Phys. Lett. 91 (2007) 173@

\New J. Phys. 12 (2010) 12502)




The magnetic tip

Poor control of the tip spin quantization axis Poor control of the the tip spin polarization
Voltage pulse _
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G. Rodary et al, Appl Phys. Lett. 95 (2009) 152513 Extreme sensitivity to adsorbates
W. Hofer et al, Phys. Rev. Lett. 100 (2008) 26806
» A good SP-STM tip should have a sharp resolution, a flat density of states,
a spin quantization axis parallel to the one of the sample, a high spin polarization !

NB : d wavefunction decays faster than s wavefunction !




Co/Pt(111)
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Electronic properties of Fe/Au(111)

Confined two-dimensional electron gas in the Fe dots :
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» Strong variation of the spin averaged local conductance with the island size
A. Delga et al., Phys. Rev. B 84 (2011) 035416

di/dV maps

di/dV (a.u.)

constant height free electron

tight binding
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STS spectrum above a Fe island
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constant current



Electronic properties of Fe/Au(111)

A fully spin polarized surface state :
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» m'=0.39m, E,;~420 meV

Comparison with ab-initio calculations
(S. Narasimhan, Bangalore) :

E (eV)

0 |
LI e Au(l11) /1
| o\ B Fe/Au(111) majority spin // Jo|
N i\ 4 Fe/Au(111) minority spin| m l,’
A N s
AN Y
AN P
-0.2F N ‘. S 1
A - L
— « | S
? \\ u ‘/ /.
= \‘ u _-” ’ )
- N S -
= N B--g--W ’, -
p P
o " . Spin down
-0.4 Y - —
A “‘-‘-“-. _.'/.." ,‘
\-"k, ‘,’ & & e
AL ,A’/ .4 o} x
e A
0.6 L SRR Sy — ® ® ®
]
K7 T Ms | ¢ = o 0

» In STM, we measure only the spin up state which is sp-like
M. Marathe et al., Surf. Sci. 606 (2012) 950



Electronic proper’rles of Cr(OOl)

Antiferromagnetic

Spins in the plane at low T
Bulk spin density wave

Sof spin up I . :
- spin down - Ab initio density of states :
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J. Lagoute et al., J. Phys. : Cond. Mat. 23 (2011) 045007 P. Habibi et al., J. Phys. : Cond. Mat. 25 (2013) 146002
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Background of magnetism

A typical magnetic hamiltonian :
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Intra-atomic exchange, Inter-atomic exchange:
electron correlation effects:

Microscopic view :
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Hund’s rules

Spin-Orbit Coupling: Dipolar Interaction:
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Magnetic length scales

Magnetic vortex \

/ Domain wall width \
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The SP-STM resolution

Mn monolayer on W(110)

Spin averaged image of the atomic lattice (W tip)

Spin polarized image of the spin lattice (Fe/W tip)

» Spin sensitivity down to the atomic scale !

S. Heinze et al. Science 288 (2000) 1805



Magnetic domain wall

Fe layer on W(110) :
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Atomic domain wall, fits well micromagnetic theory

K =20x100 J/m3!

M. Pratzer et al., Phys. Rev. Lett. 87 (2001) 127201



Magnetic vortex

Magnetic vortex in Fe islands on W(110) :

Wachowiak et al. Science 298 (2002) 577
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» First measure of a vortex core and its size dependance with magnetic field




Towards non collinear magnetism

Mn monolayer on W(110) : spin spiral
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Ir(111) : skyrmion lattice
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Writing and deleting nanobubbles

Pd/Fe/lr(111) : skyrmion lattice under magnetic field
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The creation and annihilation of these magnetic nanobubbles is induced
by the spin torque of the tunneling current (Spin Torque Transfer)

N. Romming et al, Science 341 (2013) 6146




Nanobubbles magnetic memory ?
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Coupling a single molecule
to magnetic electrodes

Magnetic molecule Non magnetic molecule
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C. lacovita et al, S. Sanvito, Nat. Phys. 6 (2010) 562
Phys. Rev. Lett. 101 (2008) 116602



Molecular spin polarization
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100*100 nm?

Compare Cg, 0n spin up and spin down terraces
to measure the Cg, spin polarization




SP-STM on Céo/Cr'(OOl)

3d scale: topography
colorscale: conductance map at —0.025V

.'65nm

U=1V, I=300 pA low | high
dl/dV

Magnetic contrast and intramolecular resolution

L. Kawahara et al., Nanoletters 12 (2012) 4558



A statistical analysis

Local conductance at -0.5V
of 450 molecules
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L. Kawahara et al., Nanoletters 12 (2012) 4558

Spin polarized molecular density of states
20 »

—spin up
- spin down,

0.86

—_
(6]

di/dU (nA/V)
o

©
»

0.0 | M 1 1 1 i | L 1




Ab initio calculations

U=-23V  U=-05V U=10V

Relaxed structure on the most favored adsorption site :
on top

experiment

DFT

Iso-surfaces m = +1 m =1
of a free Cg,
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Controling the spin at the atomic scale

@ Manipulation and SP-STM of single atoms

@ RKKY interactions between Co adatoms

@ Hysteresis cycle on a single Co adatom

@ Realisation of a OR gate

A. Khajetoorians et al., Science 332 (2011) 1062



SP-STM : a unique tool to study
magnetism at the atomic scale

The poor control of the spin direction and polarization of the
tip makes this technique difficult

It allows the observation of new spin structures at the
nanoscale : opens new routes for magnetism

Towards quantum spintronics
at the atomic and molecular scale



