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From the Editor
In this edition of Phys13News we have an article by Bill Coish,
a post-doctoral researcher at UW, on spintronics, along with an
article by Mike Hudson, a UW faculty member, on dark mat-
ter and an article by Rob Bark, an undergraduate student, on
electron microscopes. Also, Stefan Scherer returns with an-
other facinating article, this time on the MESSENGER probe
and spacecraft navigation.

We also have our usual features, with Rohan Jayasundera,
Tony Anderson and George McBernie giving us the SIN Bin, a
Sudoku puzzle and prof quotes, respectively.

As always, I look forward to receiving feedback on the con-
tent of this issue and suggestions for (or even contributions of)
future articles. Please let me know what you like and dislike
and topics you would like to see explored in future issues.

Chris O’Donovan is the editor of Phys13news and can be reach-
ed at editor2008@phys13news.uwaterloo.ca.
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Figure 1: Winners of the 2007 Nobel Prize in physics Albert
Fert (left) and Peter Grünberg (right). Photos: U. Montan,
Copyright ©The Nobel Foundation, http://nobelprize.
org/

How to build a better iPod: Spintronics
holds the key

W. A. Coish

When the Royal Swedish Academy of Sciences announced
the winners of the 2007 Nobel Prize for physics in Oc-

tober of last year, they made it clear that the prize was be-
ing awarded for ground-breaking fundamental research that has
rapidly led to a new paradigm for the electronics industry [1].
The recipients of the award, Albert Fert of France and Peter
Grünberg of Germany (see Fig. 1), independently discovered
an effect in 1988 [2,3] known as “Giant Magnetoresistance” (or
GMR).

GMR is a phenomenon that converts a very small magnetic
moment, arising from the spin degree of freedom of electrons,
into a change in resistance to electrical (charge) current. This
method of converting spin information into charge–known as a
“spin valve”–has been incorporated into the read heads of super-
dense hard drives over the last 10 to 15 years. This new tech-
nology has made it possible for users to cram 100’s of gigabytes
of software onto ultra-portable laptops and up to 40 000 of their
favourite songs onto an iPod∗ that can be slipped into a shirt
pocket. The benefits do not stop there, according to a growing
number of scientists in the nascent field of “spintronics” (short
for spin electronics).

One of the great spin-offs of GMR technology was the re-
alization that there was an entire degree of freedom (the elec-
tron spin) that had previously been ignored in the development
of electronic technology. Traditional electronic devices operate
by turning transistors on and off, storing and pushing electron
charges around a circuit. Although these techniques have served
us well to this point, there are three potential disadvantages
to this way of doing things. First, storing charges for a long
time is very difficult unless a voltage is continuously applied to
keep capacitors charged, so charge memory (what your com-
puter uses for RAM) is usually volatile; it only works when the
computer is on. Second, pushing electric charge through resis-
tive elements in a circuit dissipates a lot of power, generating a
great deal of heat, with potentially disastrous consequences for

expensive hardware [4]. Finally, as circuits are rapidly miniatur-
ized to squeeze more processing power into a smaller package,
the rules of quantum mechanics begin to take over; considera-
tion of all relevant microscopic degrees of freedom, including
the spin, becomes inevitable.

Proponents of spintronics research hope that spin-based de-
vices may cure many ills of the electronic world. It is well
known that magnetic materials are much better suited for the
development of robust memory. In fact, tunnelling magnetore-
sistance (TMR), a close cousin of GMR, is the basis for a spin-
tronic magnetoresistive random-access memory (MRAM),
which is now being marketed by Freescale [5]. MRAM is fast
and non-volatile, which means that one day it may replace ex-
isting hard-drive technology, resulting in a near-instantaneous
boot-up. Less energy is required to rotate spins than is typ-
ically required to squish electrons through resistors, so many
hope that spintronic components would operate more energy
efficiently (benefiting the environment) and cooler (benefiting
the ambient temperature of your lap). Some spintronic devices
show promise to operate much more quickly than their elec-
tronic counterparts. Additionally, spin-based devices introduce
a new ‘knob’ to tune the relevant components; they often rely
on magnetic-field (rather than electric-field) control. This ad-
ditional degree of freedom suggests that it may be possible to
change physical spin-logic gates on the fly.

There are many fundamental physical questions yet to be
answered before new spintronic devices can outstrip conven-
tional electronics in areas other than hard-drive read heads.
Some of the most important questions for researchers are: Is it
possible to develop semiconducting ferromagnets at room tem-
perature? Can we find simpler ways to combine metallic ferro-
magnets and semiconductors on the same chip? What are the
limitations of “spin injection” (the introduction of spin-polar-
ized electrons into a conducting region)? What limits the life-
time of a spin? and How can one create and control the analogue
of electrical currents (spin currents)? Each of these questions
has resulted in its own sub-field of research, drawing signifi-
cant interest from engineers trying to develop clever designs for
new components, chemists trying to develop new and exciting
materials for nanometre-scale systems, and physicists interested
in the inner workings of classical and quantum mechanics (the
driving forces behind these devices).

How does it work?

One of the most important fundamental circuit elements in spin-
tronics is the spin valve. A spin valve is a device that allows the
passage of one spin orientation, while blocking another. This
allows one to create a spin-polarized “beam” of electrons from
a typically unpolarized Fermi sea and allows for the readout of
spin information through a measurement of electrical current.

