Exercises Mesoscopic physics

Exercises indicated with an * are more challenging require a background in mathematics
and quantum mechanics at the level of the baclagiplied physics.

Lecture 1: Introduction, Level Spacing and Density of States
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When was the field of mesoscopic physics bowfiffch decade)
Which development made the field possible?

Which fundamental equation is used to calculatdevel spacing?

What are the eigenvalues of an one-dimensiwrahonic oscillator with

V(X) =Yemw™?

Calculate the density of states for a smatjdsncyw.

Compare the energy dependence of the d.o.k. thidt of a particle in an one-
dimensional box.

What would you take as the sizeof the system when it is filled with 1000 non-
interacting electrons?

Calculate the Fermi wavenumbder for a two dimensional electron gas (2DEG),
expressed in the electron concentratio®o the same for 1D.

The units in which the electron “concentration” expressed changes with the
dimensionality of the system. To compare systentl different dimensionalities, the
concentration can be expressed in the effectivearmie between electrork.c by
assuming that each electron lives in a box of dize

Express the results fég in one, two and three dimensionsdge and calculate the
numerical value of the prefactors. Are you surmtidet they are close to one?

e -

one carbon atom thick layer. The atoms are positidn a Fest—s—u=
hexagonal lattice with a distandec = 1.4 A between the® =

atoms. e
Each carbon atom has one free electron. Fmddlue for

electron model. e g,
The band structure can also be calculated avitight-binding model. Look up what
the band structurg(k) is in this case. What is the effective mass?

Find the density of states from the band stmec Compare the result to the results for
a free electron gas.

s 118

Argue in which case the infinite square wellcdiées reality the best: a metallic or a
semiconducting material.

Calculate the level spacing for a cubic gdldsier with size 1x1x1 and 10x10x10 fim
and compare this with its charging energy.

Calculate the values f@: (in eV), ke (in nm?) andD(Ef) (in eV?) in both cases.
Look up the values that you need.

Find the level spacing and density of statasaf spherical gold cluster with radiRs
See pl129 ointroductuction to quantum mechaniog Griffiths and use a computer to
find the roots. Compare the results to the cubmecd®oes the exact shape of the
system matter when calculating the density of state



Lecture 2: Length scales, transport regimes and classical

conduction

la Why is the Fermi wavelength much larger in aisenductor compared to a metal?

b Semiconductors are often described in terms ef darrier concentratiom and
mobility 4. They are related to the conductivity lby= neu. Express the elastic mean
free path in terms qf andn for 1,2 and 3 dimensions.

c  Whatis the mean free path of a 2DEG with4-10° m? andu =10° cnf/Vs?

d Calculate the cyclotron radius when a perpaidi magnetic field=1 T is applied to
a GaAs 2DEG.

2 The phase coherence timgindicates how long an electron can remember its@h
How far does an electron get in this time? Consitlercase with and without elastic
scatterers in the material. Which relation separtie two cases?

3 A diffusive bar with widthww = 0.13 um is placed in a perpendicular magnetic field
and the resistance is measured.

a The magnetic field is small. What happens withresistance of the sample when the
magnetic field is increased?

b For which magnetic field is the cyclotron raglequal to the width of the bar?

c What happens with an electron when the magfietit is much higher that the field
calculated in (b) ?

d Sketch the resistance versus magnetic field amgpare this with the measurement by

Thorntonet al (Phys. Rev. Lett. 63, 2128, 1989)

Lecture 3: Phase coherent transport 1

What is weak localization?

Sketch the resistance of a device in which weahlization (WL) occurs versus the
magnetic field. Which parameter can be extractechfsuch a measurement?

We make channels in a 2DEG with an elastic nieza path of lum and a phase
coherence length of 100 nm. For which chanleingths can we observe WL.:
L=21cm,L =10pum,L =300 nmL = 30 nm?

