
About the exam
Oral exam,
about 12 min. preparation with no documents, 12 min. on the board

Typical questions:

What is the corrugation ?

Explain the principles of tunneling spectroscopy.

Questions related to an image discussed in the lecture 

Explain how a scanner tube works



Chapter 4
Scanning Tunneling Spectroscopy 

4.5: Spin-resolved STM



Spin-resolved STM principle

  

€ 

It = I↑+ I↓

Basis for spin-sensitive STM.
Detect with STM the images of spin up or down electrons.

A practical difficulty is to control the tip magnetization, at its very apex.

An electron has a spin.
Spin conserved in tunneling, two independent channels co-exist:



Spin-resolved STM: a naive picture

Stoner model: spin up and down shifted by the exchange energy.
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Spin-resolved STM: a naive picture
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Compare cases of a tip ↑ or ↓.

Here I(V) (hence topography) little
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Tunneling spectroscopy
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Full expression of the tunnel current:
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At zero temperature:

Differential conductance (hyp. NB does not vary much with E):
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Tunneling spectroscopy, with the spin

Differential conductance (hyp. NB does not vary much with E):

dI
dV ∝ N& E( − eV N+

Taking into account the spin, two channels in parallel:
dI
dV ∝ N&↑ E( − eV N+↑ + N&↓ E( − eV N+↓

If the DOS of A at the energy EF – eV is mainly spin up: 

dI
dV~

dI↑
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Spin-resolved STM: a naive picture
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At a well-chosen bias, dI/dV can
be dominated by a spin population:
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Magnetic vortices (1)

First direct observation 

of a magnetic vortex.

Here tip is magnetized 

in-plane.

a.c. bias modulation added to d.c..

Different contrast between topography image (constant current 

regulation) and dI/dV (magnetic image).

A. Wachowiak, R. Wiesendanger et al, Science 298, 577 (2002).

Has nothing to do with a superconductor’s vortex!



Magnetic vortices (2)

Tip with an in-plane or out-of-plane magnetization:
gives access to the two components of the sample magnetization.

Magnetic spatial resolution here down 
to 5 nm, much better than MFM.



Magnetism of a single atom

Magnetic imaging down to 
the single atom scale.

F. Meier et al. Science 320, 82 (2008).



Revealing magnetic interactions

Single atom magnetization cycles: give access to the local exchange 
energy.

Oscillatory, RKKY-type interactions 
are revealed.



Chapter 5
Nano-manipulation



Chapter 5
Nano-manipulation

5.1: Surface states



Atom manipulation

For example: clean Ni surface with Xe atoms.

Low temperature (4 K) to freeze atom diffusion.

Tunnel image at 10 mV/1 nA,

Atom manipulation possible by 
increasing current up to 16 nA.



Atom manipulation

D.M. Eigler and E.K. Schweizer, Nature 344, 524 (1990)



Electronic surface states

Near a metal surface, e- feel a potential 
different from the bulk:

vacuumcrystal

In addition to bulk states, surface states appear in 
E(k) forbidden regions (for bulk states).

Figures from S. Pons thesis, 
Grenoble (2000)

y(x)



The quantum corral

M.F. Crommie, C.P. Lutz and D.M. Eigler, Science 262, 218 (1993), 
http://www.almaden.ibm.com/vis/stm/gallery.html

Co atoms on a Cu 
surface reflect the 
surface state wave: 

The corral creates a 
stationary wave of 
surface states.

In french: “enclos“, 
not “corail“.



The making of



The Kondo effect

Magnetic impurity (Co) in a 
metal (Cu): Kondo effect

LDOS: destructive interference
between transitions into
localized and delocalized
orbitals near Fermi level.

(b) = topography.
(c) = conductance map with bias close to 
Kondo anomaly. 



The quantum mirage
H
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Elliptic corral: electronic waves originating from one focus are 
converging on the other focus.



Chapter 5
Nano-manipulation

5.2: Nano-oxidation lithography



Local anodization with an AFM (1)

Metallized tip with a voltage bias of about 4 V:
+ Water meniscus below the tip apex =

Local anodization

If the metal layer is thin enough (< 5 nm), the oxyde can go 
through the whole layer : circuit patterning is possible.

Figure from M. Faucher 
thesis, Grenoble (2003).



