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Quantum Nano-Electronics 

Outline: 
 

Tunneling phenomena: from the planar junctions to the STM 
 

Quantum nano-electronic devices: single-electron effects, 
Josephson junctions, quantum bits 

 
Quantum transport: Landauer formalism, Aharonov-Bohm 

effect, weak localization, noise 
 

Mesoscopic superconductivity 

 

Part 1 
Tunneling phenomena: from the 

planar junctions to the STM 
 

Objective: to understand the electron tunnelling effect 
(including theory), learn the history of STM. 
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1.1: The electronic density of states 



The free electrons model 
Uniform potential for electrons in a metal : free electrons in a box. 
Consider their kinetic energy: 
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Pauli exclusion principle for Fermions: only 
two electrons per state (opposite spins). 

Electrons occupy states of lowest energy first. 

Fermi level = last occupied state at T = 0. 

Fermi level energy EF = electron chemical 
potential. 

Counting electron states (1) 

An energy below EF means a wave-vector magnitude below kF. 
Number of states in the k-space inside the Fermi sphere of radius kF ? 
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Boundary conditions for electrons 
in a box of dimensions Lx, Ly, Lz: 
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mx, my, mz are integers 

kF 

One state occupies a parallepiped 
of volume (2π)3/LxLyLz, 
two electrons per state. 

Counting electron states (2) 

Number of possible values for (mx, my, mz) within the Fermi sphere: 

 

 

n = number of electrons in a metal of volume V, Fermi wave-vector kF. 

 

The Fermi energy is then: 
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Number of electrons with an energy below E in a volume V: 

spin 

The electronic density of states 
The electronic Density Of States (DOS) gives the number of states 
per unit volume and unit energy at a given energy E: 

 
 
In energy window of width dE, we have dN states per unit volume: 
 
 
In a free electrons model, we have: 
 
DOS in “real“ materials usually differ from above expression. 
DOS is usually spatially averaged. 
With a local probe, one gets the Local Density Of States: LDOS.  
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“Good” metals 

In a free electrons model, we have: 
 
Varies slowly with energy 
dE is eV, kBT 
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1.2: The electronic work-function 

The work-function of a metal (1) 

Vacuum states continuum 

Fermi level : last occupied  
electron state at T = 0 

E 

EF + W 

EF 

0 

Vacuum states are states with the electron out of the metal. 
Definition: the work-function W is the energy needed for an electron 
to leave the metal. 

W 

Reference energy taken at zero kinetic energy in the metal (black 
scale), can be chosen also in the vacuum (red), W inchanged. 
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The work-function of 
a metal (2) 

The photo-electric effect: 
the photon hypothesis of 
Planck confirmed by Einstein 
 
Frequency threshold for the 
photoelectric effect: 
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Measurement of the work-function 

-  Photo-electric effect 

-  Thermo-ionic emission (e- beam source in SEM, evaporators) 

-  Kelvin probe 

Values : 

Metal W (eV) 

Li 2.38 

Cu 4.4 
Au 4.3 
Hg 4.52 
Al 4.25 
W 4.5 

  

€ 

j∝ T2 exp −
W

kBT

$ 

% 
& 

' 

( 
) 

Metal 
T > 1000°C 

e- 

Chapter 1 
Tunneling phenomena: from the 

planar junctions to the STM 
 

1.3: The basic “square barrier model“ 

The square barrier model 

Classical mechanics : 
 
One needs E > U(z) for the e- to sit at a given point. 
If E < W, the e- stays in region 1. 
 
Quantum mechanics : wave-function description satisfying 
the Shrödinger equation 
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E = kinetic energy in 
region 1, where U = 0 

The particle current 

Particle density is: 
 
 
The particle current defined as: 
 
 
obeys the conservation law: 
 
 
Simple case, the plane wave: 
 
The particle current is then: 
 
 
Demonstration through Shrödinger eq.: Cohen-Tanoudji p 239 
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The square barrier transmission 

In 1 (z < 0): 
 
In 2 (0 < z < d): 
 
In 3 (d < z): 
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Continuity of ψ and its spatial derivative dψ/dz: 
4 equations provide the determination of A, B, C and D. 
 
 
The transmission coefficient is: 

1 2 3 

The thick barrier approximation 
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T∝ exp −2αd( )

Thick barrier approximation (αd >> 1): 
 
 
 
 
 
Exponential decay of the transmission amplitude: 
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A first order of magnitude 

Order of magnitude: a man of mass m = 100 kg, a wall h = 4 m 
high, thickness = d 
 
Energy barrier = mgh 
 
 
 
 
T vanishing even with d down to Å scale. 
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The case of electrons 
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Thanks to the low electron mass and low energy barrier: 
T is non negligible for d of the order of the Å. 



Tunneling vs conduction 
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How large can a tunnel current be ? 
  