One example of a spin valve device is shown schematically
in Fig. 2. This device consists of a thin piece of material (shown
here in red, which is insulating in the case of TMR and metal-
lic in the case of GMR), sandwiched between two conducting
ferromagnetic materials (shown in green). “Up” spins can en-
ter a ferromagnet that is polarized “up” with high probability,
whereas “down” spins have a significantly lower probability to
enter an “up”-polarized ferromagnet. When both of the ferro-
magnetic sandwich slices are polarized “up” (top of Fig. 2),
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Figure 2: Cartoon of a spin-valve device, similar to those used
in hard-drive read heads. Incoming spins with both polariza-
tion directions (“up” (blue) and “down” (red)), incident from the
right, can only pass with high probability through a ferromag-
netic material with similar spin orientation. Only “up” spins
pass with high probability when both ferromagnets are oriented
in the “up” direction (top) (this is the “open” configuration of
the spin valve, allowing current flow). Neither spin orientation
can pass through the device when the ferromagnets are oriented
in opposite directions (bottom) (this corresponds to the “closed”
configuration).

there is significant electronic current through the device due to
the flow of “up” spins. In contrast, if one of the ferromagnets
flips its spin, current is inhibited for both spin orientations. The
presence or absence of current through such a device determines
the relative orientation of the two ferromagnets. Such a device
is routinely used in hard-disk read heads, where the orientation
of one of the ferromagnets is fixed and the other acts as a tiny
magnetometer, sensing the 1’s and 0’s encoded in the magnetic
domains of a hard drive.

The spin valve is a convincing demonstration of some of
the advantages to using spin in electronic devices (without this
device, hard drives would never have reached such small pro-
portions). However, to capitalize on all aspects of the spin, it
would be necessary to develop other circuit elements that might
channel and manipulate tiny magnetic moments. In a classic
paper [6], Datta and Das proposed one such device: a spin field-
effect transistor, or spin-FET. A conventional electronic FET
operates according to the schematic diagrams in Figs. 3(A) and
3(B). When no voltage is applied to the gate electrode (Fig.
3(A)), electrons (blue spheres) travel from the source to the
drain along a narrow channel. A voltage applied to the gate
electrode (Fig. 3(B)) changes the potential landscape of the
channel, preventing current from flowing. In a spin-FET (Figs.
3(C) and 3(D)), the source and drain electrodes are replaced by
spin valves (see Fig. 2). If no voltage is applied to the gate elec-
trode in a spin-FET (Fig. 3(C)), spin-polarized electrons retain
their polarization as they travel from the source to drain unim-
peded, much as unpolarized electrons do in Fig. 3(A). How-
ever, when a voltage is applied to the gate of a spin-FET (Fig.

Figure 3: Comparison of a typical field-effect transistor (FET)
(Figs. (A) and (B)) with the proposed operation of a Datta-
Das spin-FET (Figs. (C) and (D)). When the FET gate is open
(Fig. (A)), electrons (blue spheres) flow from the source to the
drain through a narrow channel. If a voltage is applied to the
FET gate (shown in red, Fig. (B)), the potential in the channel
is raised and electron charge can no longer flow from source
to drain. In a spin-FET, the source and drain electrodes would
be replaced by spin valves (see Fig. 2). When the spin-FET
gate is open (Fig. (C)), electrons of a fixed spin orientation
emerge from the source and enter the drain, giving rise to a finite
current. If a voltage is applied to the gate (Fig. (D)), the electron
spins experience an effective magnetic field due to the spin-orbit
interaction (yellow arrows). This effective magnetic field causes
the spins to precess as they travel from source to drain along the
channel. If the spins precess by 180 degrees, they are blocked
from entering the spin valve at the drain, resulting in no current
flow.

3(D)), the primary effect is not to change the potential landscape
of the channel, but rather to enhance spin-orbit coupling. The
spin-orbit interaction couples the momentum of the travelling
electrons (orbital motion) to the spin degree of freedom. The
result of this coupling for electrons moving along the channel is
to generate an effective magnetic field (illustrated in Fig. 3(D)
with yellow arrows). As the electrons travel down the channel,
their spins precess in this effective magnetic field, with the re-
sult that the spin may be anti-aligned with the drain valve at the
end of the road. If the spin is anti-aligned, with high probability
it will not be able to enter the spin valve, and current through
the device will be blocked.

Getting more out of spins

The “conventional” spin-based devices discussed so far (the
spin valve and spin-FET) present a significant step forward for
computing and electronics. However, harnessing the quantum
mechanical properties of these spins could sow the seeds of a
revolution. With the full power of quantum mechanics, it would
be possible, in theory, to crack codes in a fraction of the time of
a classical computer, search databases extremely quickly, send
secret messages with guaranteed security, or simulate compli-
cated physical problems with ease. In order to perform many of
these tasks, it is first necessary to find some physical realization
of an idealized quantum two-level system in which to encode



Winter 2008 Phys13News 125 5

Figure 4: Two electrons confined to a double quantum dot. By
applying appropriate voltages to electrodes (shown in yellow),
the electrons can be pushed together, increasing the overlap of
their wave functions and the exchange coupling between their
spins (SL and SR). Changing the voltages to separate the elec-
trons turns the coupling off. Image by V. N. Golovach

quantum information. These two-level systems, quantum bits
or qubits, would act as reservoirs of quantum information in a
quantum computer, in direct analogy with the bits (zeroes and
ones) of a classical computer.

There are many potential qubit-contenders in the race to
develop working quantum computers, including trapped atoms
and ions, nuclear spins, photon polarization states, supercon-
ducting devices, and many others. Since the majority of the
electronics industry has developed the art of pushing electrons
around in semiconductors in the last 50 years, and the two states
of an electron spin-1/2 (“up”: |↑〉 = |0〉 and “down”: |↓〉 = |1〉)
form the basis for a well-defined quantum two-level system, one
natural choice for a qubit is the spin state of a single electron
confined in semiconductors. To ensure that only a single two-
level system is available for quantum information processing,
electrons are often confined to quantum dots (tiny puddles of
electron charge that can be designed to hold single electrons –
see Fig. 4). Although it is possible to confine single two-level
systems constructed from electron spins in such structures, this
alone does not yet make a good qubit. The major requirements
for any useful qubit can be roughly summarized with two C-
words: control and coherence.