Superconducting Quantum Interference 
Device (SQUID)

Josephson effect in a tunnel junction between two superconductors:
superconducting tunnel current = IS = Ic sin(j2-j1)

Ic = critical current,
j = j2-j1 = phase difference between the two condensates.

ψ = ψ0 exp iϕ1( ) ψ = ψ0 exp iϕ2( )

f

SQUID = two Josephson junctions in parallel.
f = magnetic field flux



Superconducting Quantum Interference 
Device (SQUID)

f
The two supercurrents add coherently.
Flux though the loop adds a potential vector term A.S = 2πF/F0

If loop self-inductance can be neglected:

where F0 = h/2e is the superconducting flux quantum.
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Critical current is modulated by the magnetic flux through the loop, even
if there is no flux through the two wires. Analogous to Young’s slits.



Local anodization with an AFM (2)

Line-width down to 10 nm.
V. Bouchiat et al, Appl. Phys. Lett. 79, 123 (2001)

AFM image of a circuit: 
oxyde appears as thicker.

junctions

loop Nb loop circuit : SQUID effect
with a flux quantum periodicity.



Chapter 5
Nanomanipulation

5.3: Playing with molecules



Logical gates at the atomic scale

A. J. Heinrich, C. P. Lutz, J. A. Gupta, D. M. Eigler, Science 298, 1381 (2002).

CO molecules 
on a Cu (111) 
surface.

A single move 
takes a few 
minutes at 6 K.





Chemical reaction induced by STM

H.J. Lee, W. Ho, Science 

286, 1719 (1999).

Moving molecules 
than can afterwards 
react one with the 
other:

Reaction at the single 
molecule level.
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Chapter 6
New local probes

6.1: µ-SQUID microscopy



The scanning micro-SQUID microscope

Nb µ-SQUID at the apex of a Si wafer

An AFM microscope with a µ-
SQUID Si chip used as a tip.

Magnetic imaging,
Spatial resolution of 100 nm (SQUID-sample distance).
C. Veauvy, D. Mailly and K. Hasselbach, Rev. Sci. Instrum. 73, 3825 (2002);
V. O. Dolocan, K. Hasselbach et al, Phys. Rev. Lett. 95, 097004 (2005).

fields less than Hc1 we observe only a few single vortices,
the shielding currents at the surface retain the vortices,
while above Hc1, at about 30 G, vortices penetrate mas-
sively into the center of the sample. The observed flux
profile is not flat but it is modulated, confirming the ob-
servation that vortices coalesce.

How strongly are these domains attached to the crystal?
In order to examine the stability of the domain configura-
tion the in-plane field was raised while the c axis field was
kept constant and then the microscope imaged the same
area again. Figure 3 shows for increasing in-plane fields
how the condensed vortex structures rearrange freely in
order to accommodate the experimental conditions: for 0 G
in-plane field and 2 G FC applied parallel with c axis in the
sample 1 we see only domains of flux, Fig. 3(a). The
difference in flux density between the bright (vortex) and
the dark (vortex-free) regions is 3.5 G. Integration of the
flux pattern gives an average field of 1:4! 0:2 G at the
!SQUID, close to the applied field of 2 G, the vortices are
condensed in domains, leaving empty of flux entire regions
of the superconductor.

At 5 G in-plane applied field, the flux domains become
slimmer and above 10 G the flux domains are seen to
evolve into line-shaped structures. The number of flux
domains was found to increase in a regular fashion with
the in-plane field amplitude. This regular increase of the
flux domain density and their temperature evolution (data
not shown) suggest that the flux structures are unrelated to
any structural defects in the crystal as defect pinning [25]
of vortices would interfere with regularly spaced vortex
pattern.

The line-shaped flux structures evoke vortex chains
observed in decoration experiments of YBa2Cu3O7""
[26] and Bi2Sr2CaCu2O8"" [27]. There, vortex chains
appear when the applied field is close to the in-plane
direction of the anisotropic superconductor. Sr2RuO4
has an effective mass anisotropy 6 times higher than
NbSe2 and 4 times higher YBa2Cu3O7"" but lower than

Bi2Sr2CaCu2O8"". Therefore, the arrangement of the do-
mains in lines may be driven by anisotropy.