Mesoscopic transport: 
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2e2

h
=

1
12.9 kΩ

Quantum conductance:       (includes spin) 
 
Diffusive transport: T is close to 1. 
Tunnel effect: T is “small“. 

With V = 0.13 V, T = 10-4 for one channel:  I = 1 nA  

Transmission through an arbitrary barrier 
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WKB (Wentzel, Kramers and Brillouin) semiclassical approximation 
(slow spatial variation of the wave-function amplitude, no local minima): 
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Coincides with barrier model result in this special case. 

Arbitrary barrier: WKB result interpretation 
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Decomposition of the barrier into square (rectangular) barriers, 
local height U(zi), width dz: 

Total transmission: 
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1.4: A microscopic picture 



Microscopic view 
Tunnel matrix element describes the overlap of the electronic wave-
functions: 
 
 
 
 
 
 
 
 
 
Integral over any surface S in the vacuum between the two metals, 
depends obviously on distance between A and B. 
z =  normal to the surface S. 
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Hypothesis: Electron states χ 
and ψ are not affected by the 
tunnel contact. 
Bardeen, 1964 

z 

Tunneling probability 

Valid for every couple of states (state in metal A, state in metal B).  

The IMψχI2 term includes the distance dependence. 

The tunneling effect is elastic to first order (no energy exchange). 

Inelastic tunneling rate is only about 10-5 of the elastic rate. 

δ(x) = Dirac delta function (= 0 except if x = 0). 

The Fermi golden rule gives the transition probability from a 
state ψ to a state χ: 
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1.5: The tunneling current 
 

Equilibrium situation 
Consider two metals with a voltage bias in-between. 
At zero bias, the two FL get aligned. 
Plot the DOS, occupied states at T = 0 are colored. 

A 

NB(E) NA(E) 

E 

A 

NA, NB: Local Density Of 
(electronic) States (LDOS) of 
metal A or B. 

 

If different work-functions   
WA ≠ WB: 

non-zero electric field 
between the metals, cf KFM. 

B 

EF EF 

WA 
WB 



With a voltage bias 
Consider two metals with a voltage bias in-between. 
At zero bias, the two FL get aligned. 
Plot the DOS, occupied states at T = 0 are colored. 

A A 

NB(E) NA(E) 

E 

eV 
NA, NB: Local Density Of 
(electronic) States (LDOS) of 
metal A or B. 

 
B 

Voltage bias V: shifts the FLs. 
NA(E)  NA(E-eV) 
 
Elastic electron tunneling: 
“Horizontal” process. 

EF 

EF 

Electron energy relaxation 

After the electron is transmitted, it will relax to lower energy 
Thanks to inelastic processes with e-, phonons, … 
Separate process from tunneling, much longer times involved. 
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NB(E) NA(E) 

E 

eV 

B 

EF 

EF 

The energy distribution function 
Non-zero temperature: the energy distribution function f(E) gives 
the probability for an e- state at the energy E to be occupied. 
 
At thermal equilibrium, f is the Fermi-Dirac function: 
 
 
 
 
 
 
 
 
 
At zero temperature, it reduces to a step function. 
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At non-zero temperature 
Non-zero temperature, the number of electrons within a window 
dE at an energy E is: 
 

NB(E) NA(E) 

E 

eV 

B 

Consider an energy 
window [E;E+dE] and 
determine the electron 
flow from A to B. A 

  

€ 

dN = N E( ) f E( )dE

dE EF 

EF 



The tunnel current expression (2) 

What’s the electron flow from A to B ? 
Number of occupied states in A at the energy E = 
Number of free states in B at the energy E’= 
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The tunnel current expression (3) 

Net current, with the hypothesis that M depends only on E: 
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Interpretation: a tunnel current occurs because of an electron 
states occupancy (at a given energy) difference. 

Total current : 

The tunneling spectroscopy (1) 

If A (the tip) is a good metal : NA(E) = Constant. 
Hypothesis: M(E) = Constant   (eV << W). 
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The tunneling spectroscopy (2) 

Calculating the derivative with respect to voltage provides 
the differential conductance, which is a function of voltage bias. 

 
 
The zero-temperature differential conductance measures the LDOS. 
Assumptions: tip DOS, constant M(E) for states involved. 
If NB = Cste, dI/dV = Cste, Ohm’s law recovered (valid also at T > 0).  

At T = 0 
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The tunneling spectroscopy (3) 

T > 0 

f(E) 
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f(E-eV)-f(E) 
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The tunneling spectroscopy (4) 
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T = 0: window function is   (E – eV), one recovers dI/dV(V) = NB(EF+eV). 

T > 0: thermal window of half-width 2kBT. 

The diff. cond. dI/dV gives the LDOS NB(E) smeared by temperature. 

