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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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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

Chapter 1
Tunneling phenomena : from the
planar junctions to the STM

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:

p =mv = ik E; = (k = wave-vector)

% E
Pauli exclusion principle for Fermions: only
two electrons per state (opposite spins). \ e

Electrons occupy states of lowest energy first.

Fermi level = last occupied state at T = 0.

Fermi level energy E; = electron chemical

potential.

Counting electron states (2)

Number of possible values for (m,, m,, m,) within the Fermi sphere:

4nk3 /3 V 3n°n b
3

3 F = 2k =nF |:> kF=( F]

/ (2n)” LLL, 37

spin

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

(hkF)Z i h2 2/3
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The Fermi energy is then: Er =

Number of electrons with an energy below E in a volume V:

3/2
V (2mE
”(E>=3nz(hz)

Counting electron states (1)

An energy below E; means a wave-vector magnitude below k.

Number of states in the k-space inside the Fermi sphere of radius kg ?
kZ oy

A Boundary conditions for electrons

in a box of dimensions L,, L,, L

2mm 2am 2mm
Ko = X Ky = y K, = z

—> m,, m,, m, are integers

Ky

One state occupies a parallepiped
K of volume (21)%/L,L L

Xy =z?

two electrons per state.

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:

N(E) = 1 dn(E)
V dE
In energy window of width dE, we have dN states per unit volume:
dN =N(E) dE
In a free electrons model, we have: N(E) __m E
nen? | #?

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.



“Good” metals

In a free electrons model, we have: N(E) __m |2mE
N dE AR Chapter 1
varies slowly with energy "= 5e Tunneling phenomena : from the

dE is eV, kT planar junctions to the STM

1.2: The electronic work-function

'@, Contre-tension maximale

The work-function of a metal (1) The work-function of |

Vacuum states are states with the electron out of the metal. a metal (2)

Definition: the work-function W is the energy needed for an electron
to leave the metal.

E The photo-electric effect: B Cosrigus o e ) Courant de saraion 0556
Vacuum states continuum the photon hypothesis of )
Planck confirmed by Einstein ‘
W F hreshold for th
- . . requency threshold for the
Erl =W Fermi level : last occupied 9 Y ) y v £
» _ photoelectric effect: °
g electron state at T=0 oo ,
9] ¢ Caractévistiques pour diverses couleurs f) Sensibilité et rendement
8 hv =W
e 0 - E|: - W

Reference energy taken at zero kinetic energy in the metal (black
scale), can be chosen also in the vacuum (red), W inchanged.




Measurement of the work-function

- Photo-electric effect

- Thermo-ionic emission (e- beam source in SEM, evaporators) Chapter 1

- - jﬂzexp(_w) Tunneling phenomena: from the
“sT planar junctions to the STM

- Kelvin probe Metal | W (V)
i |23 1.3: The basic “square barrier model”

Values : iﬂ ::z
Hg 4.52
Al 4.25
w 4.5

The square barrier model The particle current
U(z) . L 2
1 U 2 3 E = Kinetic energy i Particle density is: p=l

region 1, where U =0

The particle current defined as:  j = ;ﬂ[w*?w - uﬁw*]
m

0 2 d z
. . p -
Classical mechanics : ﬁJfU(Z) -E obeys the conservation law: 6—Ft)+div i=0
One needs E > U(z) for the e to sit at a given point.
If E <W, the e stays in region 1. Simple case, the plane wave:  (x)=A el
Quantum mechanics : wave-function description satisfying The particle current is then: j= Ek‘A‘Z = v‘A‘z
m

the Shroédinger equation 2
Tl Ue)ul)-Eul2)

2m de Demonstration through Shrédinger eq.: Cohen-Tanoudji p 239



The square barrier transmission

In 1 (z < 0): Yi(z) = e+ A e  wherek = 2;]E
az -0z 2m(U0 - E)
IN2(0<z<d): Wy(z)=B.e®+C.e wherea=T
In 3 (d < z): ¥3(z) = De™*
Continuity of ¢y and its spatial derivative dy/dz:
4 equations provide the determination of A, B, C and D.
DF 1
The transmission coefficient is: T= 1 = 02
0 2
1 2 3 1+WO—E)Sh (O(d)

—
| —

A first order of magnitude

Order of magnitude: a man of mass m = 100 kg, awallh =4 m
high, thickness = d

Energy barrier = mgh

T - oxp| 121001009814 d) _ exp(_1037d)
1,05.107%

T vanishing even with d down to A scale.