In the context of quantum computing, sufficient control is
only achieved if two conditions are fulfilled. First, it must be
possible to manipulate single qubits, independent of each other,
with a high degree of accuracy. Second, it is important to be
able to perform operations on pairs of qubits, typically by selec-
tively coupling and decoupling them. For electrons in quantum
dots, single-spin manipulation can be performed using sufficient
magnetic field gradients and magnetic resonance techniques.
Pairs of electron spins can be coupled selectively through the
same strong interaction that generates magnetism: the exchange
interaction. Exchange coupling is proportional to the overlap of
electron wave functions, and is therefore local and selective for
localized electrons. The interaction can be turned on and off
between pairs of electrons simply by pushing them closer to-
gether or separating them in neighbouring quantum dots (see
Fig. 4). One promising extension of this idea suggests that
electron spins could be coupled selectively even at long range

Figure 5: Electron spins in graphene (a two-dimensional strip
of carbon atoms) could, in principle, be coupled at long range,
forming the building blocks for a spintronic quantum computer.
[Image by D. V. Bulaev]

in materials such as graphene [7] (a two-dimensional sheet of
carbon, see Fig. 5).

All the clever coupling schemes in the world do not help to
build a quantum computer if, in addition, it is not possible for
the qubits to remain coherent for a sufficiently long time. Co-
herence describes the ability of a qubit to maintain it’s identity.
That is, if a quantum bit is prepared in a superposition of its two
basis states: α |0〉 + β |1〉, how long will it remain in this same
superposition? This question is one of the most rich and intrigu-
ing physical problems associated with quantum computing. On
the surface, it also appears to be one of the shortcomings of
spintronic quantum computers.

Qubits lose their coherence through interaction with uncon-
trollable degrees of freedom in the environment. Many physical
qubits are designed to minimize this interaction by removing the
environment entirely, suspending the qubits in free space. This
is the usual approach for trapped atoms and ions. Such isola-
tion does not appear possible for electron spins in semiconduc-
tors, where the environment is provided by the semiconducting
crystal that holds the electrons in the first place. Instead of re-
moving the environment from spintronic qubits, the strategy of
choice is often to control it, by “cooling” the environment to low
temperature, judiciously choosing the states of qubits to reduce
the environmental influence, or by performing a sequence of
quantum mechanical measurements on environmental observ-
ables. A new round of experiments is currently underway to
determine the viability of these decoherence-minimization tech-
niques. Preliminary results are very promising, but the jury is
still out on whether truly useful quantum computation will be
possible with such environmental interactions.

Conclusions
As the size scale of conducting channels built into today’s tran-
sistors reaches a few tens of nanometres, the rules of quan-
tum mechanics become increasingly important, and traditional
methods for building faster and cheaper devices will be aban-
doned. It is not yet clear which new strategies will win out,
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but some spin-based electronic devices have already taken off.
These devices (spin valves in hard-drive read heads and MRAM)
may only be the tip of the iceberg.

By exploiting the coherence of quantum spin states fully,
it may be possible to build a truly scalable quantum computer
(one that does not become worse as the number of qubits is
increased). With such a device, it should be possible to perform
old tasks more quickly, and may give us access to new solutions
that were entirely inaccessible with conventional technology.

Further reading
For further reading, see Ref. [8] for a review of GMR, Refs. [9],
[10], [11], and [12] for reviews of semiconductor spintronics,
and Refs. [13], [14], and [15] for reviews of spintronic quantum
computing.
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Everything you always wanted to know
about Dark Matter ... but were afraid to
ask
Mike Hudson

Why should we believe there is dark matter?

Historically, evidence for dark matter came from dynamical
measurements. The most well-known are the rotation curves
of spiral galaxies, studied by Vera Rubin and co-workers in the
late 70s and 80’s. The orbits of stars at large radii (in the disk)
are believed to be circular. If all the mass were in the centre of
the galaxy, one would expect that the orbital velocity would fall
as 1/

√
r, where r is the distance of a star from the centre of the

galaxy, as do the orbital velocities of planets in the Solar System
(where essentially all of the mass is in the Sun). Instead, Rubin
found that the orbital velocities of stars remained approximately
constant as far out in the galaxy as she could measure (see box
on page 8). This implies that there is a large amount of mass
at large radii, yet there are few stars out there. Hence “dark”
matter.

Orbits of galaxies within clusters of galaxies also provide
a clue. In fact, as early as 1937 Fritz Zwicky, an astronomer at
CalTech, noticed that the velocities of galaxies within the Coma
cluster were very fast (typically a thousand km/s). Comparing
the total mass derived from the virial theorem to the mass in
bright galaxies based on measurements of star light, Zwicky
proposed that clusters of galaxies contained large amounts of
dark matter, and that this matter could keep the galaxies bound
to the cluster. These old results have been confirmed by X-ray
observations of clusters. These observations, which measure
the pressure of the gas, reveal that there is far more gravitating
matter than can be accounted for in observed stars and gas.
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Gravitational lensing provides another piece of evidence.
Gravitational lensing is a consequence of Einstein’s Theory of
Relativity. In this phenomenon, a mass (dark or luminous) be-
tween the observer and the distant galaxy will bend light rays
passing through the cluster, distorting its shape. The amount of
distortion can be used to measure the mass that is doing the dis-
torting. By this technique, we also infer far more mass than is
present in observed stars or gas. [See issues 116 and 117 for a
two-part article by Laura Parker on gravitational lensing. – Ed.]

How much more?

Observations suggest 6-7 times as much gravitating mass as
mass observed in stars and gas. So most matter is dark.