Tunneling spectroscopy resolution = 2 kBT: 1 K gives 0.17 meV.  

EF+eV 

Plot of 
 4kBT 

1/T 

for different temperatures 
 

increasing T 
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1.6: History of electron tunneling 

Elements of superconductivity (1) 

BCS (from Bardeen-Cooper-
Schrieffer) theory, the DOS writes: 

  

€ 

NS E( ) = NN
E

E−EF( )2
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NS E( ) = 0 ifE−EF < Δ

The energy gap is : 
∆(T=0) = 1.76kBTc 

(E-EF)/∆ 

DOS 
(a.u.) 

A superconductor below Tc: zero resistance, perfect diamagnetism (B=0) 

Condensation of electrons into Cooper pairs: modified DOS at the FL 



Thermal smearing of a LDOS 
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DOS = 
dI/dV at T = 0 

dI/dV 
at T > 0 

High resolution 
means 
small smearing, 
implies 
low temperature. 

Tunneling 
before the STM (1) 

I. Giaever, Phys. Rev. Lett. 5, 147 (1960) 
Nobel prize 1973 

Al, Tc = 1.2 K Pb, Tc = 7.2 K 

Al2O3 insulating barrier (a few nm): 
equivalent to vacuum tunneling. 

Tunneling in planar, solid-state junctions: 
straightforward stability. 

Al-AlOx-Al tunnel junction 

Tunneling 
before the STM (2) 
I. Giaever, Phys. Rev. Lett. 5, 147 (1960). 
 
Temperature regime where Pb is 
superconducting, Al normal. 
First direct measurement of a 
superconducting DOS. 
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1.7: The field emission regime 



Field emission (1) 

A sharp tip biased with a negative voltage : 
What is the electric field at the tip apex ?  

V 
  

€ 

Eel ≈
V
r

1 Volt and 10 nm give 1010 V/m = 1 V/Å 
>> ionization field in air (3.106 V/m) 

Huge electric fields : 
unusual physics at the tip apex like atom migration. 

tip radius r 

Field emission (2) 
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Result from WKB semiclassical approximation: 
 
 
 
 
Used in electron beam sources (SEMs): smaller beam size, long tip life. 

Tunneling through an electric field-induced barrier: no sample needed ! 

Metal 
Vacuum 

Metallic tip at a negative potential: 

0 Fermi level 

Transmission probabilities in practical units 
W in eV 
Eel in V/Å 
d in Å 
These quantities are of order 1 to 10. 
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TVT ∝ exp −1.02W1/ 2d( )

No distance dependence for TFE: transmission depends on bias. 
No field dependence for TVT: Ohmic behavior expected. 

Transmission 
coefficients are 
then of order 10-1 
to 10-10. 

Vacuum tunneling 
between two metals: 

Field emission: 

Field emission versus vacuum tunneling 

R. Young et al., Phys. Rev. Lett. 27, 922 (1971) 

FE 

VT Between a tip and a sample at 
different distances: 
 
At large distance, field emission 
dominates. Appears only at high 
voltage when el. field is large: non-
linear behaviour. Also called Fowler-
Nordheim regime. 
 
At short distance, usual tunnel 
current dominates, ohmic behaviour. 



The first scanning probe microscope ever 

R. Young et al., Phys. Rev. Lett. 27, 922 (1971) 
The �topografiner�: the first scanning probe microscope. 

Image of a Au grating: 
resolution not better 
than an optical image. 

1000 YOUNG, WARD, AND SCIRE 

FLEXIBLE 
POST 

PIEZO 
(VERTICAL) 

IOem 

FIG. 1. Present realization of the Topografiner. The differential 
screw is used as a coarse adjustment to bring the specimen close 
enough to the emitter so that it is within the range of the vertical (Z) 
piezo. The X-scan piezo deflects the emitter support post so as to 
scan the emitter in one direction. The orthogonal (Y) piezo is not 
shown. The specimen is clamped between copper blocks to permit 
heating. An electron multiplier permits detection of secondary 
electrons. 

sheet specimens (for example, replicas) taut. An electrical 
current may be passed through thin specimens in order to 
heat them for cleaning. Thick specimens are not heated. A 
differential screw moves the specimen assembly through a 
0.254 mm excursion by deflecting a thin welded diaphragm 
at the end of the screw. The emitter support assembly 
consists of two 1.0 mm molybdenum rods clamped in a 
boron nitride holder. The tungsten emitter, which has been 
electrochemically etched from a mm wire, is spot 
welded to two 0.125 mm molybdenum bridges between the 
rods in order to heat the emitter for cleaning. The two 
bridges support the emitter rigidly. The emitter assembly, 
mounted on a flexible post supported by the vertical piezo, 
is moved perpendicular to the specimen surface by the 
vertical piezo. The piezo itself consists of a stack of five 
piezo disks 4.8 mm thick spaced by gold wire rings with 
alternate rings electrically connected. The gold ring con-
struction prevents the entrapment of gases, is vacuum 
compatible, and flows sufficiently at the point of contact to 
distribute the force uniformly around the circumference of 
the disks. The vertical stack is clamped with two phosphor 
bronze leaf springs. 