The thick barrier approximation

1
Us
4E(U, -E)

1+ sh?(ad)

Thick barrier approximation (ad >> 1):

E(Uo -E) o-20d
Ug?

T=16

Exponential decay of the transmission amplitude:

T = exp(—2ad)

The case of electrons

1: Metal A 2: Vacuum 3: Metal B
U,=E+W
]
E=E
i =) o= Zr;W T~16 CFW g-2ad, exp(-2ad)

U0=EF+W (EF+W)2

-31 -19
Order of magnitude: T =exp —J2'9’1 10°7.4.16.10 d] = exp(—1010d)

1,05.10734

Thanks to the low electron mass and low energy barrier:
T is non negligible for d of the order of the A.



Tunneling vs conduction Transmission through an arbitrary barrier

U(z)
1 2 3
How large can a tunnel current be ?
Mesoscopic transport: | = GqV 3T — E —_—
0 d

channeli
26? 1
Quantum conductance: Gq = T T129ka (includes spin) WKB (Wentzel, Kramers and Brillouin) semiclassical approximation
' (slow spatial variation of the wave-function amplitude, no local minima):

Diffusive transport: T is close to 1.
d

Tunnel effect: T is “small*. 2 1/2
T exp(—h { {[Zm(U(z) - E)] dz})

With V=0.13 V, T = 10 for one channel: | =1 nA
Coincides with barrier model result in this special case.

Arbitrary barrier: WKB result interpretation

U(z)

1 2

Chapter 1
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Decomposition of the barrier into square (rectangular ) barriers,

local height U(z;), width dz: )
/ . . .
T o<exp(—h[zm(U(zi)—E)]1 Zdz) 1.4: A microscopic picture

Total transmission: T= H'ri x Hexp(—i[Zm(U(zi) _ E)]mdz)

T « exp _2 S[2m(U(z) - E)]”zdz) ~ exp(—iZ{[Zm(U(z) - E)]”zdz})




Microscopic view Tunneling probability

Tunnel matrix element describes the overlap of the electronic wave- The Fermi golden rule gives the transition probability from a
functions: . state y to a state y:

M,, =fsf(x*§‘zp—w?‘z)ds

2 2 2
Py =y (0Tl D(Ey ~Ex) =My (B ~E)

Hypothesis: Electron states

and v are not affected by the Valid for every couple of states (state in metal A, state in metal B).
tunnel contact.
Bardeen, 1964 The IMWI2 term includes the distance dependence.
S The tunneling effect is elastic to first order (no energy exchange).
depends obviously on distance between A and B. +e
z = normal to the surface S. 3(x) = Dirac delta function (= 0 except if x = 0). ff(x)é(x) =f(0)

—00

Equilibrium situation

Consider two metals with a voltage bias in-between.

At zero bias, the two FL get aligned.
Chapter 1 99 A
Plot the DOS, occupied states at T = 0 are colored.

Tunneling phenomena: from the planar
junctions to the STM

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

1.5: The tunneling current

If different work-functions
W, # Wg:

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

Na(E) Ng(E)



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.

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

Voltage bias V: shifts the FLs.
NA(E) mmmp Np(E-€V)

Elastic electron tunneling:

NA(E) Ns(E)  “Horizontal” process.

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:
)=

1+ exp[E - EF]
kgT

T>0 kT
T=0 0 N_
Er

At zero temperature, it reduces to a step function.

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.