Suppose that we can make elastic| |
scatterers with great accuracy,
and we place them in a 2DEG in

a square lattice. Electrons come ©000go0goooo000
in from one direction and when . O O O QO gO 0 0 Q0 0O,
they hit a scatterer they either® (ONONONC NONONONONGC NONONGC)
turn 90 or just continue their 00000000 Aad00O0

way. The spacing between the

scatterers is of the same order as |
l,. Sketch the magneto-resistance

curve.




Lecture 4: Phase coherent transport 2

la
b
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b*

[e NN @]

Express the flux quantum in fundamental constatw large is it?

What is the periodicity (in Tesla) of AB oscillats in a ring with a diameter of 1.0
um and a multi-walled carbon nanotube with a diamett 20 nm? Can AB
oscillations be observed in a 2 nm single wallechobabe when using 12 T
superconducting magnet?

When you measure the magneto-resistance oft@moAov-Bohm ring, you observe
oscillations with both one and one-half of a flggantum. What are the origins of
both oscillations?

A metallic ring has a diameter of Qu&, a thickness of 10 nm and a width of 20 nm.
What are the periodicities of the AB effect wheaotlons travel along the outer and
inner edge? Where is the AB effedR) larger, at small or large magnetic fields?
After performing a magneto-resistance measerdnthe Fourier transformation of the
data is used to find the periodicity. What happeitb the h/e peak when only a finite
range of magnetic field is measured?

The two arms in the ring are almo:t -

but not exactly the same. With whic
length scale do you have to compa
the differencelLe, L, or A¢?

You measure the magneto-resistar
(see figure). The minimum ir
resistance does not lie at zero magne
field. Can you explain this?

With AAS oscillations, can you have
minimum, a maximum or any value i .
between at zero magnetic field? 0

o B (T)
What is universal about UCF?
UCF is measured in a rectangular bar with lehgtvidth W and thicknes$l. Express
the square resistan&e in the resistivity and dimensions of the device.
Show that the resistance of the bar can benmautdy “counting squares”.
A samples with a resistance of X0&hows UCF. How large are the fluctuation in the
resistance, both i€ and as a percentage.




Lecture 5: Ballistic transport

d

What is the order of the length-scales for @asballistic transportt., Ag, le andl,?

How does the resistance of a channel change thieclength is increased for a quasi-
and true ballistic channel?

A ballistic nanotube is measured in a four-teahgeometry. What is larger, the two-
terminal or the four-terminal resistance and wizatses the difference.

First the two-terminal resistance is measurechaMWwalues for the four point-
measurements can you expect?

The experiment has indeed been done. You can lie@hswers to this exercise in B. Gao
et al Phys. Rev. Let95, 196802 (2005)

2a
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Express the chemical potential of the I le | uz't IuR
reservoir f) of the Hall bar shown on the
®B

right in terms of the voltage drop betwee |

the left and right lead andk. —>

A perpendicular magnetic field is applied ﬁ ’é'D_I

the ballistic Hall bar. Sketch the trajectori M1

of electrons when the cyclotron radius is much gnahan the width of the bar. What
are the chemical potentials andu, and the Hall resistandéy/I in this case?

Sketch the electron trajectories for lower negnfields. What happens with the Hall

resistance when the field is decreased? Is it plesthat the Hall resistance becomes
negative (wherB > 0)?

A one dimensional conductor contains
single scatterer with transmissianand an

electron with wavefunctiony(x) = exp(ikx) <=1 exp(-ikx) ¢ oxn(ikd)
is sent into the wire. exp(ikx) XPUIKX

BR= E-€V/2

The probability currend determines how
fast the probability of finding the electron i
the right reservoir changes and is givert by

h o o SO
J=—|¢'— —th— .
2mi \ ' Ox C O

Express the probability current in termst aind the velocity of the electron.

What is the density of states of a one dimemdiconductor? How many electrons
flow in the channel from the left reservoir whesraall voltageV is applied between
the left and right reservoir?

Calculate the current through the wire. Doa&efiend on the electron velocity?

