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Topography → shape

Spectroscopy  → electronic properties
   - electronics
   - spintronics
   - chemistry

Manipulation  →  - atom-by-atom assembly
         - defect creation 
         - charging
         - dissociation

   .... 

Atomically 
resolved

STM: a powerful multitask tool for nanoscience
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Scanning tunneling spectroscopy (STS)
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𝐼 =
4𝜋𝑒

ℏ
න

0

𝑒𝑉

𝜌t 𝜀 − 𝑒𝑉 𝜌s 𝜀 𝑇 𝜀, 𝑉 𝑑𝜀

How to determine the density of states of the sample?

Measuring the current-vs-voltage characteristic of the 
tunneling junction: 𝐼 vs 𝑉 curves

The current variation upon a small bias voltage variation can be 
expressed as 

𝑑𝐼

𝑑𝑉
=

4𝜋𝑒2

ℏ
𝜌𝑡 0 𝜌𝑠 𝑒𝑉 𝑇 𝑒𝑉, 𝑉

In the simplest approximation, the density of states of the tip 
and the transmission factor are considered voltage independent

𝑑𝐼

𝑑𝑉
∝ 𝜌𝑠 𝑒𝑉

The differential conductance 𝑑𝐼/𝑑𝑉 measures the sample 
density of states at the energy 𝑒𝑉 relative to the Fermi energy 
of the sample



𝐼 𝑉

𝑉

Experimentally:
Acquisition technique: small ac-modulation voltage 
added to 𝑉 bias, lock-in detection, provides directly 
𝑑𝐼/𝑑𝑉

• 𝑑𝐼/𝑑𝑉 point spectra: typically, with the feedback 
loop open (constant distance), acquired as a 
function of the tunneling bias 𝑉 → LDOS vs 
energy

• 𝑑𝐼/𝑑𝑉 mapping → spatial variation of the LDOS 
at a given energy

Assumptions/conditions: 
• the density of states of the tip is constant in the 

chosen voltage range
• small modulation voltages

STS: acquisition
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𝑑𝐼

𝑑𝑉
∝ 𝜌𝑠 𝑒𝑉

The amplitude of the 
resulting modulated 
(tunneling) current is
proportional to the 
slope of the 𝐼 − 𝑉 
curve, i.e, to 𝑑𝐼/𝑑𝑉

𝐼 ∝ න
0

𝑒𝑉+𝑒𝑉𝑚 sin 𝜔𝑚𝑡

𝜌𝑠 𝜀 𝑑𝜀

Taylor expansion

𝐼 ∝ 𝐼 𝑉 + 𝐼’ 𝑉 𝑒𝑉𝑚 sin 𝜔𝑚𝑡 + …

𝐼 ∝ න
0

𝑒𝑉

𝜌𝑠 𝜀 𝑑𝜀 + 𝜌𝑠 𝑒𝑉 𝑒𝑉𝑚 sin 𝜔𝑚𝑡 + …

More formally:  

The amplitude of the ac current is 
proportional to the LDOS



Example: Pentacene molecular orbitals

6DOI: 10.1103/PhysRevLett.102.176102

Pentacene / Au(111)
Pentacene / NaCl(100) / Cu(111)

DOI: 10.1103/PhysRevLett.94.026803

The NaCl decoupling 
layer prevents 
hybridization and 
increases the lifetime 
of the electron in the 
MOs.

The presence of the 
NaCl decoupling layer 
allows to better detect 
and resolve the MOs 
directly in the 
topographic images.

http://dx.doi.org/10.1103/PhysRevLett.102.176102
doi:%2010.1103/PhysRevLett.94.026803


Example: Superconductivity
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Niobium (Nb) tip on a gold (Au) surface 
(bulk Nb is superconducting at T < 10 K)

Pan et al., APL 73, 2992 (1998)

Exercise 4.1



Ko et al., Adv. Funct. Mater. 29, 1903770 (2019)

Atomic-scale manipulation
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Atomic-scale manipulation

9

DOI: 10.1002/pssb.201248392 
K. Morgenstern et al., Phys. Status Solidi B 250, 1671 (2013)

https://doi.org/10.1002/pssb.201248392


Vertical manipulation 
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Transfer of the atom from the surface to the 
tip, move laterally, transfer atom back on the 
surface

pick-up: contact

drop-off: in general, less controlled

DOI: 10.1002/pssb.201248392 
K. Morgenstern et al., Phys. Status Solidi B 250, 1671 (2013)

https://doi.org/10.1002/pssb.201248392


Model: Experiment:

G. Meyer et al., Applied Physics A 68, 125 (1999) 

K. Morgenstern et al., Phys. Status Solidi B 250, 1671 (2013)

Lateral manipulation
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higher tunneling resistance: tip further away
lower tunneling resistance: tip closer

attractive interaction → pull
even stronger interaction→ slide
repulsive interaction → push



DOI: 10.1103/PhysRevLett.92.056803
S. Fölsch et al., Phys. Rev. Lett. 92, 056803 (2004)

Cu adatom: 
wavefunction (state) of s nature

 

N

1D chain of Cu atoms
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doi:%20https://doi.org/10.1103/PhysRevLett.92.056803


DOI: 10.1103/PhysRevLett.92.056803
S. Fölsch et al., Phys. Rev. Lett. 92, 056803 (2004)
DOI: 10.1103/PhysRevB.74.125410
J.  Lagoute et al., Phys. Rev. B 74, 125410 (2006) 

The 𝑑𝐼/𝑑𝑉 maps show increasing 
number of nodes for increasing n:
n=1 → 0 nodes
n=2 → 1 node
n=3 → 2 nodes
...

For a given n, the energy 
decreases for increasing length 

1D chain of Cu atoms
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N

doi:%20https://doi.org/10.1103/PhysRevLett.92.056803
https://doi.org/10.1103/PhysRevB.74.125410


Example with 6 atoms, 1 orbital per atom:

Node

Electrons in solids are delocalized (band structure): 𝐸(𝑘)

Is it possible to derive the band structure of the 1D chains? 

We need to link 𝐸(𝑛) to 𝑘-vector

• wavefunctions have positive and negative amplitudes (phase)
• bonding results from wavefunctions of the same sign
• nodes result from wavefunctions of adjacent atoms of 

opposite sign
• a periodicity (wavelength) can be deduced from the images 

• STM and STS measure the LDOS:  𝜌 𝑥 ∝ 𝜓 𝑥 2

consequently, we see 𝜆/2 

• link wavelength 𝜆 to wavevector 𝑘 : 𝑘 =  2𝜋/𝜆
• then plot 𝐸(𝑘) vs 𝑘

Bonding

Antibonding

1D chain of Cu atoms: How to deduce the electronic band

14



/2 deduce 𝑘 from 𝜆

1D chain of Cu atoms: Electronic band

15



The potential energy is 0 inside the box (𝑉 = 0 for 0 < 𝑥 < 𝐿) 
and goes to infinity at the walls of the box (𝑉 = ∞ for 𝑥 < 0 and 𝑥 > 𝐿).  

File:Particle in a box wavefunctions 2.svg

File:Confined particle dispersion - 
positive.svg

The energy of a particle in a box (black dots) and a free 
particle (grey line) both depend on wave vector in the 
same way. However, the particle in a box may only 
have certain, discrete energy levels.

Confined electrons: Particle in a box
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𝜋

𝐿

2

𝑛2, 𝑛 > 0

boundary conditions

file:///upload.wikimedia.org/wikipedia/commons/4/47/Particle_in_a_box_wavefunctions_2.svg
file:///upload.wikimedia.org/wikipedia/commons/b/b4/Confined_particle_dispersion_-_positive.svg


wavefunctions 
𝜓𝑛

 
(𝑥) for a particle in a 

box (infinite walls) for 
𝑛 = 1, 2, 3, 4

spatial map intensity 
corresponds to the local 
DOS which is proportional 
to |𝜓𝑛(𝑥)|2

 

Confined electrons: STS mapping
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𝐸𝑛 ∝
𝜋

𝐿

2

𝑛2

𝐿 𝐿



DOI: 10.1103/PhysRevLett.92.056803
S. Fölsch et al., Phys. Rev. Lett. 92, 056803 (2004)

The observed quantized states can be described also by 
the model of an electron gas  confined in a 1D box 

• spatial dependence
• energy dependence

• the energy band is parabolic and is described using the 
effective mass 𝑚∗ 

1D chain of Cu atoms
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𝐸𝑛 =
ℏ2𝑘𝑛

2

2𝑚∗

Exercise 4.2

doi:%20https://doi.org/10.1103/PhysRevLett.92.056803


Quantum dots: Artificial atoms and molecules
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Quantum dots on the InAs(110) cleavage surface created by atom manipulation

DOI: 10.1103/PhysRevResearch.6.013269
Phys. Rev. Research 6, 013269 (2024)

Bias dependent imaging

10.1103/PhysRevResearch.6.013269


Quantum dots: Artificial atoms and molecules
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DOI: 10.1103/PhysRevResearch.6.013269
Phys. Rev. Research 6, 013269 (2024)