Na(E) Ng(E)

At non-zero temperature

Non-zero temperature, the number of electrons within a window
dE at an energy E is:

dN =N(E) f(E)dE|

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

Na(E) Ng(E)



The tunnel current expression (2)

What'’s the electron flow from Ato B ?
Number of occupied states in A at the energy E = N (E-eV)f(E-eV)dE
Number of free states in B at the energy E’= Ng (E')[1- f(E')]aE

Tunnel current element (Fermi golden rule):
d?lpLp = 26 2% \MAB\ 5(E-E')Na(E-eV)Ng(E')f(E-eV)[1-f(E')|dEdE’
H—}

spin p

dip_pg = Ze—\MAB\ f d(E-E')Na(E-eV)Ng(E)f(E-eV)[1-f(E')|dEE
dlap = 2eE_|;/|oi\B NA(E eV)Ng (E)f(E -eV)[1-f(E)]dE

The tunneling spectroscopy (1)

|= zdl = 4;‘ejjlvl(lz)zN a(E-eV)Ng(E)[f(E-eV)-f(E)E

If A (the tip) is a good metal : N,(E) = Constant.
Hypothesis: M(E) = Constant (eV << W).

IochB f(E -eV)-f(E)JdE

The tunnel current expression (3)

Net current, with the hypothesis that M depends only on E:

di=dip_g -dlg_a
_4me ‘M E) ‘ Na(E-eV|Ng (E){f(E-eV)[1-f(E)]- f(E)[1- f(E-eV)]}dE

4“9 \M (E) \ Na(E-eV)Ng(E)[f(E-eV)-f(E)]dE
Total current :

| = Idl - A';_Z‘GIM(E)ZN A(E-eV)Ng(E)[f(E-eV)-f(E)KE

Interpretation: a tunnel current occurs because of an electron
states occupancy (at a given energy) difference.

The tunneling spectroscopy (2)

1 f(E) AtT=0
1 o« [ Ng(EjE
f(E-eV)-f(E) Er
Y Er E-+eV

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

d\'/(v) «Ng (Er +eV)

energy scale defined
<:| by voltage bias

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



The tunneling spectroscopy (3)

1 \ fE)
fvo O \k \_f(E-eV)
/m\f(E-eV)-f(E)
Er  Eg+eV

+00

dl e d e . o(E-Ep-eV
rvhd f Ng(E) , (f(E-eV))dE = f I el 2( kBFT )NB(E)dE

-0

Q. T

thermal equilibrium is assumed: f is the Fermi-Dirac function

Chapter 1
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1.6: History of electron tunneling

The tunneling spectroscopy (4)

+00

dl e 2(E-Ef-eV

o cosh™?| == "F == INg(E)dE

dv J 4kgT keT

— 1T
Plot of 1cosh_2 ﬂ
T kgT 4k . .
for different temperatures . increasing T
Eet+eV E

T = 0: window function is 8(E — eV), one recovers dl/dV(V) = Ng(Eg+eV).
T > 0: thermal window of half-width 2kgT.
The diff. cond. dI/dV gives the LDOS Ng(E) smeared by temperature.

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

Elements of superconductivity (1)

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

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

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

Ns(E)=0 ifE-Ef|<A
a

V(E-Eef -

The energy gap is :
A(T=0) = 1.76kgT,

Ns(E) =Ny

, ifE-Eg[>A .

10

8l
DOS

(a.u.)
6

R

{0 ] P I I R PR




Thermal smearing of a LDOS

«— DOS =

di/dV atT=0]

dli/dVv 1
atT> 0'_

Example: 0 mK.mev"
== 100 mK.meV"'
BCS DOS + ——200 mK.meV"!
. 6 L =300 mK.meV"'
Smearlng =+ 400 mK.meV"'
d |/dV —=—500 mK.meV"'
(norm.)
4 L
High resolution
means 2
small smearing,
implies
low temperature. 0
0,8 0,9
Tunneling

before the STM (2)

|. Giaever, Phys. Rev. Lett. 5, 147 (1960).

Temperature regime where Pb is
superconducting, Al normal.

First direct measurement of a
superconducting DOS.

dior

dv

RELATIVE SLOPE 41 /v

eV/A

CURRENT IN UNITS OF 78 MICROAMP

) 2 3
wiLvouTs porenmaL orFrerence \/

FIG. 1. Tunnel current between Al and Pb through
Al,Oy film as a function of voltage. (1) T=4.2°K and
1.6°K, H=2.7 koe (Pb normal). (2) T=4.2°K, H=0.¢
koe. (3) T=1.6°K, H=0.8 koe. (4) T=4.2°K, H=0
(Pb superconducting). (5) T=1.6°K, H=0 (Pb super-
conducting).