When the width of the wire is larger than more than one conduction channel is
open. For each channel, the transmission can berefit. Show that the conductance
of the wire is given by:

pL= EeteV/2

2

2 5
h Z‘t”| .

n

G =

Assume that the scatterer is a rectangulaenpia of heightVo>Er and sized.
Calculate the (energy-dependent) transmission icteit t(E) and the make a plot of
the voltage dependence of the differential condweeta

" See for example p13 aftroductuction to quantum mechanioyg Griffiths
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The measured current through a point contact2.01
with two available channels with a voltaye=
20 nV is applied is shown. What is conductan
in Siemens and in units &;?
The noise is also measured and a valug ef £
2.0 -10° A%Hz is found. The noise is related t@ 1,995
the transmission of the channg@&lsby:

St = 2el - —z n Il =T ) 1.990 10 20

2T Time (ms)

What are the transmissiomg andT, of the two channels?
What is the bandwidth of the current metert thas used? How large is the thermal
(Johnson) noise in pA of this point contact atragerature of 4 K?
The shot noise in a resistoi9s= 2el. Is the noise in a quantum point-contact larger or
smaller than this value?

= 2.005
€

2|

rent

Electrons in a high magnetic field forr
Landau levels. In this exercise it will be shov
that this can be described quantL B
mechanically as a harmonic oscillator. exp(ikx) @
What is the Hamiltonian for an electron in
uniform magnetic field? Expand the squar
term. Pay attention to the order of the gradient
and vector potentia.
The B field is applied in the z-direction, perpendicutarthe 2DEG. What is the
general form of the vector potential? Note that thare is a gauge freedom.
The electron lives in a 2DEG, where the (s¢afmtential only depends on the
direction perpendicular to \{(x,y,z) = V(z) Show that with the gauge choice

A= —B./2x+B. /2y

the Hamiltonian can be separatediF Hyy(X,y) + H,(z), so Schrdédinger equation can
be solved by insertinf(x,y,z) =w(X,y)(z). We assume that the first excited state of
H; is far aboveEr. _

Show thaiy(x,y) = u(y)&* represents an electron moving in the x-directimow that
the Schrodinger equation fafy) is:

282 Rk Tz!;e:Berf:QBQyz
2m* dy2  2m* m* 2m*

) u(y) = (E — E2) uly).

Show with a change of coordinates 7 this can be written as the Schrodinger of an
harmonic oscillator:
e B W ,
(_#W + 5772'@2?;2) u(n) = (E — EY)uln).
What is the frequency expressed iB? Calculate the level spacing in eV for =
0.07m, B=1 T andk = 0.16 nrit. How does it compare to the Zeeman energy?
In the absence of a magnetic field, the electreerage y position of the electron is the

middle of the 2DEG. Show that when Landau levetsfarmed, the electron is closer
to one of the edges of the 2DEG.
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8a
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In the lectures we have encountered th=

Hall effect three times as: ¢

* The classical diffusive Hall effect, ®

» The classical ballistic Hall effect, Ix B

* The (integer) quantum Hall effect. —t .‘é'/D—
What are the differences and similaritie I

in these different effects? Hint: what is K/) T

measured, what are the relevant length g
scales and make sketches of electron paths.

The resistanc&xx of the two dimensional bar shown in the figure igasured.
Express the resistané&yx in the resistance of a squdRe and the dimensions of the
bar. How does the resistance depend on the lérgth

In the classical diffusive limit, what is tiierce F on an electron in an electric and
magnetic field? How are the average velocity ofefextrons and the current density
related?

Now the Hall voltag®/y is measured and divided by the applied curterib obtain
the Hall resistanc®xy. Can a net current flow in thedirection? Use the answer to b
to express th&xy in the 2D electron concentration.

We now turn to the integer quantum Hall effadhat is the spacing in energy
between two adjacent Landau levels and calculae/éifue in eV for a field of 1 T?
Sketch the density of states 8 0 and for high magnetic fields.

The number of electrons in a 2DEG that is rtnected to leads, does not change
when the magnetic field is switched on. How mangcebns are there in a single
Landau level? Is the Landau level just below thenfreenergy completely filled?
Sketch the magnetic field dependence of the Fenerigy .