Is there any other evidence?

Our understanding of how structure in the Universe – galaxies,
clusters and the Cosmic Web of walls and filaments – forms
from the first hundred thousand years to the present day also
requires there to be dark matter in order to explain the tempera-
ture fluctuations in the Cosmic Microwave Background, and the
observations of large-scale structure and velocities in the Uni-
verse.

Hmmm... OK so what is this Dark Matter?

Most astrophysicists suspect that dark matter is an as-yet unde-
tected particle, one that is fairly massive yet interacts with nor-
mal matter only via the weak interaction. Some say that dark
matter is a WIMP: a Weakly Interacting Massive Particle.

Why can’t the dark matter simply be normal stuff that’s
dark ... like rocks, planets or black holes?

Two independent cosmological observations – the temperature
fluctuations in the Cosmic Microwave Background and the rel-
ative abundance of the elements – severely limit the average
density of normal matter (matter that can be found in the Peri-
odic Table of the Elements) that can be out there to 3.7× 10−28

kg/m3. Yet the measured density of dark matter is some 6-7
times larger ... so while some of the dark matter could be made
of normal stuff like planets or bricks, most of the dark matter
must be made from stuff that is not found in the Periodic Table
of the Elements.

What about black holes?

Black holes are the remnants of massive stars. Since stars are
made of stuff from the Periodic Table of the Elements (mostly
hydrogen and helium), black holes have to be counted as nor-
mal matter. Direct searches for black holes in our Galaxy are
not finding evidence that they exist in large enough numbers to
make up the dark matter.

I am not sure I buy this. All the evidence for dark matter
seems so indirect.

Well, we detect the presence of dark matter through its interac-
tion with the force of gravity. Why should that be less direct
than seeing or touching (which, after all, depends on the elec-
tromagnetic force)?

Figure 1: The cluster of galaxies also known as the “bullet clus-
ter,” so named because it is thought to be a collision between
two galaxy clusters.

An optical image from Magellan and the Hubble Space Tele-
scope shows the galaxies in orange and white.

Hot ionized gas detected in X-rays is seen as two pink clumps
in the image and contains most of the “normal,” or baryonic,
matter in the two clusters. The bullet-shaped clump on the right
is the hot gas from one cluster, which passed through the hot gas
from the other larger cluster during the collision. The blue areas
in this image show where astronomers find most of the mass in
the clusters, using the effect gravitational lensing, where light
from the distant objects is distorted by intervening matter.

Most of the matter in the clusters (blue) is clearly sepa-
rate from the normal matter (pink), giving direct evidence that
nearly all of the matter in the clusters is dark. The hot gas in
each cluster was slowed by a drag force, similar to air resis-
tance, during the collision. In contrast, the dark matter is “colli-
sionless” – so it is not slowed by the impact because it does not
interact directly with itself or the gas except through gravity.
Therefore, during the collision the dark matter clumps from the
two clusters moved ahead of the hot gas, producing the separa-
tion of the dark and normal matter seen in the image. If hot gas
was the most massive component in the clusters, as proposed by
alternative theories of gravity, such an effect would not be seen.
Instead, this result shows that dark matter is required. [Image
and caption credits: Chandra (NASA)]

OK fine, but have we ever detected a dark matter particle in
the lab?

No, the dark matter particle has not been detected. Several ex-
periments are looking for it, but its a slippery customer. If it
interacts only weakly, like the neutrino, then one would expect
that it will be hard to detect.

So can this neutrino be the dark matter?

No, the mass of the neutrino is too low. It turns out that the
mass of the dark matter particle has an effect on structure forma-
tion. If the neutrino had been the dark matter, then the Universe
would have been very smooth on a wide range of scales (up to
around 100 million light-years). Yet the Universe is observed to
be very inhomogeneous on these scales.
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Rotation Curves of Spiral Galaxies
The plot shows the orbital velocity of stars and gas as a function of dis-
tance from the centre of the galaxy NGC 3198 in units of kiloparcsec (val
Albada, Bahcall, Begeman and Sancisi 1985).

The rotation data extend to radii far beyond where most of the stars
are. Let’s assume that all of the mass is where the stars reside. Then

F =
GMm

r2
= ma =

mv2

r
⇒ v =

√
GM

r

At large radii the velocity should fall as 1/
√
r. Instead it seems to be

nearly constant as a function of radius.
Recall that if we are inside a spherical object, only the gravity from

r applies and the shells outside cause no net force. So we can turn the
problem around to find that,

M(< r) =
v2r

G
,

for constant circular velocity. In other words the mass within a sphere of
radius r continues to grow linearly with r.

What if our theory of gravity is wrong?

This remains a possibility – after all General Relativity has re-
ally only been tested on scales of the Solar System – but its
a remote one. Observations of the Cosmic Microwave Back-
ground suggest that the normal stuff is reacting to the gravity of
dark matter and not just a modified gravity of the baryons. Then
there are particular objects, like the well-studied bullet cluster
where we see, from gravitational lensing, that the dark matter is
segregated from most of the normal matter (Fig. 1).

It remains a possibility that there is theory of gravity which
can explain all of these phenomena using just normal matter, but
so far no one has succeeded in formulating a convincing one.

What about Dark Energy? What is it? Is it the same as
Dark Matter?

No. Dark energy is different. But that’s another story...

Mike Hudson is an Associate Professor in the Department of
Physics & Astronomy at the University of Waterloo. He can be
reached at mjhudson@uwaterloo.ca.