Tunneling Ini |
before the STM (1) 1 [ ]&

Al,O4 insulatinl barrier (a few nm):
equivalent to vacuum tunneling.

Al-A

b

|0x-Al tunnel junction
R g

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

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

........
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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 ?

Eel =

v
;

\Y
1 Volt and 10 nm give 10" V/m =1 V/A tip radius r

>> jonization field in air (3.108 \V/m)

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

Transmission probabilities in practical units

Win eV

Eg in V/IA

dinA

These quantities are of order 1 to 10.

Vacuum tunneling Tyr exp(—1 .02W1/2d)

between two metals: Transmission

coefficients are
W3/2) then of order 10-"

Field emission:

Teg exp(—0.68 to 10-10.

el

No distance dependence for Tr: transmission depends on bias.
No field dependence for T,,;: Ohmic behavior expected.

Field emission (2)

Metallic tip at a negative potential:

U Vacuum Uls) W - oF
Metal W< —siope -eE,, (2)=W -eEqz
Uzy)=0=2z,=
Fermi levet 0 | } ( 0) %0 ek,

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

Result from WKB semiclassical approximation:

4\2m w?'?
TP " 3en By
e

Used in electron beam sources (SEMs): smaller beam size, long tip life.

Field emission versus vacuum tunneling

Between a tip and a sample at

different distances f m.os AMP

TUNGSTEN EMITTER J

PLATINUM ANODE ~zh - ~20R
At large distance, field emission  ta s wven ATERMEOATE
dominates. Appears only at high E%'.!kﬁ'é.m
voltage when el. field is large: non-
linear behaviour. Also called Fowler--*— 32—+ e
Nordheim regime. VEMITTER ANODE
At short distance, usual tunnel (-
current dominates, ohmic behaviour.

FIG. 3. Tunneling current versus voltage character-
istic for three different emitter-to-surface spacings.
Note the linear MVM characteristic.

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



The first scanning probe microscope ever

EMITTER

ELECTRON
MULTIPLIER

PIEZO
(VERTICAL)

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

The “topografiner: the first scanning probe microscope.

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

Pb

R
FIG. 1. Schematic of the tunneling unit and magnetic levitation system
Components and operation are described in the text. Liquid-He circulating
in the tubes T cools the lead bowl Pb, which is thermally shielded by Al-
coated mylar foils (not shown).

Demonstration of vacuum tunneling.

The apparent work-function depends
on the tip condition (contamination).

2 . 2
Displacement of W - Tip d [1oiv = 14)

FIG. 2. Tunnel and current vs displ: of Pt plate for differ-
ent surface conditions as described in the text. The displacement origin is
arbitrary for each curve (except for curves B and C with the same origin).
The sweep rate was approximately 1 A/s. Work functions ¢ = 0.6 eV and
0.7 eV are derived from curves A, B, and C, respectively. The instability
which occurred while scanning B and resulted in a jump from point [ to [1is
attributed to the release of thermal stress in the unit. After this, the tunnel
unit remained stable within 0.2 A as shown by curve C. After repeated
cleaning and in slightly better vacuum, the steepness of curves D and E
resulted ing = 3.2 eV.

“Tunneling through a controllable vacuum gap”, G. Binnig, H. Réhrer, Ch. Gerber and E.

Weibel, Appl. Phys. Lett. 40, 178 (1982).
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1.8: The invention of STM

The inve}ntion of STM (2

z

FIG. 1. Principle of operation of the scanning tun-
neling microscope. (Schematic: distances and sizes
are not to scale.) The piezodrives P, and P, scan
the metal tip M over the surface. The control unit
(CU) applies the appropriate voltage V, to the piezo-
drive P, for constant tunnel current J; at constant tun-
nel voltage V ;. For constant work function, the volt-
ages applied to the piezodrives P, , Py, and P, yield
the topography of the surface directly, whereas mod-
ulation of the tunnel distance s by As gives a measure
of the work function as explained in the text. The
broken line indicates the z displacement in ay scan
at (A) a surface step and (B) a contamination spot, C,
with lower work function.

