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Solutions

1. (a) Classical mechanics: deterministic, and dynamical variables (eg.

Momentum & energy) vary smoothly — they are continuous.

Quantum mechanics: non-deterministic: don’t always get the same value for a

measurement, even though possible values can be calculated, as can the

probability of any given value being measured. Also, the values of dynamical

variables are discrete.

Some of the flaws in classical mechanics that led to the development of QM:

@

(ii)

(iii)

(iv)

The photoelectric effect. Briefly, this is the effect whereby light
impinging on a surface can cause ejection of electrons from that
surface, but only if the frequency, fis above some threshold value.
Also, the energy of the emitted electrons does not depend on the
intensity of light, as classical EM theory would suggest. In fact,
changing intensity only changes the number of electrons emitted. 1t
was shown that the kinetic energy of the ejected electrons varies as hf —
¢, where h is Planck’s constant and ¢ is the work-function of the
material. This shows that light exists in packets of energy, called
photons.

Spectrum of light emitted from hot objects: shows black-body
distribution (which is also quantum in origin) plus discrete colours —
showing that energy is discretized in atoms.

Particle-wave duality: the answer should include a brief description on
electron diffraction by crystals or the double-slit experiment.
Tunneling — could mention radioactive decay — Fermi calculated half-
life for alpha decay using QM, with a knowledge of nuclear potential,

and prediction was so accurate that gave QM a boost.

(b) Quantum systems are described by a wavefunction yAr,t). The energy is
given by: E y(r,t) = ih dyAr,t)/dt
and the momentum is given by: pyAr,t) = -1AdyAr,t)/dr
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We use the Hamiltonian for the total energy: H = KE + PE = % mv’ + V(r) =
p’2m+ V() =E

Replacing p & E by their respective operators (this is known as the
correspondence principle), we get HyAr,t) = E yA1,t)
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Now, if we use separation of variables and assume that Y(r,t) = y(r)T(t), we

find that T(t) = Ae®nand 2
..23‘_2 L. W) £UNe) = EN)
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The conventional wave-equation is 0 T w . cn alk
Y ¢

The key difference is that the solutions to Schrodinger’s equation are always
complex. These solutions, called wavefunctions, encode all the information
about the system they describe. |Y(r)f* represents the probability of finding

they system at position r, assuming the wavefunction has been normalized.
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The tip raster scans above the surface whilst maintaining a constant interaction. For

the STM, a bias voltage (typically 10 mV - 2V) is applied between the tip and sample,

which must therefore be conductive. The z actuator moves the tip close to the sample

until the set tunneling current is obtained (typically 0.1 - 1 nA) at which point the

feedback control loop thereafter ensures this value is maintained. As the tip scans the

surface, variations in conductivity and height are compensated for using the z

actuator, and an image is formed by measuring the voltage sent to that actuator at

each image point. An image can typically be taken in anything from a few seconds to

several minutes, depending on the scan area and how rough it is.
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