The X and Y scan piezos are cylinder expanders which 
provide greater deflection sensitivity at the expense of an 
increase in hysteresis. They deflect the post at a point one-
fifth of the total distance from the base to the emitter, 
resulting in an emitter scanning distance of about 0.0076 
mm. The X and Y piezos will soon be replaced with a 
linear stack similar to the vertical piezo. The electron 

multiplier, which detects secondary electron emission from 
the specimen surface, will be discussed later. 

The entire assembly in Fig. 1 is connected, by means of 
the vacuum flange at the top, to a vacuum system pumped 
by a combination titanium sublimation and ion pump. A 
mechanical pump was used during initial stages of evacua-
tion but is disconnected during measurements. The instru-
ment is mounted on a low vibration table that consists of a 
750 kg mass supported by three arms, each of which is 
mounted on a rubber diaphragm air mount with an ex-
pansion chamber and aperture. The whole system has a 
vertical period of about 1 Hz and is critically damped. The 
vacuum chamber is surrounded by an acoustical shield. 
Over most of the frequency range the sound pressure 
amplitude, as measured with a wide range crystal micro-
phone, is about one order of magnitude below the level in 
the room. Vibrations at the vacuum system are below the 
noise level of the accelerometer used to test the effective-
ness of the low vibration mount and do not exceed a few 
tens of angstroms. Also, as indicated in Fig. 1, the emitter 
and specimen assembly are rigidly mounted to the same 
flange to avoid relative motion. 

A number of parameters determine the basic sensitivity 
of the Topografiner. A relationship has been found that 
connects the minimum detectable displacement for an 
emitter carrying a constant current, to the emitter spacing, 
emitter radius, and the minimum detectable change in 
emitter voltage.6 Assuming that the emitter voltage can be 

\:Y T 
xo-ro 

/1/1/1111/1/111111)))1/ 
ANODE SURFACE 

10-5 10-' 10-5 
(xo- '0' rnSTANCE BETWEEN EMITTER AND SURFACElcmJ 

FIG. 2. Minimum detectable displacement of the emitter if the 
emitter voltage can be measured to one part in lO". In the 
application the emitter to anode voltage (marked on the curves) 1S 
about so-ioo V where the minimum detectable distance is inde-
pendent of emitter radius, R •. 
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Chapter 1 
Tunneling phenomena: from the 

planar junctions to the STM 
 

1.8: The invention of STM 

“Tunneling through a controllable vacuum gap”, G. Binnig, H. Röhrer, Ch. Gerber and E. 
Weibel, Appl. Phys. Lett. 40, 178 (1982). 

Demonstration of vacuum tunneling. 
 
The apparent work-function depends 
on the tip condition (contamination). 

The invention of STM (1) 

I 

d 

“S
urface studies by scanning tunneling m

icroscopy”, G
. B

innig, H
. 

R
öhrer, C

h. G
erber and E

. W
eibel, P

hys. R
ev. Lett. 49, 57 (1982).  

The invention of STM (2) 



The Si (111) 
reconstruction 

Si (111) annealed at 1000°C, slow 
cooling-down. 

First atomic resolution 

STM gave the exact nature of the 
surface left unknown by LEED exp.  

Si (111) 7x7 :  the model 

In the bulk, diamond-like 
structure. 

7x7 reconstruction minimizes nb 
of pending bonds : 49->19 

Miller index refer to the number 
(= 7) of atomic cells involved. 

In STM, the adatoms only are 
visible, a well as the corner 
vacancies. 

Hard-paper work from 
trace-recorder data. 

“7x7 reconstruction on Si (111) 
resolved in real space”, G. Binnig, 
H. Röhrer, Ch. Gerber and E. 
Weibel, Phys. Rev. Lett. 50, 120 
(1983). 
 
Nobel prize 1987. 
 

Si (111) 7x7 

Single vacancies, adsorbates, screw dislocations are visible: 
true atomic resolution. (Omicron website)   



Chapter 3 
Imaging with a STM 

 
3.1: Imaging at different bias 

The chemical contrast: GaAs (110) 

Two superposed images: 
occupied states: Vsample < 0, red level: As. 
+ 
empty states: Vsample > 0, green level: Ga 
 
Images are taken simultaneously to avoid 
hysteresis effects between two succesive 
images. 

J. Stroscio et al, Phys. Rev. Lett. 58, 
1192 (1987). 

Ga 
As 

Occupied / empty states: a naive picture 

As potential more attractive than Ga. 
Close to Fermi level, occupied states are on As, empty ones on Ga.  