a)

[170]

FIG. 3. Two examples of scanning tunneling micro-
graphs of a Au (110) surface, taken at (a) room tem-
perature, and (b) 300°C after annealing for 20 h at the
same temperature (and essentially constant work func-
tion). The sensitivity is 10 A/div everywhere. Because =
of a small thermal drift, there is some uncertainty in
the crystal directions in the surface. In (a), the surface ©
is gently corrugated in the [001] direction, except for a (5
step of four atomic layers (= 2 atomic radii) along the
[170] direction, as indicated by the discontinuity of the
shaded ribbon. The steps in (b), which were always
found along the [110] direction, are visualized by the
possible positions of the Au atoms (dots).

07 Aoy "sAud ‘[eqiop " PUB J8qIeD YD UeIyQy

‘H ‘Bluuig ‘o ¢ Adoasouoiw Buisuuny Buiuueos Ag saipnis aoeung,,

(z861) 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.

FIG. 2. Top view of the relief shown in Fig. 1 (the
hill at the right is not included) clearly exhibiting the
sixfold rotational symmetry of the maxima around the
rhombohedron corners. Brightness is a measure of
the altitude, but is not to scale. The crosses indicate
adatom positions of the modified adatom model (see
Fig. 3) or “milk-stool” positions (Ref. 5).

Hard-paper work from
trace-recorder data.

“7Tx7 reconstruction on Si (111)
resolved in real space”, G. Binnig,
H. Rohrer, Ch. Gerber and E.
Weibel, Phys. Rev. Lett. 50, 120
(1983).

FIG. 1. Relief of two complete 7X 7 unit cells, with
Nobel prize 1987. nine minima and twelve maxima each, taken at 300°C.
Heights are enhanced by 55%; the hill at the right grows
to a maximal height of 15 A. The [211] direction points
from right to left, along the long diagonal.

Si (111) 7x7

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.

. the model

e
(®)  ~CORNER CENTER [REST
HOLE ADATOMS [ATOM

Fig. 4.2. DAS model of the Si(111) (7x7) surface. (a) Top view. Atoms ¢
(111) layers at decreasing heights are indicated by circles of decreasing size
Heavily outlined circles represent 12 adatoms. Larger open circles represei
atoms in the stacking fault layer. Smaller open circles represent atoms in th
dimer layer. Solid circles and dots represent atoms in the unreconstructed laye
beneath the reconstructed surface. (b) Side view. Larger open and solid circlc
indicate atoms on the (101) plane parallel to the long diagonal across the corne
vacancies of the (7x7) unit cell. Smaller open and solid circles indicate aton
on the next (101) plane (Takayanagi et al., 1985b).

Si (111) 7x7

Single vacancies, adsorbates, screw dislocations are visible:

true atomic resolution. (Omicron website)



The chemical contrast: GaAs (110)

Two superposed images:

occupied states: Ve < 0, red level: As.
_Chap_ter 3 N
Imaglng with a STM empty states: Ve > 0, green level: Ga
Images are taken simultaneously to avoid
31: |mag|ng at different bias hysteresis effects between two succesive
images.
[iT0]
© [ ]
./\o\. Ga
® O “gOpg ,
e© eO — [oo] J. Stroscio et al, Phys. Rev. Lett. 58,
PYe) 3R 1192 (1987).
Occupied / empty states: a naive picture Occupied / empty states: a naive picture
As potential more attractive than Ga. As potential more attractive than Ga.
Close to Fermi level, occupied states are on As, empty ones on Ga. Close to Fermi level, occupied states are on As, empty ones on Ga.
Ga

eV > 0: As atoms are imaged. eV > 0: As atoms are imaged.

eV < 0: Ga atoms are imaged.

Ga eV < 0: Ga atoms are imaged. E,
Er Depending on bias, occupied Depending on bias, occupied
A or empty states participate to or empty states participate to
tunneling: tunneling:

complementary information
can be accessed.

complementary information

can be accessed.
GaAs

Na(E) Ng(E) NA(E) Ng(E)



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.

eV > 0: As atoms are imaged.
J eV < 0: Ga atoms are imaged.