Indium  atom transfer from tip to surface

Conductance spectra on a logarithmic scale 
recorded with the tip probing the bare 
surface (blue) and a In adatom (red)

10.1103/PhysRevResearch.6.013269


Quantum dots: Artificial atoms and molecules
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DOI: 10.1103/PhysRevResearch.6.013269
Phys. Rev. Research 6, 013269 (2024)

In adatoms on InAs(110) are positively 
charged (screened Coulomb potential)

six In adatoms on InAs(110) assembled into a hexagon “dot”

-0.3V

The attractive potential induced by the assembled adatoms confines 
electrons at the InAs(110) surface in an atomic-like potential. 
The hexagon acts as a quantum dot—an “artificial atom”— that creates 
a bound state of discrete energy

10.1103/PhysRevResearch.6.013269


Quantum dots: Artificial atoms and molecules
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DOI: 10.1103/PhysRevResearch.6.013269
Phys. Rev. Research 6, 013269 (2024)

Molecular electronic states can be created by bound-state coupling in 
quantum-dot dimers.
Emergence of a bonding (σ) and an antibonding state (σ∗) as
expected for the symmetric and antisymmetric superposition
of the bound states belonging to the two dots

10.1103/PhysRevResearch.6.013269


Quantum simulator
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DOI: 10.1126/science.adf2685
Science 380, 1048 (2023)

Cs atoms on InSb(110)

Cs transfer charge: Cs+

The ring structures create a 
potential energy landscape that 
mimics the 1/𝑟 potential
of an atom in two dimensions

doi:%2010.1126/science.adf2685


Quantum simulator

24

DOI: 10.1126/science.adf2685
Science 380, 1048 (2023)

emergence of 
𝜎 and 𝜋 orbitals 

doi:%2010.1126/science.adf2685


Quantum simulator: Benzene
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DOI: 10.1126/science.adf2685
Science 380, 1048 (2023)

Exercise 4.3

doi:%2010.1126/science.adf2685


Fe adatoms (blue) on 
Cu(111) (red)

IBM Almaden 

The quantum corral

2D-electron gas in a box

26



The corral is made by moving, with the STM tip, 
the Fe adatom one by one at the desired position

Standing waves formed by free surface electrons 
confined by the corral

Why are there free electrons confined at the surface of a bulk Cu(111) crystal?

2D-electron gas in a box

27



• Electronic states: plane waves (free electron model):     𝜓𝒌(𝒓) ∝ 𝑒𝑖𝒌∙𝒓

•  Infinite crystal (bulk): 
 periodic boundary conditions in all directions →  𝑘𝑥, 𝑘𝑦, 𝑘𝑧 real

• Semi-infinite crystal: 
 introduce surface in the 𝑧 direction: finite potential wall → 𝑘𝑥, 𝑘𝑦 real,    𝑘𝑧 complex 

Parallel to the surface, 𝒌∥ = (𝑘𝑥, 𝑘𝑦) 

→  2D free electrons

Perpendicular to the surface            
→  vacuum side: decaying wave
 
 crystal side :  real wavevector → bulk state (plane wave)  
   imaginary wavevector → surface state (decaying wave)

Surface states

28

Shockley surface state: a 2D electron gas confined at the surface 



Surface states
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Shockley surface state: a 2D electron gas confined at the surface 

Shockley surface state: 
a 2D free electron gas confined at the surface 

bulk state surface state



Ideal case (free electrons):  the Fermi surface is a sphere of 

radius 𝑘𝐹= (3𝜋2𝑛)1/3     (with 𝑛 the electron density)

D. Shoenberg (1962) http://www.jstor.org/stable/73177

Real case (quasi-free electrons, Bloch waves): the Fermi 
surface of noble metals deviates from a sphere with gaps 
at the L points of the Brillouin zone (Γ-bar point in the 
surface Brillouin zone)

Surface state

Projected 
bulk states

Surface states at (111) noble metal surfaces
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http://www.jstor.org/stable/73177


Reflection by a step edge

Scattering by a point defect

DOI: 10.1038/363524a0
M. F. Crommie, Nature 363, 524 (1993) 

The periodicity of the oscillations is 
related to the wave vector 𝑘 →
determine 𝐸 vs 𝑘 for the surface 
state

Friedel oscillations 
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https://doi.org/10.1038/363524a0


Cu adatoms on Cu(111): STM images at 15.6 K
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bright dots are Cu adatoms 
diffusing at the surface 
(hopping between equivalent 
adsorption sites) 

black spots are CO molecules 
(contamination) 



Ag(111) surface state confinement 
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DOI: 10.1103/PhysRevB.67.193402

Exercises 4.4 – 4.6

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.67.193402


Consider an object at the surface (molecule, adatom, 
nanostructure...).
The tunneling electrons trigger an excitation of the 
adsorbate (vibration, rotation, spin flip, magnetic 
excitation...): they couple to the excitation mode, loose their 
energy, so that an additional tunneling channel is created. 
This results in an increase of the tunneling current with 
respect to the elastic channel. 