NB(E) NA(E) 

B = 
tip 

EF 

GaAs 

As 

Ga 
eV > 0: As atoms are imaged. 
eV < 0: Ga atoms are imaged. 
 
Depending on bias, occupied 
or empty states participate to 
tunneling: 
complementary information 
can be accessed. 

Occupied / empty states: a naive picture 

As potential more attractive than Ga. 
Close to Fermi level, occupied states are on As, empty ones on Ga.  

NB(E) NA(E) 

eV > 0 

B = 
tip 

EF 

GaAs 

As 

Ga eV > 0: As atoms are imaged. 
eV < 0: Ga atoms are imaged. 
 
Depending on bias, occupied 
or empty states participate to 
tunneling: 
complementary information 
can be accessed. 



Occupied / empty states: a naive picture 

As potential more attractive than Ga. 
Close to Fermi level, occupied states are on As, empty ones on Ga.  

NB(E) NA(E) 

B = 
tip 

EF 
eV < 0 

GaAs 

As 

Ga 

eV > 0: As atoms are imaged. 
eV < 0: Ga atoms are imaged. 
 
Depending on bias, occupied 
or empty states participate to 
tunneling: 
complementary information 
can be accessed. 

Real-time dynamics of Pb atoms on Si 

J.-M. Rofriguez-Campos et al, Phys. Rev. Lett. 76, 799 (1996), Institut Néel, Grenoble. 

A different contrast is 
obtained, depending 
on bias. 

Three / six-fold symmetry in graphite 

Clean surface thanks to the layered structure and scotch technique. 

STM images display a triangular lattice, not a hexagonal one: 
coupling with the second layer make every other two atom “different”. 

STM images not the atoms but the electronic clouds. 

Moiré in graphene 

UHV annealing of SiC, 

epitaxy on Re: 

formation of a graphene sheet on a 
crystalline substrate. 
 
Atomic lattice visible, 6-fold periodicity. 
 
Images shows electronic interference 
effects with the buffer layer: moiré. 
 

P. Mallet, J.Y. Veuillen et al, Phys. Rev. B 76, 041403(R) 
(2007), Institut Néel. C. Tonnoir et al, Phys. Rev. Lett. 111, 
246805 (2013), INAC. 

struction. It is always observed and has been thoroughly dis-
cussed in these references. However, the precise atomic
structure and the related electron properties of the actual re-
construction are far from fully understood. As shown in Ref.
14, the large corrugation found on the terraces is not of elec-
tronic origin. The authors have suggested that the whole sur-
face is covered by tiny graphenelike carbon islands, self-
organized to form the honeycomb structures, with part of the
C atoms forming covalent bonds with Si atoms.14 However,
no atomic resolution has been achieved on this surface to our
knowledge, so that there is no direct evidence of such local
graphenelike structure. Additionally, ARPES measurements
have identified ! bands related to graphitic sp2-bonded car-
bon, but have pointed out the lack of "-like bands in the
vicinity of EF.15 We note that STM images at low bias are
not achievable either at room temperature or at 45 K. This
points to a nonmetallic character of the surface !the substrate
is insulating at 45 K", which implies that the first C-rich
layer has no graphenelike electron properties close to EF.

In the following, we study the same sample after a subse-
quent annealing at 1300–1350 °C for 8 mn. The C:Si Auger
ratio does not exceed 2, indicating that only a few C layers
are present on the surface. As shown in Fig. 1!c", the surface
layers have the lattice periodicity of a graphene sheet: pro-
nounced spots of the !1#1" graphene lattice are found in the
LEED pattern, in addition to the SiC related spots. STM
images of large areas, as in Fig. 1!d", reveal terraces with a
periodic superstructure, the lattice parameter of which corre-
sponds to that of the SiC-6#6 shown in Fig. 1!b". There-
fore, this superstructure is induced by the C-rich interface
lying just below the graphene sheets. Surprisingly, we find
that the corrugation of this superstructure is not the same for
all terraces. This is demonstrated in the lower part of Fig.

1!d", where the first derivative of the image is shown. The
central terrace !labeled M" exhibits a 3–5 times higher cor-
rugation, depending on the sample bias, than the other ter-
races !labeled B". We have checked that most of the terraces
studied on this sample are either of M or B type !their iden-
tification is made easy on derivatives of large-scale images".