The attraction between vortices in anisotropic supercon-
ductors comes from the misalignment between the vortex
axis #B$ and the direction of the applied field #H$ giving
raise to a net transverse magnetization M. This attractive
interaction [28] between the vortices is directed along the
plane spanned by the anisotropy axis and the in-plane
applied field. In agreement with this reasoning we observe
that the linear pattern follows the direction of the applied
field when the field is rotated in the ab plane (images not
shown). The fact that the vortex chains arrange as a func-
tion of the field direction and field amplitude shows that the
coalescence of the vortices in domains does not originate
from defects as the magnetic energies in play can transform
these domains into vortex chains.

We followed the evolution from regular straight flux
domains to the large domains observed under perpendicu-
lar field. Therefore, we monitored the evolution of the flux
domain structure while the applied field was tilted away
from the in-plane direction, at constant amplitude, increas-
ing in this manner the perpendicular field component. In
Fig. 4, the field amplitude, H, was constant at 10 G and the
tilting angle was changed. Each data set was acquired after
field cooling. In the panel (a) of Fig. 4, a flux domain
oriented along the field direction and single vortices are
clearly seen; a small defect is present on the bottom right
corner. The domain aligns along the direction of the tilted
field. As the perpendicular field is increased more magnetic
flux enters the sample surface. The flux domains extend
and merge with the individual vortices Fig. 4(b) and at
higher perpendicular fields we see only domains of flux.
The further increase of the perpendicular component in-
creases the density of vortices, thus more domains appear
in Fig. 4(c), though the domains are less straight, they start
to deform and branch. One reason may be that the vortex
density is so high that the vortex-vortex repulsion effective
at short distances competes with the attractive interaction

FIG. 3. S!SFM images of flux domains in Sr2RuO4 at T %
0:36 K after field cooling at various fields. In all cases, the
magnetic field amplitude applied along c axis #H?$ was kept
constant at 2 G while in-plane field #Hab$ was (a) 0 G, (b) 5 G,
(c) 10 G, (d) 50 G. The imaging area is 31 !m& 17 !m. Field
scale in G is shown on the right; dark regions are superconduct-
ing vortex-free regions.

FIG. 4 (color online). Magnetic images of the flux structures in
Sr2RuO4 at T % 0:38 K with magnetic field H kept constant at
10 G and tilted from c axis with an angle # (a) 70', (b) 60',
(c) 50'. The flux density scale is shown on the right of (c). Panel
(d) shows a line plot along the line drawn in panel (a).

PRL 95, 097004 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
26 AUGUST 2005

097004-3



Chapter 6
New local probes

6.2: Combined AFM-STM



Very low temperature AFM-STM

Sapphire

Ibias

V

Nb

1- Localization of the metallic structure with AFM

2- STM contact and spectroscopy  

itunnel

AFM

STM

Tuning fork
+ tunnel tip (W) :
No dissipation,
Excellent stability
Excitation = pm
Oscillation = nm

2 mm
Need for spectroscopy of nano-circuits 
patterned on an insulating substrate



Q > 2000

Constant Df = constant height

Non-contact, frequency modulation AFM

Interaction with the surface shifts 
the resonance frequency :
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1 x 1 µm2 image of 5 nm Au spheres : Atomic steps (0.35 nm) on sapphire :

500 nm
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J. Senzier, P.S. Luo, H. Courtois, 
Appl. Phys. Lett. 90, 043114 (2007).

AFM-STM at very low 
temperature

1: Image the nano-circuit 
in AFM mode

2: Probe locally the 
LDOS in STM mode



Charge disorder in a graphene device: 
transport properties

o Resist-free microfabrication

o Transport properties
mobility: µ = 6000 cm2V-1s-1

residual charge carrier density: n* = 5.1011 cm-2

substrate charge impurity density: ni = 8.1011 cm-2

graphene-impurity distance: d ≈ 0.5 nm

Needle
sensor

Vg



Puddle maps at variable charge carrier 
density

100 x 100 nm2

o dI/dV maps as a function of Vg.

o Marked maximum of puddles’ 
size and amplitude.

o Overall charge neutrality at
Vg

D = 38 V  ≠  Vg
0 = 29 V due to 

gating by the tip.

55 V45 V37.5 V

27.5 V20 V-10 V(a) (b) (c)

(d) (e) (f)
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S. Samaddar, I. Yudhistira, S. Adam, H. Courtois, C.B. Winkelmann. Phys. Rev. Lett. 116, 126804 (2016).



Conclusion
Tunnel effect is a quantum effect,

Atomic scale imaging and local spectroscopy, often mixed,

SPM instrumentation,

Nano-manipulation at different scales,

New local probes: the list is not complete.