Scanning Tunneling Microscopy
Rob Bark

Scanning tunneling microscopy(STM) involves the direct
measurement of surface topography, allowing a more ac-

curate determination of the structure. Images are created as a
probe is scanned across the surface of a material with a constant
probe tip height or constant tunnel current between the probe tip
and the surface (see Fig. 1). Applications of this method yield
detailed pictures of a surface’s structure in three-dimensions

In 1981, the first experiments involving scanning tunneling
microscopy were conducted in Zurich, Switzerland, by Gerd
Binning and Heinrich Rohrer. The scanning tunneling micro-
scope (STM) provided a breakthrough in describing the surface

Figure 1: The left side of the figure shows how constant tunnel-
ing current measures the surface. Height of the probe changes
while scanning. The right figure shows a constant height, im-
plying that the current, I , is changing with x and y position.

structure of materials (including those of non-periodic materi-
als), capturing the 1986 Nobel Prize for Physics. Unlike previ-
ous methods, STM allows for a topological, simultaneous scan
of the surface structure with a resolution similar to the diameter
of a single atom (approximately 1 Å) [1]. What this means for
the world of physics, is that it is now possible to gather infor-
mation about the surface of some material with very high preci-
sion without actually making contact with the surface, therefore
minimizing, and possibly eliminating, any risk of damage to the
sample. Instead of directly providing a visible image to an ob-
server in higher resolution, this microscope creates that image
through electrical signals between the probe tip and the mate-
rial’s surface.

The question may arise regarding advantages to STM in
place of traditional light or electron microscopes. A light mi-
croscope can only detail an image as dictated by the wavelength
of light used. This resolution is about 2000 Å at best, and is a
far cry from 1 Å, boasted by STM. Electron microscopes have
the ability to produce comparable resolution; however, by de
Broglie’s wavelength (λ = h/p), the electron speed (v = p/m)
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required is 1.8× 106 m/s and at that pace, an electron wouldn’t
be stopping at the surface. [1]

Instead of a typical picture, STM produces a model that is
just as useful and can offer a greater understanding of the mate-
rial under study.

Figure 2: This shows the
geometry of the tunnel-
ing probe tip. The shape
is assumed to be a sphere
with its centre at r0, ra-
dius of curvature, R, and
distance of closest ap-
proach, d.

The region between the probe
tip and the surface is known as
a vacuum region and acts as an
energy barrier, better known as
a potential barrier. In classical
physics, a potential barrier im-
poses on an electron the restric-
tion of zero probability to ex-
ist in that region. With only
classical knowledge, it would
be said that an electron cannot
move between the surface and the
probe tip. Quantum mechanics
bridges this gap in the most literal
sense. Quantum physics provides
an explanation of how a parti-
cle can act as though it possesses
more energy than it actually does.
Small building blocks of matter,

such as electrons, exhibit not only properties of particles, but
also wave-like attributes that allow electrons to “tunnel,” or ex-
ist, in areas in which their total energy would not normally per-
mit. Because electrons can tunnel at the quantum mechanical
level, some electrons on the surface of the sample metal or on
the tip of the probe (depending on the direction of the applied
electric field) will travel to the opposing surface. Because the
movement of electrons is necessary for tunneling to occur in
STM, the material being scanned must have some conductive
property.

A unique feature of STM is that it can be performed us-
ing two different modes, as distinguished in Fig. 1. These two
methods [6] are easily differentiated as constant current versus
constant height. To maintain a constant tunneling current, the
probe tip adjusts its distance above the surface, and the chang-
ing tip height is then collected as an electrical signal. Plotting
the signal as a function of the position yields an accurate de-
scription of the surface. In contrast to constant current, constant
probe height is as its name states. The probe stays at a fixed

Figure 3: Left is an example of STM equipment and details how
the sample and probe tip would be positioned.6 The right hand
side pictures an STM used by Laboratory of Atomic and Solid
State Physics (LASSP) at Cornell University, New York. [?]

Figure 4: The scanning tunneling microscope. (Distances and
measurements are not to scale.) Px, Py , and Pz are piezodrives
used to scan the surface of the metal under examination. Px and
Py move the probe tip across the surface of the material, while
a voltage (Vp) is applied to Pz by the control unit (labeled as
CU) to keep a constant tunneling current, JT, as well as con-
stant tunneling voltage, VT . The dashed line depicts the probes
displacement in the z-direction, scanning along the y-direction
(x unchanging). At point A, the probe experiences a step with
length δ, and at point B, the surface has a contaminated region,
C, having a lower work function, φ.

level and the varying current is collected electronically as a sig-
nal, describing the surface under study. The signal, this time
recorded as a fluctuation in current, is plotted against the x and
y coordinates, giving shape to the surface.

The first use of STM, conducted by Binning et al. [2] in the
early 1980s, involved a constant tunnel current flowing between
a tip formed from Tungsten (W), to the surface of Platinum (Pt),
separated by an approximate distance of 10 Å. Constant cur-
rent allows for the scanning of surfaces that consist of different
atomic layers and levels, but sampling is time consuming. In
comparison, constant height offers a rapid scanning. In fact,
the speed of scanning is approximately 100 times quicker than
using constant tunneling current! Since current is measured
electronically, there is only lateral movement. In order to cre-
ate vertical movement of the probe, the piezodrives (described
later) utilize a feedback network [1]. The feedback network is
a necessity in adjusting tip height. This also decreases the sam-
pling rate, as more electronic signals must be passed through
the STM and only then can height be adjusted. Ultimately, less
movement means faster sampling. If you believe in the phrase
“time is money,” then you might ask, “Why consider constant
tunneling current when I can get the job done faster with con-
stant height?” Fig. 2 provides a view of two different models
of STM. From these images, it can be seen that movement in
lateral directions while allowing movement in the third spatial
direction can be quite complex, promoting another advantage
for constant height methods.