To elucidate the nature of the two different terraces, we
focus on STM images with atomic resolution. Such images
are routinely achieved at 45 K with sample bias as low as
50 mV, which means that the surface is metallic. Figure 2 is
a panel of typical STM images, at sample bias +0.2 V. For
type-M terraces shown in Figs. 2!a"–2!c", images reveal a
graphene !1#1" lattice of dark spots !with a measured lat-
tice parameter of 2.4±0.2 Å". The six C atoms surrounding
each spot give the same bright signal, which leads to a true
honeycomb atomic pattern !symmetric contrast". As quoted
above, images of type-M terraces such as Fig. 2!a" are also
frequently dominated by features related to the C-rich !6
#6" interface, which are superimposed on the graphene !1
#1" pattern #see also Fig. 3!c"$. Occasionally, uncontrolled
change of the tip apex gives rise to a strong attenuation of
this interface contribution. This is illustrated on Fig. 2!b",
where only a smooth SiC-6#6 pattern remains together with
the graphene !1#1" lattice. Figures 2!a" and 2!b" correspond
to the same area, and the contrast difference between the two
images is only due to a tip apex modification. The honey-
comb atomic pattern is not affected by this tip effect.

We compare now a 3D zoom of Fig. 2!b", shown in Fig.
2!c", with the equivalent data for a B-type terrace #Fig. 2!d"$.
Two differences are found between the images. First, the
SiC-6#6 superstructure is weaker for terraces B than for
terraces M. Second, and more important, the atomic pattern

FIG. 1. !Color online" !a" 109 eV LEED pattern of the
6H-SiC!0001" 6R3 reconstruction. !b" 40#40 nm2 STM image at
45 K of the same surface, exhibiting the carbon nanomesh phase
!Ref. 14". Sample bias: −2.0 V. Inset: a 5#5 nm2 zoom of the
central terrace. !c",!d" equivalent data to !a",!b" after the last anneal-
ing step. !c" The dashed arrow indicates one of the graphene !1
#1" spots. !d" The derivative of the bottom part of the image is
shown to highlight the different corrugation between terraces M and
B. Sample bias: +0.5 V.

FIG. 2. !Color online" !a", !b" 5.6#5.6 nm2 STM images of the
same area of an M-type terrace, with an unexpected tip change
between the two images. !c", !d" 4#4 nm2 3D view of an M mono-
layer !c" and a B-bilayer graphene !d" terrace. A hexagonal
graphene unit cell is depicted on both images. Sample bias was set
at +0.2 V for all the images.

MALLET et al. PHYSICAL REVIEW B 76, 041403!R" !2007"
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the lattice parameters of graphene (aC) and Re (aRe). In this
Letter, we report the first real space observation of this
superstructure with scanning tunneling microscopy (STM).

The top image on Fig. 1 shows this moiré with a peri-
odicity of 1:9! 0:1 nm, which corresponds to a moiré with
carbon zigzag rows aligned to Re dense packed ones, and a
(7:8) superstructure, i.e., eight carbon rings matching seven
Re atoms. This moiré is different from the (9:10) cell
calculated in Ref. [15]. This discrepancy could originate
from the different methods used to grow graphene in the
two experiments. Our superstructure goes along with a
compressed graphene cell where the graphene lattice pa-
rameter is estimated to be 2.42 Å, a slightly smaller value
than the one in bulk graphite (2.46 Å). On the upper image
of Fig. 1, we can see that the atomic rows of graphene are
aligned with the moiré direction. Nevertheless, we also
observed spots where the two lattices are rotated. On the
example shown in the bottom image of Fig. 1, the angle
between the carbon atomic rows and the moiré high sym-
metry directions is !" 15#, which corresponds to a rota-
tional angle between the Re and the graphene lattice of
" ’ !ðaRe-aCÞ=aRe " 2#. We measure an apparent moiré
corrugation that is tip dependent but can be as high as 1 Å.

This indicates strong coupling between graphene and Re
as compared to other metallic substrates [16,17], similar
to what is observed for graphene grown on ruthenium
[18–21]. Images with atomic resolution (see Fig. 1, bottom
image) show sixfold and threefold periodicity on the hills
and valleys of the moiré, respectively, which suggests that
the graphene layer is less strongly coupled to the Re
substrate on the hills than on the valleys. In order to
corroborate these observations, we performed numerical
simulations of the moiré structure.
Ab initio calculations have been carried out with the

code VASP [22]. The PAW approach [23], PBE functionnal
[24], and Grimme corrections to van der Waals interactions
[25] have been used. The slab used to describe the system
contained five Re layers, one graphene layer, and a 10 Å-
thick vacuum space on top. The Re plane in the middle
(third plane) of the slab was fixed while all the other atoms
were allowed to relax [26]. The lateral size of the supercell
has been fixed to the geometry observed experimentally
and corresponds to a (7& 7) cell for Re and a (8& 8) cell
for graphene. Calculations were performed with one k
point, the supercell K point to get a precise description
of the graphene low energy states. After convergence,

residual forces were lower than 0:025 eV= !A.
Our calculations show that the graphene layer is buckled

