4.1 SIS junction “Pr-L

Consider a superconductor-insulator-superconductor (SIS) junction.
Sketch the energy barrier scheme at the relevant bias voltages and deduce qualitatively the dI /dV spectrum.

Which quantity can be determined?



4.1 SIS junction - Solution “P-L

tip sample

eVBias = _AS - At EVBias = +AS + At

The observed gap is equal to 2 times the sum of the superconducting gaps.
This sum is the quantity that can be determined



4.2 Quantum states and thermal energy =Pr-L

a) The width of the Fermi-Dirac function is ~ 4kgT.

Evaluate it (in meV) at
* room temperature: ~ 300 K
* liquid nitrogen temperature: ~ 77 K

1

fE) =

1+exp[(E—Er)/kpT]

1.0
* liquid helium temperature: ~ 5 K
0.5-
kg = 0.086 meV K
0

b) Consider the Cu chains on Cu(111) discussed in the lecture.

Calculate the difference in energy between the two first states for a chain of lengthL = 5 nm.

Is it possible to resolve these two states at room temperature?

m* = 0.68m,
me =9.1-10"31 kg
h=1.05-10"3%s



4.2 Quantum states and thermal energy - Solution =P-L

a)
* room temperature: ~ 300 K AE ~ 100 meV
* liquid nitrogen temperature: ~ 77 K AE ~ 25 meV
* liquid helium temperature: ~ 5 K AE ~ 1.7 meV
b)
h? 2

_ s 2

E, 2m*(L)n' n>0

E, — E; = 60 meV

At room temperature 4kgT =~ 100 meV
Therefore, it’s not possible to resolve the two first states.
Measurements at low temperature are needed.



The cyclobutadiene molecule has been simulated with the help of four artificial atoms on InSb,
placed at a distance d = 11 nm (lateral scale 10 nm).

4.3 Artificial cyclobutadiene

1.44A -18.5177 eV -12.2992 eV -12.2992 eV
-9.3256 eV 9.0705 eV -6.1761 eV -5.5647 eV
-5.2716 eV -5.2716 eV -0.3291 eV -0.3291 eV

*

176 mV

Using the calculated molecular orbitals
shown on the left, identify which ones
are observed in the dI /dV maps on the
right.

(Energy scales are not comparable.)
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4.3 Artificial cyclobutadiene - Solution

Lowest energy state at -176 mV: LDOS centered in the square and delocalized over all four
artificial atoms, in agreement with the first cyclobutadiene MO.

State at -126 mV: ring of LDOS with no intensity in the center of the square, in agreement ’

with a superposition of the degenerate second and third MO.

State at -83 mV: LDOS located at the center of each artificial atom, but with intensity
extending outward at 45 degrees with respect to the horizontal and vertical axes of the
structure. This state could be identified as the fifth cyclobutadiene MO of the DFT
calculation.

State at -49 mV: LDOS concentrated in between the artificial atoms, in good agreement

with the sixth MO:
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Some states and the higher energy
states are not detected, likely
because of hybridization with the 2D
electron gas and/or with the bulk
states
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4.4 The surface state of Ag(111)

The figure shows a dI /dV spectrum acquired on a Ag(111) surface.
The step observed at E; = —65 meV corresponds to the onset of the surface
state. The surface state is a 2D free-electron gas, consequently its DOS is constant,

indicated here as L, = m*/mh?.

Consider for simplicity that also the bulk DOS p, as well as the tip DOS p; are
constant, and that T = 0.

a) Sketch the energy barrier scheme at the relevant bias voltages corresponding to
the different regions of the dI /dV spectrum.

b) Sketch the corresponding current vs bias voltage (I vs V) curve.

bt N W

dl/dV (arb. units)

S

T ' 7 y T
—65meV .
Lo+pp :
L2 -
i ] 1 Y . 1
-100 0 100
E-Ep(meV)
Adapted from
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4.4 The surface state of Ag(111) - Solution =PrL
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4.5 Ag(111) surface state confinement in 1D “PFL