When the 2DEG is connected to the leads, elestare inserted due to the difference
in chemical potential between the metal and the @DEhe chemical potential of the
leads does not change, so how many electrons atteeimighest occupied Landau
level?

Use the number of filled Landau levels to glte the 2D electron concentration and
insert this into the answer to 6c¢. Is the resulatwou expect? Was the derivation
done correctly or have we been cheating?

The extent of the wavefunctions in .~

harmonic oscillator are related to the ze Qx ¢ 5

point uncertainty: ? I ® & I_'I_'I

up = v/ h/2muw. |_|'j‘ X s

i —= 2

Its value for a Landau level is called tt I, .E/D_ <

magnetic length. Express it in terms « = I N
fundamental constants and the strength of «—>Wy

the magnetic field.

The width of one the voltage probe leads islisi, = 50 nm. Calculate the magnetic
field dependence of the Hall resistance Bpr= 5 eV andm* = m.. Does the answer
depend on the value ®?



Single electron tunneling and Coulomb blockade

la What is the relevant energy-scale for Coulonookdde?
b How large is the capacitance (to infinity) of@here with radius = 1 nm. Compare
this toksT at room temperature andat 50 mK.

2a An amount of charg€, is placedon a capacitor with
capacitance C. There is a resistance R to groumt \§

C R
the time-dependent char@¥t) on the capacitor?
What is the characteristic time-scale for thisotem?
b The Heisenberg uncertainty principle statest tte
energy of an electron is ill defined when the elmtt

stays in a state only for a short time:

dF -6t = h/2.

What is the uncertainty in energy for the systestused in a?
c This uncertainty has to be compared with thegihgr

energy Ec = €%2C. In which case can Coulomb

blockade be observedE >> Ec or 0E << Ec?

C R
d Which relation should hold for the resistance to
observe Coulomb blockade? Do you recognize this |
value? Does it depend on the capacitance?

e  The network is connected to a voltage sourceand T
current meter. Draw the IV characteristics for= 1
kQ andR =100 Q.

3a The stability diagram shown on the right is rueed (d) 2.0
on a small gold grain. (K.l. Bolotiet al, APL 84,
2004, 3154). What is the charging energy and
total capacitance of the grain?

b Use the slopes of the diamonds to find the ¢
couplingCy/Cor. What are the gate, source and dre
capacitances?

Cc At Vg = -0.5 V a switch occurs. How much is tr
change in the induced (offset) charge? Is this
integer multiple of? 1

d Suppose that the switch is due to the chargihc o F -
another island nearby by a single electron. Whttds B;ggwgge 2o
capacitance between the two islands?

=
o =]
T S Y Sy

Gate Voltage (V)

=x
o

0 100 200
di/dV (nS)

4a* A metallic sphere with radiuRis placed at the origin. An electron is placed=atR.

Use the method of image charges to calculate itsnpial energy. Sketch the charge
distribution on the sphere. Calculate the diffeeeimcenergy for the electron located at
r = oo and when the electron is located on the spheréhddifference positive of
negative?

b What is the electrostatic potential of the spReCalculate its capacitance.

c Repeat 3a for the situation where an elecs@iready on the sphere.

d Repeat 3a for the situation where the sphegeoisnded.
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What is the total energy &f electrons on a large metallic island? Take both th
charging energy and gate potential into account.

Now the size of the island is made much smalled the level-spacing becomes
important. What is the total enerfgN) in this case?

What does the word “chemical potential” mears®vHis it defined when only a small
number of electrons is in the system?

Calculate the chemical potential for the tetaérgy in a and b. Is it the same for each
electron?

Calculate the gate voltages of the charge azgewy points.