The risk in using constant height is the ease with which the
probe tip can be crashed into the surface of the sample, damag-
ing both sample and tip. The solution is not as easy as keeping
the tip further away from the surface to prevent contact, as sep-
aration distance is very important. It is not an option to know
when to raise the probe manually, since the surface is the focus
of study! The issues regarding tip value during this process will
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be addressed later.
The main idea of STM is simple, but is a difficult procedure

to conduct due to such small, precise measurements of tip size,
separation distance between tip and surface, etc. The metal tip
is lowered almost to the surface of the desired material, allow-
ing the vacuum tunneling resistance to be both finite and mea-
surable. Using constant tunneling current, as the tip scans the
surface in the x- and y-directions, the height above the changing
plane of the surface, d, is recorded. This separation, d, allows
measurements in the z- direction to be observed simultaneously.
This is an important characteristic, as the improbability of ex-
perimental repetition will be discussed.

Figure 5: (a) Dashed line is a con-
tour of constant local density of states,
where tip-surface force is repulsive at
A, reaching a minimum work function
at B, and is attractive at C. (b) Poten-
tial used during interaction of tip and
surface. (c) Compression at point A,
and (d) expansion at point C of (a).

The tip of the
probe, due to such
minuscule size, does
not have a well de-
fined structure and
thus the geometry
and dimensions are
forcibly approxima-
ted. The lack of
consistency in pro-
ducing the probe tips
does not permit ex-
act duplication, but
does not mean pro-
duction is problem-
atic. This implies
that any measure-
ments made with one
probe tip can only be
directly compared to
those made by the
same tip. This is not
a significant prob-
lem, ensuring care
is taken to make all

measurements using one probe. It has also been experimentally
proven [3] that results are very similar, even when using other
materials for the probe tip (Tungsten, Molybdenum, and stain-
less steel). From these results, it can be assumed that the tip
structure is not critical. The probe tip is speculated as having
geometry of spherical configuration with a radius of curvature,
R, about a centre r0. The distance between the probe tip at
its closest approach with the surface under examination, can be
represented by d, in Fig. 3. The probe tips themselves are only
about one or two atoms wide, and although exact duplication is
challenging, “sharpening” the tip can be done on a grind stone
and has even been accomplished using fine sandpaper – a sur-
prising revelation. [1]

Focusing on the process of utilizing a constant tunnel cur-
rent, the voltage applied to the piezodrives (the units that scan
the surface and convert their measurements to electrical signals)
is regulated, as seen in Fig. 4. The current density is defined as
the amount of electrical current over a cross-section of the sur-
face area between the tip and surface. The tunnel current is
highly dependent on the distance between the probe tip and the
surface, as given by current density

JT ∝ e−A
√
φs

where A =
√

(4π/h)2m = 1.025 Å−1 eV−, tunnel barrier has
an average height (work function), φ, barrier separation (also
called width), s, m is the free-electron mass and h is Planck’s
constant. Due to the exponential in this relation, current den-
sity has a very sensitive dependency towards small changes in
barrier width. Numerically, we can illustrate this sensitivity if
we assume a common work function of a few eV - say 3eV. We
know A, and let’s assume a reasonable separation of 5 Å(0.5
nm). Imagine JT ≈ 1.396× 10−4 in magnitude. With a slight
change in separation of 0.01 Å, letting s = 5.01 Å, JT ≈
1.371 × 10−4. This small separation change alters the mea-
sured current density value approximately 2%! If separation, s,
is greater than about 10 atoms (approximately 10 Å), the prob-
ability of tunneling is so small that it can be said that tunneling
does not occur. On the other side of the coin, STM has the
ability, with the appropriate barrier width, to measure surface
height on the order of one hundredth of an angstrom. The bar-
rier height, φ, is defined as the work function (in electronvolts),
and can allow for a change in barrier width of a single surface
step (which is 2-5 Å) to cause the tunnel current to differ by
three orders of magnitude. The measured length of a step on
the surface of the material, observed as δ in Fig. 4, can be ap-
proximated by the relation

Figure 6: (a) CaIrSn4(110) sur-
face with single atomic steps
on the plane and the beginning
of a growth spiral as the im-
age shows a rising hill. (b)
This shows two separate scans,
portraying mono-, double- and
triple-atomic steps, with the
dashed lines representing the
actual (110) faces and their cor-
rect measurements.

δ = 3

√
2R

Aφ1/2

where δ is the lateral dis-
placement, as already de-
fined, and A, φ, R are de-
fined as above. From Eq.
2, the relationship between
the length of a step size
and the radius of the probe
tip is demonstrated. Intu-
itively, this is a satisfying
conclusion since we would
expect a sharper tip to de-
fine a step more signifi-
cantly.

STM procedures and
applications have changed
and improved rapidly, al-
lowing for more accurate
measurements as a better
understanding of vacuum tunneling was developed. Soler et
al. [4] conducted studies on STM images dominated by elas-
tic deformations, caused by interatomic forces acting between
the surface and the probe tip. From these findings, the relation-
ship between the probe and the surface can be better understood.
Results show that corrugations (ridges on the surface of the ma-
terial) of the image generated by STM increase with tunneling
current, while experiencing a constant voltage, VT . In Fig. 5,
the images express how a physical contact between tip and sur-
face is implied, and therefore indicate that tip displacement is
not only a factor of electronically induced corrugation. The tip
will experience repulsive and attractive forces, as the separat-
ing distance depends on not only the tunneling parameters, but
also on the local elastic deformation from the tip-to-surface po-
tential and elastic constants of the material. The probe tip was
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assumed to have the shape of an elliptic paraboloid with radius
of curvature, R, at the apex. This estimation of tip geometry ap-
pears to be slightly more accurate than the spherical model, and
also maintains cylindrical symmetry about the tip axis through
the apex, as the previous model does so spherically.

