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1. Scaling laws (3 points)

a)

b)

A microcantilever beam 100 um long and a diving board 5 m long are both deflected and then
released simultaneously. Estimate how many oscillations the microcantilever beam completes
in the time the diving board completes a single oscillation.
The micromirror shown in the figure below is used for redirecting light in an optical
communication system. The torque needed to spin it on the y-axis is directly proportional to
its mass moment of inertia, I,y: ;
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Here, p is the density of the mirror material.
(i) Derive the scaling law for Iy,.

(ii) If the mirror’s dimensions can be reduced to one-third the original size, what is the
corresponding percent reduction in the torque required to turn the mirror?
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2. Cesium fountain clock (2 points)

If the uncertainty of the cesium fountain atomic clock at NIST (National Institute of Standards
and Technology) in Boulder, Colorado is 5*107'® s, how many years would it take for the clock to
gain or lose 1 s?

3. 1D rectangular potential (2 points)

An electron is in a one-dimensional rectangular potential well with barriers of infinite height.
Find the well width if the energy difference between the fifth and fourth quantum states, Es — Eg,
is equal to the electron’s average thermal energy at room temperature.

4. Hitachi experiment (2 points)

a)

b)

The probability that a quantum particle makes it from a source to a slit is 10% and the
probability that it makes it from the slit to the detector is also 10%. What is the probability
that the particle makes it from source to detector if there is no other path through the system
and the arrival of the particle at the slit is not measured? Explain your answer shortly.

If there had been a second slit in the experiment above and the probabilities were the same for
the second path, would this be enough information to determine the probability of arrival at
the detector? Explain your answer shortly.



5. Orbitals & bonding (4 points)

a) Write out the electron configuration of Argon in the form 1s” ..., etc. Which is easier to
ionize: Ar or K? And why? (Exam April 2013)

b) Cesium bromide (CsBr) exhibits predominantly ionic bonding. The Cs" and Br ions have
electron structures that are identical to which two inert gases?

c) Briefly cite the main differences between ionic, covalent, and metallic bonding.

d) Offer an explanation as to why covalently bonded materials are generally less dense than
ionically or metallically bonded ones.

6. Thermodynamics (2 points)

a) A heater is placed inside a sealed cylinder containing a gas and a fixed amount of heat put
into the gas by operating the heater at a fixed current and voltage for a fixed time. In one
experiment, the container has a fixed size. In the second experiment, one wall is a free
moving piston that maintains the pressure inside the cylinder equal to atmospheric pressure.
In which experiment does the gas get hotter? Explain your answer using the first law of
thermodynamics.

b) How does the boiling point of water depend on the volume of gas available above the water?

7. Scanning probe microscopy (3 points)

a) Explain the working principle of a scanning tunneling microscope.

b) Why is the spatial resolution of the STM better than that of the AFM?

¢) Conducting AFM probes do not usually make a good electrical contact to gold in ambient air
unless a significant force is applied. Explain.

8. Cantilever (3 points)

a) Imagine that a silicon cantilever beam (attached at one side to a base) is used as a binary
memory element, where an upward deflection represents one state and a downward deflection
represents the other state. The beam measures 5 um long, 250 nm wide and 150 nm thick. The
modulus of elasticity, Ey, for silicon is 110 GPa and the density, p = 2330 kg/m3 . How
quickly can the beam switch states?

b) How does the natural frequency of a cantilever beam change if the width of the beam is
tripled?

_ 9. Electron microscopy (2 points)

What is the wavelength of an electron accelerated by a potential of 10 kV in an electron
microscope? How is this related to the maximum possible resolution of the microscope? Why do
electron microscopes usually not achieve such resolution?

10. Lithography (4 points)

a) Explain why e-beam writing is not competitive as a production process for writing wiring on
computer chips.

b) What limits the resolution of e-beam lithography?

¢) What is an advantage of e-beam lithography over photolithography?

d) Describe an alternative to photo- and e-beam lithography to produce patterns on the micro-
/nanoscale!



‘11 Nanophotonics (3 points)
e Lorentz Oscillator model for an unbound sea of electrons predicts a negative real dielectric
constant €, over a range of frequencies:
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where @y, is the plasma frequency.

a) Sketch this function for ¢, vs . Take care in denoting the axes and the plasma frequency.

b) Using this ‘free electron response’ we discussed two interesting cases where metals and
electromagnetic waves interact. These were small metal nanoparticles and the case of surface
plasmon polaritons — both instances relied on what particular aspect of the dielectric
response?

i.  The dielectric constant €,(®) can be less than zero.
ii.  The dielectric constant €,(®) can be greater than zero.
iii.  The dielectric constant £,(®) can be zero.

12. Free electron model (3 points)
The density of states for a free electron gas in three dimensions is given by the following
equation:
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Show that the density of states for a free electron gas in one dimension is proportional to E” i

13. 2D and 1D structure (2 points)

a) Which experimental technique can be used to study quantum well states? Explain also, how
the technique works.

b) With which technique can transport through a 1D structure be studied and how does this
technique work?

14. Quantum dot (4 points)

A quantum dot has a capacitance of 2 aF.

a) Explain the term Coulomb blockade.

b) What is the smallest incremental change that can be made to the bias voltage between the dot
and the source electrode?

¢) When this quantum dot is incorporated into a single electron transistor, it is found that the
gate voltage at which single electron tunneling occurs is 110 mV. Over what range of gate
voltages can we expect there to be three electrons on the dot?



" 15. Nanomagnetism (5 points)

a) What are the most important contributions to magnetic anisotropy in a magnetic material?
Why does a ferromagnetic material exhibit hysteresis? Explain its origin! (1.5 points)

b) What are the various contributions to the total energy of a ferromagnetic material and how do
they determine the size and shape of domains? (1 point)

¢) What is the origin of the different resistance states in a GMR (giant magnetoresistance)
device (i.e parallel and antiparallel resistance)? (1 point)

d) Using the simple Mott two-current model, GMR 1is defined as:

GMR - g pAP pP
R Pp
where p,, and p, are the resistivities in the parallel and antiparallel configuration of a GMR

stack. If the resistivity of the spin down current with magnetization T is py; and resistivity of
the spin up current with magnetization dis PLo,

then express GMR in terms of o where o= (1.5 points) H— 5
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Constants:

Planck’s constant: h = 6.626*107>* Js

Reduced Planck’s constant: h = h/2m = 1.055%10>* Js
Dielectric permittivity: € = 8.854*10™% F/m

Atomic mass unit: u = 1.66*10™’ kg

Electron mass: m, = 9.109*10° 4 kg
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