Electrons that tunnel to a quantum dot haveay the charging energy and the
charging energy and the level spacing, which resuitdiamonds in the stability
diagram. The stability diagran ] T
shown below is measured hel 1o
in Delft in a carbon nanotube¢c s /

quantum dot (Sapmaet al 3y 1 A 2 . 2

Phys. Rev. B1, 153402, 2005). ~ : /
Find the addition energies fo ° / ‘
each of the four different " j LSS LT
d|amonds 3.20 3.25 330\[ (V)SBS 3.40 345

There are many more lines visible in this siigtiliagram than one would expect for a
simple quantum dot. Lines running parallel to tientbnd edges can be used to find
values for the energy difference between the graatk and excited states in a given
charge state. Use a sketch of an energy diagrahedéads and the dot to explain how
this works.

The band structure in a metallic nanotubeirisar and given bye(k) = vhk/2z.
Calculate the levelspacing for a nanotube with liehg= 350 nm. Which lines would
correspond to this energy?

When the effect of interactions between thextedbns is on the dot neglected, each
level has a four fold degeneracy (2x due to spind@e to clockwise/anticlockwise).
Find the charging energy of this nanotube fromsilzes of the diamonds.

What is the gate capacitance of the tube? @adcthe length of the tube using the
equation for the gate capacitance in the slideshitsin agreement with the length
found from the levelspacing?




Nanomechanics

la

2a

f*

What is the difference

between stress and strain? F

Explain what the Young's

modulus and Poisson’s ratio<: :>

are. What is tension and what

is bending rigidity?

A bar with original dimensiohxWxH is subject to a force F as shown on the right.
The Young's modulus is E and the Poisson ratid®What are the dimensions of the
beam after the force has been applied?

When sound travels through the bar, slicesaitéirnating be compressed or extended,
both in space and time, resulting in travelling e®vThe density of the beamgs
Find the (longitudinal) speed of sound of the Bares it depend on the dimensions?
Different material have different mechanicabgerties. Look up the values to fill in
this table with properties of materials often uksdNEMS.

Material ) (- p (kg/m® v (mls)
Silicon

Silicon Nitride
Silicon Carbide
Diamond

Graphite (in-plane)
IndiumPhosphide

Look up the crystal structure of graphite. Asemechanical properties the same in alll
directions? When comparing the mechanical propediearbon nanotubes with those
of graphite, would you take the in-plane or ouplaine properties of graphite?

Bending modes of a beam are described by trex-Belrnoulli equation:
b2 M

'{)AW + Dm =0.
How does the bending rigidity depend on the widtlv, heightH and length_ of a
rectangular beam?
Euler-Bernoulli equation looks similar to thataosimple harmonic oscillator, but now
there is amx-dependence of the displacementSketch the shape of the first three
eigenmodes of doubly and singly clamped beams. MVbie has the first mode with
the highest frequency?
Plug a functionu(x,t)=T(t)X(x)in this equation and move all terms that depentiton
the left. Put all terms that depend»oright of the equal sign. Show that both sides is a
constantA, i.e. they are independent af and t. Write down the two resulting
equations.
Solve the equation faF(t) and show withh = -w’* the equation of a simple harmonic
oscillator is obtained.
Show thaX(x) = a coskx) + b sin kX) + ¢ coshkxX) + d sinhkx) with -k* = A is the
(general*) solution to the equation for the spadipendence.
Solve the equation foX(x) for a singly K(0)=X'(0)= X”(L)=X""(L)=0 ) and a doubly
(X(0)=X’(0)= X(L)=X'(L)=0) clamped beam to obtain an expression thahould
satisfy. Solve the first 3 roots of this equatiamerically and ploX(x). Compare the
outcome with the answer to b.



3a

One of the important problems with NEMS is that only the devices are small, but
that the displacements are even smaller. Calctit@drequency of the first bending
mode for a 200 nm long suspended carbon nanotaker(t 0.7 nmE =1 TPap =
1.3-16 kg/n® and | = 1*. Below which temperature is the resonator in it's
groundstate?