with regions where the C atoms are close to Re ones and
regions where they lay much higher (Fig. 2). The first
regions correspond to strong graphene-Re interaction (top
hcp and top fcc—see definition in [16]) with the formation
of covalent bonds and an electron transfer from Re to
C atoms [26]. The second regions correspond to a much
weaker interaction (hcp-fcc). This is consistent with our
experimental observations and with the description given
by Miniussi et al. [15] but for a (9:10) cell. Figure 2(b)
shows the square modulus of the wave function integrated
between the Fermi level (EF) and EF þ 0:5 eV. This cross
section is taken just above the highest graphene atom. It
shows bright protuberances that correspond to hcp-fcc
stacking regions and lines. These calculations provide
good agreement with our STM images of Fig. 1.
Another signature of the coupling strength between

graphene and the Re substrate can be found in the local
density of states (DOS). This is highlighted in Fig. 3 where
we show a topographic image of the moiré and a simulta-
neously recorded map of the differential conductance G ¼
dI=dV measured at EF [i.e., at zero tip-sample bias (Vbias)].
These data have been acquired in a dilution refrigerator
where the STM was cooled down to 50 mK. The spectro-
scopic signal was obtained by a lock-in technique with an
rms modulation voltage of 5 mV. On this spectroscopy map
we observe enhanced conductance on the hills. This con-
trast can be understood by recording a full spectrum on
hills and valleys (see Fig. 3 bottom graph). The tunneling
spectra show a typical semimetal behavior, similar to what
was obtained for graphene/Ru(0001) [20], in contrast to the

FIG. 1 (color online). Top: STM image showing the moiré
pattern due to the lattice paramater mismatch of graphene and
Re, measured with a bias voltage Vbias ¼ 224 mV and a tunnel-
ing current I ¼ 31 nA. Bottom: STM image exhibiting an
atomic periodicity of order six on the hills of the moiré and
three in the valleys, measured for Vbias ¼ 10 mV and I ¼ 10 nA.
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Chapter 4 
Scanning Tunneling Spectroscopy 

 
4.1 Superconductors 

Elements of superconductivity (1) 

BCS theory : the DOS writes : 

  

€ 

NS E( ) = NN
E

E−EF( )2
− Δ2

ifE−EF > Δ

  

€ 

NS E( ) = 0 ifE−EF < Δ

The energy gap is : 
∆(T->0) = 1.76kBTc 

(E-EF)/∆ 

DOS 
(a.u.) 

A superconductor (below Tc, Ic and Bc): 
  zero resistance, 
  perfect diamagnetism (B = 0), 
  modified density of states at the FL, 

NbSe2 

50 mK 

H.F. Hess et al., Physica B 169, 422 (1991). 

Lamellar compound, 
Easy to cleave (scotch tape): gives a clean, inert surface. 
Superconducting below 7.2 K. 
Spectra follows BCS shape. 

Elements of superconductivity (2) 
Type II : magnetic field penetration length λL > coherence length ξs. 
In NbSe2, : ξs = 77 Å, λL = 2000 Å. 

A superconductor under magnetic field: magnetic field penetrates as 
vortices made of a normal core,each vortex carries a flux quantum φ0. 

When field increases, the number of vortices increases accordingly. 

S 

  

€ 

φ0 =
h
2e

= 2.0 10−15T.m2 = 2.0mT.µm2
    

€ 

 
B 

N 



Inside a vortex 

Local magnetic field depletes Cooper pair density and pairing potential: 

localized (single-)electron states, 

local density of states modified. 

local magnetic field 
H(r) decays over λ

pair density ψ(r) and local potential 
for single e- recovers over ξ

0            r 

Localized states in a vortex 

G 

Series of LDOS spectroocopy along a line across a vortex: 
quasiparticules states confined within a vortex core = LDOS peak. 
H.F. Hess et al., Phys. Rev. Lett. 64, 2711 (1990). 

V (mV) 

dI/dV 

3rd dimension: position 

The differential conductance imaging 
During scan: ac modulation Vac added to dc bias Vdc. 
 

 

Regulation slower than ac modulation   ac current modulation. 

 
 
 
 
dI is measured and displayed (with grey levels). 
Bias Vdc well chosen so that dI/dV image reflects the LDOS structure. 
 
Also called STS map. 

  

€ 

V = Vdc + Vac0 cosωt

  

€ 

I = I Vdc( ) +
dI
dV V=Vdc

.Vac0 cosωt

The vortex lattice 

 
Abrikosov (Nobel 2003) vortex 
lattice. 
 
Triangular geometry: interaction 
between vortices is minimized. 
 
Vortex density determined by the 
magnetic field. 
 
H.F. Hess et al., Phys. Rev. Lett. 62, 214 
(1989).