CO
E. eV<0

A different contrast is
obtained, depending
on bias.

Depending on bias, occupied
or empty states participate to

tunneling:

complementary information © ) ©

can be accessed. S ST 110 % 7 e o room tempmte. The soan.  megouted at S5-C. showine the gur of 3 sngle Pb atom O
ning areas are 16.25 X 16.25 nm* [(a) and ()] and 6.0 X and the formation of a pair (c). The time between frames is 25
6.0 nm?® [(c) and (d)]. Sample voltages are +2 V [(a) and (¢)]  sec. The scanning area is 14.75 X 14.75 nm?. Sample voltage:
and —2 V [(b) and (d)]. Tunnel current is 0.2 nA for all images. —2 V. Tunnel current: 0.2 nA.

NA(E) Ng(E) J.-M. Rofriguez-Campos et al, Phys. Rev. Lett. 76, 799 (1996), Institut Néel, Grenoble.
Three / six-fold symmetry in graphite Moiré in graphene

UHV annealing of SiC,

epitaxy on Re:
formation of a gMn a
crystalline substrate.

Atomic lattice visible, 6-fold periodicity.

Images shows electronic interference
effects with the buffer layer: moiré.

Clean surface thanks to the layered structure and scotch technique.

STM images display a triangular lattice, not a hexagonal one: P. Mallet, J.Y. Veuillen et al, Phys. Rev. B 76, 041403(R)
coupling with the second layer make every other two atom “different”. goon. '{‘233'}‘;; e\ G- Tonnoir etal, Phys. Rev. Lett. 111,

STM images not the atoms but the electronic clouds.




Chapter 4
Scanning Tunneling Spectroscopy

4.1 Superconductors

NbSe,

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

—10 -50 0 50 100
Spectra follows BCS shape. I A B
o ’N"""‘“‘*-M..\ -
g ]
5 \\.':.\’//_____./u"".—-
o1
S 1T . ]
g1 o ]
- S R ]
o— Sl e
o : . 1o
I i .
S o8 AN
El = 3 i [ N
Sl - :1 50 mK
o} . M
4 . N
BCS B ;)
0 I | - K — | U ST S
—4 -2 0 2 4
mV

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

Elements of superconductivity (1)

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

=)

BCS theory : the DOS writes : z(ﬁ e
Ns(E)=0 ifE-Eg|<A of
Ns(E) =Ny E ; ifE-E¢[>A

V(B -

The energy gap is :
A(T->0) = 1.76kgT, .

Elements of superconductivity (2)

Type Il : magnetic field penetration length A, > coherence length &.

In NbSe,, : £, = 77 A, A, = 2000 A.

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

When field increases, the number of vortices increases accordingly.

o0 = 2“ = 2.010715Tm? = 2.0mTum?
e



Inside a vortex

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

local magnetic field
H(r) decays over A

Local magnetic field depletes Cooper pair density and pairing potential:

localized (single-)electron states,

local density of states modified.

The differential conductance imaging

During scan: ac modulation V,, added to dc bias V.

V =V, + Ve COs 0t

Regulation slower than ac modulation =) ac current modulation.

dl

1=1(Vge ) + Wi,

Vye0 COS 0t

dl is measured and displayed (with grey levels).
Bias V4, well chosen so that dI/dV image reflects the LDOS structure.

Also called STS map.

Localized states in a vortex

.
) ;
1x10 SWW S Jox1078

1%1078

=" 1
1x1078 B :-" \.*___0
0! _\\'\ — \-J..

u (mv)

Fig. 4.121. Plot of (fl/dU versus U for NbSe, at 1.85 K and 0.02 T field, taken
at three different positions: on a vortex, about 75 A from a vortex, and 2000
A from a vortex (Hess e al., 1989).

dI/du (Mhos)
2

3rd dimension: position

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).

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).

Fig. 4.120. Abrikosov flux lattice produced by 1 T magnetic field in NbSe, at
1.8 K. The gray scale corresponds to dZ/dU (Hess et al., 1989).