The mass appearing in the relation for therdgigguency is not equal to the total mass
m of the nanotube:

i i N2
27 \ Mg '

wheremg = 0.733M. Why is the effective mass lower than the totaks®aFind the
springconstant of the nanotube. What is the themoisle amplitude of the nanotube at
room temperature and at 18 mK? How large is the-peint motion of the resonator?
These very small displacemen*-
can only be observed witt
special detection mechanisms.
single electron tunnelling devict
(SET) is placed 200 nm from th
nanotubes and a voltagé, is
applied to the nanotube. Use tty\/
expression for the capacitanc UL
between a nanotube and a ple _-
to estimate the capacitance th C
couples the nanotube and tt | g
SET. Expand the answer fc = Vb

small displacements

Sketch the gate dependeih(34)
of the SET for a small biag,. What happens with the current when the nanotsbe i
moving? Indicate in the sketch at which gate vatdéige SET is most sensitive to
changes in the tube’s position. What happens wlitl $ensitivity whenV,; is
increased?

First no voltage is applier

600

to the nanotube and the SE ' 365

is characterized. Some ¢ .l 1 360t

the  measurements ar< @_355

shown on the right. =l 1=

Furthermore, it is found tha 350r

the source and drair 0 s 345" . .
capacitances can b 3 Vs'(sw 4 3'57V3(‘\5071 3.572
neglected. Now the ’ ’

coupling between the resonator and the SET is Badton by applyiny = 4 V. Can
the zero-point motion be detected with this detecticheme?
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A rectangular bar with y 4 y 4

dimension  LxWxH is

connected to two large

anchoring points which have T y Ié» Tr
different temperaturesT, X

and Tr. This will result in a

net heat current flowing through the bar. The banade from silicon nitride, which is
an isotropic and insulating material. Which conitibn will be dominant, electron or
phonon heat conductith

Phonons displace the volume elements of thenldeam their initial position. How
many phonon types does the beam have? The dispatefeld u(x,y,z,t) with
componentsy; is governed by a wave equation:

P, 2wy
Co S B
"o % R D0,

Here,p is the density an# is the elasticity tensor. Look up which of thensénts of
the elasticity tensor are zero for an isotropicariat and express the other elements in
terms of the Young’s modulus and Poison ratio. Stiwaw

ui = e~y ()

is a solution to this equation. Which way is theesldhe wave travel for positive
frequency and wavevector? Given the number of
What are the boundary conditions at the side$ {m® anchoring points) for the
displacement? Show that this leads to the formaif@subbands, just as in the case for
ballistic electrons. Give an estimation for the rgyeat which the secondi£2)
subband begins, without actually solvipgompletely.
Show that the energy flow carried by a phorsgiven by:

(x,t) = ZEW“/ H%%dydz.

gkt
Insert the solutions fan. What is the occupation of a phonon-mode with #&rgu
frequencyw travelling to the right? Is this the same fordefdoving phonons. Compare
this situation with that of electrons.
Now show that the net heat current is giveritgyLandau-Buttiker expression:

1 OO
lewn =53 [ Du(EYnu(E) = n(E)aE.

Show that the thermal conductari€alue to then=1 subband of one type of phonons
for a small temperature difference is givefi:by

= h?Q = % with kg = W;E.
and calculate the value of the universal therroablactance quanturg,.
When the temperature is increased, more tham subband of each type can
contribute. For electrons higher subbands lead tstepwise increase in the
conductance. Is this the also the case for phonons?

* This exercise is based on the discussion in Mn&jleve, Phys. Rep 395, 2004
8 Use the identity:

)

e‘—l)

2 T 2

i

]
de =

(V] ‘



V/2 -V/2
5a A molecule is connected to two electrodes ah@ds
voltage is applied, which results in an electreldi e
The bonds between the molecule and the contacts OO~ St
modelled as springs. The effective spring constant
k = 70 N/m and the mass of the moleculélis= 1.2
.10%* kg. At which frequency does the molecule
vibrate and what is the levelspacing for this harimoscillator?

b An electron tunnels onto the molecule. Fingl displacement of the molecuf& for
Ex = 1 V/nm. Compare this to the zero-point motigrof the molecule and the thermal
motionXms at 300 K and 18 mK.