Figure 7: Image of surface
topography of Si(111)
scanned with STM at 300
Celsius, with a height
enhancement of 55% and
“hill” in the upper right cor-
ner of the picture reaching
approximately 15 Å.

Some pictures produced
by STM can demonstrate how
tunneling reveals the surface
details of a material in three-
dimensions. Fig. 6(a)
shows the topography of a
CaIrSn4(110) surface ((110)
is the description of the plane
and how the specified crys-
tal was cut). Analyzing Fig.
6(b), there are two scans that
depict monatomic, double-
atomic and triple-atomic steps.
These steps are in agreement
with theoretical calculations
from constant tunneling cur-
rents and voltages, similar to
the sketch of the step in Fig. 4
at point A.

From other experiments [5] involving STM, illustrating
more detailed use of this method of microscopy while studying
more complex surfaces of materials, we can begin to directly
see the benefits of improved knowledge of surface topography.
The surface image of Si(111) in Fig. 7, was taken at 300◦C,
with the incline on the right of the figure reaching 15 Å. Com-
paring the resolution of the lower region to the “hill,” it can be
seen that details collected by STM are precise.

In summary, the effectiveness and accuracy of scanning tun-
neling microscopy is an important and valuable discovery for
the study of surfaces and surface structures.

Using constant current tunneling across a vacuum region be-
tween the microscope probe tip and the surface under exami-
nation allows detailed imaging of the surface, without impos-
ing any damage. Even with a simple geometric model for the
probe tip, the theoretical surface calculations appear to be in
close agreement with the experimental picture. Such precise re-
sults from approximated calculation appear to hold a promising
future, as more detailed understanding of tip structure develops,
and STM can be applied to a wider range of experimental areas.
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MESSENGER, Mercury, and General
Relativity
Stefan Scherer

“I think Isaac Newton is doing most of the driving now.”

Apollo 8 Lunar Module pilot Bill Anders [1], when asked who was
driving the capsule on the return from the Moon to the Earth, 26 De-
cember 1968.

On January 14, 2008, the MESSENGER spacecraft [2] had a
spectacular flyby at Mercury, passing about 200 kilome-

tres above the night-side surface of the planet. While the probe
transmitted a wealth of data and an amazing number of exciting
photos [3] from this encounter, I would like to focus here on
something more ethereal, the influence of General Relativity on
MESSENGER’s orbit.

As reported on the Planetary Society Weblog [4], the Mer-
cury flyby was a case of “spectacular targeting”: after a flight of
nearly 100 million kilometers without firing its engines MES-
SENGER missed the previously planned aimpoint at Mercury
by only 1.43 kilometres in altitude. In fact, MESSENGER
needs some trajectory fine-tuning from time to time, and the last
correction before the flyby, trajectory correction manoeuvre 19
(TCM-19) [5], had occurred 26 days before, on December 19,
2007.

Speaking of a space probe flying to Mercury to a bunch of
physics aficionados inevitably brings up General Relativity. Af-
ter all, the explanation of the extra shift of the perihelion of Mer-
cury [6], a tiny 43 arc seconds per century not accounted for by
Newtonian gravitation, was the first big success of General Rel-
ativity. So, it seems natural to ask, with such high precision in
the determination of MESSENGER’s trajectory, how important
are effects of General Relativity?

While trying to figure out how the engineers at NASA actu-
ally handled gravitation in the trajectory calculations, I realised
that a simple back-of-the-envelope calculation already yields a
good first estimate for the influence of General Relativity on
the space probe. Just applying the formula for the relativistic
perihelion shift shows that relativistic effects add up to a few
kilometres for the trajectory between the TCM-19 correction
and the flyby.

Actually, MESSENGER was, in the months before the flyby,
on a quite eccentric elliptic orbit in between the orbits of Venus
and Mercury. Fig. 1 is an illustration of part of the orbit from
the MESSENGER web site.
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Figure 1: Trajectory of the Mercury probe. [Figure courtesy of
NASA/JHU Applied Physics Laboratory/Carnegie Institution of
Washington [7]]

The part of the MESSENGER orbit before the flyby (marked
by the arrow on the right hand side) is shown in pale red – it’s
a nice elliptical orbit. Hence, it seems reasonable to apply the
relativistic perihelion shift formula to both the MESSENGER
and the Mercury orbits, and to see what comes out.

The angular shift of the perihelion [8] per revolution as stem-
ming from relativistic corrections to Newtonian gravitation is
given by

δφ = 6π
GM

c2
1

a(1− e2)
. (1)

Here a is the so-called semi-major axis [9] of the orbit (that’s
half the longer diameter of the ellipse), and e is its eccentricity
(for a circle, e = 0); the larger e is, the more elongated the el-
lipse. Sometimes, the quantity a(1−e2) is called the semi-latus
rectum, L [10] (sorry, the geometry of conic sections is pretty
old, hence all the Latin and Greek). Since the perihelion dis-
tance, p, is related to the semi-major axis by p = a(1 − e), we
can also write

δφ = 6π
GM

c2
1

p(1 + e)
. (2)

The fraction GM/c2 is half the so-called Schwarzschild ra-
dius [11] – for the Sun, GM/c2 ≈ 1.5 km. Since this is very
small compared to Mercury’s perihelion distance of 46 million
km, the perihelion shift per revolution is a tiny angle.

However, what we actually want to know when we are in-
terested in navigating a spaceprobe very close to Mercury is not
this angle, but the specific motion of the perihelion measured in
kilometres. This motion then quantifies the offset ∆ along the
orbit due to relativistic effects. But it is easy to obtain: Since
the angle is given in radians, we just have to multiply by the
perihelion distance, p, and obtain

∆ = pδφ = 6π
GM

c2
1

1 + e
≈ 30 km

1 + e
. (3)

Curiously, this offset depends only on the eccentricity, and is
there even if the orbit is a perfect circle!