Chapter 4
Scanning Tunneling Spectroscopy

4.2 Single-wall carbon nanotubes

Electronic states in graphene (1)

a/s |\
L\7§_( 3 yL) Two atoms per unit cell (diamond),
AP P 5 X Aand B.
\a { »o a=0.246 nm
)

sp?:'s, p, and p, hybridize to form o states, which are in-plane,
occupied by 3 electrons. p, states allow conduction: to be considered
in the following, occupied by one electron per atom.

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

Structure

Discovered in 1991: s.
lijima et al., Nature 354, 56
(1991).

Wrapped graphene sheet
with a rolling vector:

R=n3, +ma,

(n,m) defines the tube
geometry.

n = m : armchair
m = 0 : zig-zag
n # m chiral tube (2;3)

Electronic states in graphene (3)

E(k) = it[3 +2cos(kya)+4 cos(\/gkxa / 2) cos(k,a/ 2)]1 ?

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.

P. R. Wallace, Phys. Rev. 71, 622 (1947). 21 13



Armchair tubes are metallic

Armchair, periodic boundary condition around the perimeter:

kx.m\@a =2np  pinteger

ky K points in red in this figure.

K Selected k, cross K points: metallic.
X

-2m

Zig-zag can be metallic or semiconducting

Zig-zag, periodic boundary condition around the perimeter:

ky.na = 2mp p integer

n/\3  2r/3

2—2
ul —_—
== %=

@ k, K points in red in this figure.
kX

27p

Selected k, cross K points or not,
depending on m.

P

n = 8: semiconducting CNT

Zig-zag can be metallic or semiconducting

Zig-zag, periodic boundary condition around the perimeter:

(722X °
(= ) @ ky.na =2mp p integer
.\2.\_ N

2x/\3  27/43

2”!! 5! kya=T

@ ky K points in red in this figure.

B o= 2B K Selected k, cross K points or not,
o E X depending on m.

n = 6: metallic CNT

Chiral nanotubes ...

Boundary condition:
k,m/3a+k,(n-ma=2mp

Selected k,k, 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.



CNT imaging

CNTs
onaAu
surface.

zig-zag

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

Imaging electron wave
functions in a CNT (1)

Armchair (metallic) tube cut with a
A OV voltage pulse:

evolves

energy.

modulation.

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

Tunnel contact
I(V)and dl/dV B

""" spatially at low

LDOS spatial

A

dl/dV (nAN)

dl/dV (nAIV)

0.1
0.0
3
15
‘_,_-,2—‘4
-0.1F] .
-0.2 0.0 0.2
vv)
0'-00 0.0 0.1
1.2r
0.8
3

0.0 10 2.0
Position x along the tube axis (nm)

CNT
spectroscopy

—~
<
s
=2
~

Metallic and semiconducting
tubes identified.

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

Egap = 2Y3/\/§d =_—)

d: tube diameter.

E,, @V)

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

>

Imaging electron
wave functions in a
CNT (2)

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

Y(x)

P(X)
y(x) = A sin(2mx/2.)

Voltage (V)

T T T T T
QA chinal #l 28r b 1
LOF #2 1 f
. 0.55
" SR/
0.8} #4 2.4 !
W 0
0.60 V
06f 1.
semi- 5 q
chiral _g@nducting #3
04} # 0.50 V
46
16 .,.-\,*m
02f 13 5
#7 zigzag % 0.65V, #4
<
/'/// 2 ~
=
ool 1 312
/mmir & /#i
-1 0 1 - 17V
Vbza: (V) 0.8 Fir
btallic < L8V
0.4 pr
19V
00>
1 L L L
1.0 15 2.0 -1 0 1
d (am) Viias V)

(0.3 V) topography

'
1.0

Position x along the tube axis (nm)

'
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>

Imaging electron s
wave functionsina §
CNT (2) |

Differential conductance
proportional to electron
density:

Fit: ;\I/ = Gy sin?(2nx/2.) + Gg

Textbook model of a particle in
a 1D box, here about 100 e-.

(0.3 V) topography a, =0.25nm

0 4 '
0.0 1.0 2.0
Position x along the tube axis (nm)