Interpret the experimental data a) Experiment b)  Model 100
(d1/dV maps and topography) e L — L ——
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4.5 Ag(111) surface state confinement in 1D - Solution “PFL
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https://journals.aps.org/prb/abstract/10.1103/PhysRevB.67.193402

4.6 Ag(111) surface state confinement in 2D “PFL

The surface state can be confined by molecular structures grown at the surface. Compare the experimental data (maps) with the calculated
state densities of the lowest eigenstates of a particle in a hexagonal box and identify the observed states.
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4.6 Ag(111) surface state confinement in 2D - Solution “PFL
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4.7 IETS: Vibrational modes “P-L

Verify the scaling of the observed stretching mode when 20

replacing hydrogen with deuterium W\Mz\j\j:i/
OF 1 A

Hints:
- assume the same spring constant K for the C-H and the C-D

P
N
>
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S

bonds ~ C2D2
- use the masses of H, D, and C in atomic units % yi
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Adapted from:
B. C. Stipe et al., Science 280, 1732 (1998)
B. C. Stipe, et al., Phys. Rev. Lett 82, 1724 (1999)
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4.7 IETS: Vibrational modes - Solution

1
hw «
VMreduced
1 1 + 1 1.08 — +/ 0.96
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mep 12 2 eo

hwcyg = 358 meV

VMcH

\VMcp

thD = thH = 262 meV

in good agreement with the observation
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4.8 Spin excitations in exchange-coupled atoms “PFL

Consider two atoms on a surface. For simplicity we assume that each atom has a
spin S, = 1/2 which can point up or down. Using the standard notation |S, M),
each atom can then assume the states |1/2,1/2) or |1/2,—-1/2).

With an STM tip we manipulate the two atoms to form a dimer.
An exchange coupling couples the two spins: the dimer is then described by an
Hamiltonian of theform H = —2Jex S, - S, where /., is the exchange

constant.

1) What is the total spin S; of the dimer? Assuming J ., negative
(antiferromagnetic coupling) and B = 0, describe the ground and excited states

of the dimer and their energy separation.

2) We go with the STM tip on top of the dimer, and we perform an IETS
experiment. The result is shown in the figure on the right.

Why at B = 0 only one excitation (orange arrow) is observed while in field
three excitations (red, green, and blue arrows) are observed?

Use the experimental data to estimate the exchange constant J,,.

Adapted from : C. F. Hirjibehedin et al., Science 312, 1021 (2006) https://doi.org/10.1126/science.1125398,
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4.8 Spin excitations in exchange-coupled atoms - Solution “PFL

1) The atom spins in the dimer can be:
parallel to give a dimer spin S; = 1 corresponding to the triplet [1,—1),[1,0),|1,+1) (ferromagnetic coupling) or
antiparallel to give a dimer spin S; = 0 corresponding to the singlet |0, 0) (antiferromagnetic coupling).

At B = 0 the ground state is given by the singlet |0, 0) and the excited state by the three states of the triplet (|1, M) )which are degenerate
in energy. The energy separation between the singlet and the triplet is equal to 2/ex.

The spin s of the tunneling electron, while scattering with the spin of the dimer,

undergoes a change of Amy = 0, £1. To conserve the total momentum, all the

transitions in the sketch are possible for the dimer spin: red (AM; = —1), green
(AM; = 0) and blue (AMg = +1). expected measured
S, Mg) o T T T3
2) At B = 0 the three states of the triplet are degenerate in energy and then A _ 11,+1> %‘ 65l »A.AA‘A |
only the transition corresponding to the orange arrow is observed. E P
> 11,0> _
o 8 6.0 F—= s u "iggs 1
L _ 2 ~ 11> | ©
In an external magnetic field, the Zeeman energy splits the three states of the L] T g 55T v <
v.
triplet. I0,0>) 50} . . Vv'.'v‘ |
Magnetic Field 0 e 4 6 8
The exchange constant can be estimated by the position of the step in the IETS Magnetic Field (T)

spectrum acquired at B = 0, which is roughly 6 meV.

This correspondsto /., = 3 meV
16
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