Chapter 4 
Scanning Tunneling Spectroscopy 

 
4.2 Single-wall carbon nanotubes 

Structure 

Wrapped graphene sheet 
with a rolling vector: 
 
 
(n,m) defines the tube 
geometry. 
n = m : armchair 
m = 0 : zig-zag 
n = m chiral 
 

tube (2,3) 

      

€ 

 
R = n

 
a 1 + m

 
a 2

armchair 

zig-zag 

chiral 

Discovered in 1991: S. 
Iijima et al., Nature 354, 56 
(1991). 

a1 

a2 

(5,5) 

(9,0) 

(10,5) 

R 

Electronic states in graphene (1) 

sp2: s, px and py hybridize to form σ states, which are in-plane, 
occupied by 3 electrons. pz states allow conduction: to be considered 
in the following, occupied by one electron per atom. 

a1 

a2 

y 
x 

a 
Two atoms per unit cell (diamond),  
A and B. 
a = 0.246 nm 

A 

B 

Tight binding approx.: electrons tighly bound to their atom, electronic 
states are a combination of pz atomic orbital.  

Electronic states in graphene (3) 

E/t 

kya 
kxa 

K points 

P. R. Wallace, Phys. Rev. 71, 622 (1947). 

2π 

-2π 

  

€ 

π 3

  

€ 

−π 3

t  = 2.5 eV (nearest neighbour 
transfer integral). 
 
One e- in the binding orbital E < 0. 
 
Fermi level made of 6 points K: 
intrinsic graphene is a semi-metal 
or gapless semiconductor. 
Close to FL, linear relation 
dispersion: Dirac fermions. 

  

€ 

E k( ) = ±t 3 + 2 cos kya( ) + 4 cos 3kxa 2( ) cos kya 2( )[ ]1 2



Armchair tubes are metallic 

K points in red in this figure. 
Selected kx cross K points: metallic. 

x   

€ 

kx.m 3a = 2πp

  

€ 

kxa =
2πp
m 3

p integer 

2π 

-2π 

  

€ 

−2π / 3   

€ 

2π / 3

Armchair, periodic boundary condition around the perimeter: 

kx 

ky 

m = 3 

Zig-zag can be metallic or semiconducting 

K points in red in this figure. 
Selected ky cross K points or not, 
depending on m. kx 

ky 

p integer 

2π 

-2π 

  

€ 

−2π / 3   

€ 

2π / 3

Zig-zag, periodic boundary condition around the perimeter: 

y   

€ 

ky.na = 2πp

  

€ 

kya =
2πp
n

n = 6: metallic CNT 

Zig-zag can be metallic or semiconducting 

K points in red in this figure. 
Selected ky cross K points or not, 
depending on m. kx 

ky 

p integer 

2π 

-2π 

  

€ 

−2π / 3   

€ 

2π / 3

Zig-zag, periodic boundary condition around the perimeter: 

y   

€ 

ky.na = 2πp

  

€ 

kya =
2πp
n

n = 8: semiconducting CNT  

Chiral nanotubes … 

Selected kx,ky lines can cross K points, depending on (m,n), in 
which case the CNT is metallic. 

Theoretical prediction: 
n - m = 3k : metallic, 
n - m = 3k : semiconductor. 
 

  

€ 

kx.m 3a + ky. n−m( )a = 2πp

kx 

ky 

Boundary condition: 



CNT imaging 

J.W.G. Wildoer, C. Dekker et al, Nature 391, 59 (1998). 

CNTs 
on a Au 
surface. 

zig-zag 

armchair 

chiral 

CNT 
spectroscopy 

J.W.G. Wildoer et al, Nature 391, 59 (1998). 

metallic 

semi- 
conducting Metallic and semiconducting 

tubes identified. 
 
Armchair tubes found metallic. 
Statistics agrees with 1/3 of 
chiral ones being metallic. 
 
Energy gap in SC tubes: 
 
 
d: tube diameter. 

  

€ 

Egap = 2γa 3d

Imaging electron wave 
functions in a CNT (1) 

Tunnel contact 
I(V) and dI/dV 
evolves 
spatially at low 
energy. 
 
 
 
LDOS spatial 
modulation. 

L. C. Venema et al, Science 283, 52 (1999). 

Armchair (metallic) tube cut with a 
5V voltage pulse:  

Imaging electron 
wave functions in a 
CNT (2) 

Period different from atomic 
cell size, close to Fermi 
wavelength: electronic 
standing waves. 

(0.3 V) 

λ

ψ2(x) 

ψ(x) 

  

€ 

ψ x( ) = A sin 2πx λ( )



Imaging electron 
wave functions in a 
CNT (2) 

Differential conductance 
proportional to electron 
density: 
 
Fit: 
 
 
Textbook model of a particle in 
a 1D box, here about 100 e-. (0.3 V) 

  

€ 

dI
dV

= G1 sin2 2πx λ( ) + G0