c The electron-phonon coupling is definedlasAx/2x%. Find its value.

d Find the amount of energy gained by the digstant of the oscillator after tunneling
and express this in terms bf and A. Explain that this leads to a shift of the charge
degeneracy points in the stability diagram compaoettie case where the molecule is
fixed.

e* The quantum states of the entire moleculetlageproduct of the electronic and the
nuclear states. Close to the first charge-degengmiat, there can only be zero or one
electron on the molecule, so the electronics stateslabeled witn=0 andn=1.
Quantum states of the molecule are:

[x(z),n=10),
|x(z),n=1).
Write down the Hamiltonian for the harmonic oltdr, i.e. the nuclear part of the

total Hamiltonian, forn=0 andn=1 separately and show that their eigenstates are
different and that they are given by:
Ixe(z),n =0) and |ye(z — Az),n=1}.

f*  Because the atoms are much heavier than anretedhe nuclear wavefunctigx)
stays the same just after the electron has tunnkélg() was the (> eigenstate of the
n=0 Hamiltonian, it will be a linear combination @figenstatest]> of the n=1
Hamiltonian. This means that energy has to be pdidn ¢’ > £, which has to be
provided by difference between the energy of tleetebn in lead and the position of
the electronic levellE. Sketch the lines in the stability diagram wherew transition
becomes available.

g* Using Fermi’'s Golden rule, the rates of tunnglio and from the left and right lead
can be calculated:

Riptpy = Tor/Bl{E ) PF(AE +hw(f — £)£eV/2)
Ry o = Ton/il{E0)2[L—F(AE+hw(l— ) +eV/2)].
This expression contains the overlap between idpenstates of the oscillator in the
different charge states. Use a Taylor series toeptioat :
Xe(x — Ax) = e 72785 yy(2) = e =0y ().
h*  Calculate the overlap’s of the ground stdteOp of the oscillator with{[ > and show
that it is equivalent to the Poisson distributidore difficult is the calculation of the

entire overlap matrixxt| £>, but it is possible to do. You can find the answer
McCarthyet al, PRB,67, 245415 2003.

” Recall that the exponential of an operator isrdefias a sum:

>0

; o"
o _
© = Z n!’

n=0




Mesoscopic superconductivity

la

b

Name three properties of a superconductor. Arefahese properties relevant for
mesoscopic physics?
How small can a superconductor be?

On the interface between a normal metal and sapducting material (NS), electrons
either have enough energy to overcome the gapeo$uperconductor or they have to
be “converted” into Cooper pairs, before they careethe superconductor.

Why is an electron witk-Er > 4 in the superconductor no longer called “electron”,
but instead “quasiparticle?

How many electrons are there in a Cooper pafMat is the total spin of a Cooper
pair? Which type of statistics do Cooper pairs olgnitzmann, Fermi-Dirac or Bose-
Einstein?

Sketch the process of Andreev reflection (ARaaartoon.

An NSN junction is made and a current is skrdugh it. An electron comes in from
the left and AR occurs at the left interface. Wt happen with the Cooper pair at
the other side?

When a SNS junction is made, the hole thatrerated by AR at the right interface
travels to the left interface. Explain the multijledreev reflection process. State the
criterion for bound states.

Does Andreev refection occur in a SIS (supedcator-insulator-superconductor)
junction? Plot the IV curve and the differentiahductance for such a junction.

Small islands of different materials are made aodnected to source and drain
electrodes and a gate. Unfortunately the boxes thighdifferent samples fall on the
ground. One is lost and the others are mixed arnd ftot possible to distinguish
between the different samples anymore. The stalliggrams of the remaining SETs
are measured anyway and the results are shown bdlbe two of the samples
consisted of a 100 nm grain made of gold and aluminThe other two were smaller:
20 nm in diameter. All measurements were perforatesl0 mK. Can you say which
sample was which? What experiment can be done teyrdme whether the sample
with the small island is made of aluminum or gold?
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