An inelastic tunneling channel opens, at a specific energy, 
in addition to the elastic one. The inelastic feature is 
present in both bias polarities.

Density of states for a system composed by the STM tip, 
a metal surface and an adsorbate

Inelastic Electron Tunneling Spectroscopy (IETS)

34



C2H2

C2D2

d2I/dV2const. I

358 mV

266 mV 311 mV

B. C. Stipe et al., Science 280, 1732 (1998)
B. C. Stipe, et al., Phys. Rev. Lett 82, 1724 (1999)
 

358 mV

266 mV

Isotopic substitution (hydrogen → deuterium):

C2H2: C-H stretch @ 358 mV 
C2D2:  C-D stretch @ 266 mV 

acetylene C2H2 

Vibrations: chemical contrast

35

Exercise 4.7

ℏ𝜔 ∝
1

𝑚𝑟𝑒𝑑𝑢𝑐𝑒𝑑



IETS: spin excitations
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Δ𝑚𝑠 = ∓1
Δ𝑀𝑠 = ±1

Δ𝐸 ≠ 0

Loth et al., New J. Phys. 12, 125021 (2010) 

Δ𝑚𝑠 = 0
Δ𝑀𝑠 = 0
Δ𝐸 ≠ 0

Δ𝑚𝑠 = 0
Δ𝑀𝑠 = 0
Δ𝐸 = 0

ۧ|𝑆, 𝑀𝑠

ۧ|1/2, 𝑚𝑠

hamiltonian for s-e scattering: 𝐽𝑒𝑥𝑐 𝑆𝑧𝑠𝑧 + 1/2 𝐽𝑒𝑥𝑐 ( 𝑆+𝑠− + 𝑆−𝑠+)

Energy

Energy
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IETS: spin excitations

𝑆 = 2; 𝑀𝑠 =  −2, . . , 2

An inelastic tunneling process can involve energy and momentum transfer from the tunneling 
electron to the atom spin which flips from the ground to an excited state. 

Zeeman energy for a paramagnetic spin | ۧ𝑆, 𝑀𝑠

(magnetic moment 𝝁 = −𝑔𝜇𝐵𝑺 )
e- (𝑚𝑠 =  −1/2)

Tip

e- (𝑚𝑠 =  +1/2)

Tip

𝑀𝑠

𝑀𝑠 − 1

𝑩

Δ𝑚𝑠 =  +1 → Δ𝑀𝑠 =  −1

e𝑉𝑒𝑥𝑐𝑖𝑡 = 𝑔𝜇𝐵𝐵

we expect:

Δ𝐸

𝐸

𝐵

𝑀𝑠 = 2

𝑀𝑠 = 1

𝑀𝑠 = 0

𝑀𝑠 = −2

𝑀𝑠 = −1

𝑀𝑠

Δ𝐸 = |𝑔𝜇𝐵𝐵|
𝐻𝑍𝑒𝑒 = 𝑔𝜇𝐵𝑺 ∙ 𝑩

𝐸 𝑀𝑠 = 𝑔 𝜇𝐵𝑀𝑠𝐵

Δ𝐸 = |𝑔𝜇𝐵𝐵 Δ𝑀𝑠|

example: 

Exercise 4.8



𝐸

𝐵

𝐸

𝑀𝑠 = 5/2

𝑀𝑠 = 3/2

Example: Mn/Al2O3

38

Mn/Al2O3/Ni3Al(111)
T = 0.6 K

Shift of the spin-flip conductance step 
with magnetic field

𝑔 =  1.88 

𝑔 =  2.12 (Mn atom near 
the edge of an Al2O3 patch)

𝑔 is the Landé g-factor. 

𝑔 =
3

2
+

𝑆 𝑆 + 1 − 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)

For 𝐿 =  0 → 𝑔 =  2

Heinrich et al., Science 2004 10.1126/science.1101077

free Mn atom: [Ar]3d5 4s2

𝑆 =
5

2
, 𝐿 = 0

weak influence of the crystal field (local environment)

e𝑉𝑒𝑥𝑐𝑖𝑡 = 𝑔𝜇𝐵𝐵

𝑀𝑠 = 1/2

10.1126/science.1101077
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