Now, we can apply this formula to the orbits of Mercury
and MESSENGER and plug in some numbers: The eccentricity
of Mercury is e = 0.20, which yields ∆ = 25 km. This is
the relativistic offset of the orbit that accumulates over the 88
days of one revolution. Now, however, we are not dealing with
an entire revolution. But the crucial point is that for shorter
periods, we can just take the respective part of this shift. Thus,
for the 26 days between the trajectory correction manoeuvre
19 (TCM-19) on December 19 and the MESSENGER flyby on
January 14, the estimate for the relativistic offset amounts to
about 7 km.

The orbital parameters of MESSENGER can be obtained
from the Jet Propulsion Laboratory’s (JPL) Horizons web site
[12]. This is a very cool interactive site where you can get all
kinds of coordinates for nearly all the Solar System! The elliptic
orbit MESSENGER was on around the Sun on, say, January 1,
2008 had an eccentricity e = 0.38, and a period of about 140
days. The relativistic offset ∆ of this orbit amounts to 22 km,
and scales down, for 26 days, to about 4 km.

At this point, I should add that the estimate using the peri-
helion precession formula does not take into account the timing
along the trajectory, i.e. the actual moment when the perihe-
lion is reached. This timing is different in the Newtonian and
General relativistic theory, because of the time dilatation (or,
gravitational redshift) in the gravitational field of the Sun.

Nevertheless, taken all together, the relativistic effects on
the MESSENGER trajectory over the period of 26 days since
the last correction manoeuvre can add up to an uncertainty of a
few kilometres at the moment of the Mercury flyby – an offset
that matters.

Indeed, upon closer inspection I realised that General Rel-
ativity comes into play when manoeuvring an interplanetary
spacecraft at different points these days. General Relativity

• enters the very definition of the barycentric coordinate
system used to describe motion in the Solar System [13],

• is taken into account to calculate the ephemerides [14]
(the coordinates as a function of time) of the planets and
other Solar System bodies, and

• is taken into account to calculate trajectories of space
probes [15].

Regarding the last point, a lot of theoretical background and
useful information can be found in “Monograph 2: Formula-
tion for Observed and Computed Values of Deep Space Net-
work Data Types for Navigation” by Theodore D. Moyer [15],
freely available at the web site of the JPL. It shows, for example,
a very impressive set of relativistic equations of motion (page 4-
19 of [16]) that have been implemented in the JPL software to
calculate trajectories.

In the meantime, I had received long and informative an-
swers to my many questions in an email from Tony Taylor.
Tony is a veteran navigator who has steered space probes to
all planets of the Solar System besides Pluto. He now works for
kinetX [17], a company founded by former JPL engineers like
himself that offers consulting and service to commercial satel-
lite programs, but also has contracts with NASA to do trajec-
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tory calculations for several interplanetary missions, including
MESSENGER.

Tony told me that the software they use can indeed account
for all the general relativistic terms described by Moyer. How-
ever, these terms actually are switched on only for the Sun, and
for Jupiter in case a spacecraft gets in the close vicinity of this
planet. For the MESSENGER mission, General relativistic cor-
rections are taken into account for the Sun only. A calculation of
the MESSENGER trajectory with these corrections to the New-
tonian gravitational field switched on for all planets yields the
same results, within the margin of numerical errors.

Including the general relativistic terms for the central po-
tential of the Sun, however, is important. Tony was so generous
and took the time to play around a bit with his code to quantify
the relativistic effects in the calculation of the MESSENGER
trajectory.

He integrated the spaceprobe’s trajectory without relativis-
tic corrections, starting from a point at September 30th up to the
Mercury flyby in January. The resulting flyby altitude at Mer-
cury increased by about 10 km as compared to the calculation
including the relativistic correction for the gravitational poten-
tial of the Sun, and the time of the closest approach changed
by about 13 seconds, which corresponds to a distance along the
path of MESSENGER of about 65 km. Neglecting General Rel-
ativity, argues Tony, may not have been disastrous to the mis-
sion, but it would have caused some consternation in mission
control about what was going on.

A second comparison was done for trajectories starting De-
cember 19th – the day of the correction manoeuvre TCM-19
– calculated with and without relativistic corrections, yielding
a difference considerably smaller, amounting to about 250 m
in altitude and about 5 km along the trajectory. Note that this
is less than the estimate based on the perihelion shift formula,
a difference mainly due to the different timing of the passage
along the orbit.

Finally, Tony compared the post-flyby heliocentric orbit of
MESSENGER – which has an eccentricity of 0.3816 – as calcu-
lated with and without relativistic corrections to the Sun’s grav-
itational field. He found that the spacecraft orbit shows a peri-
helion shift due to relativity of about 24 arcsec per century, in
good agreement with the theoretically expected value.

The extra acceleration of MESSENGER due to General Rel-
ativity describing the gravitational field of the Sun is tiny, but
not negligible. At the aphelion of the current post-flyby space-
craft orbit, it amounts to about 0.5×−6 mm/s2, and at perihe-
lion, it’s roughly ten times larger.

However, to put this in perspective, Tony told me that the ac-
celeration due to the pressure of solar radiation is about 150×−6

mm/s2 at aphelion, and 450× 10−6 mm/s2 at perihelion. Thus,
the relativistic effect – which does not follow the 1/r2 law –
varies only between 0.4 to 1.2 percent of the solar pressure
effect! However, the velocity tracking of the spaceprobe by
Doppler data is sensitive to about 0.1 mm/s, meaning that ne-
glected relativistic corrections would show up in the data within
a few days.

Curiously enough, with all this precision now available, the
MESSENGER team before the flyby was a bit worried about
Mercury: In all the spacecraft trajectory calculations mentioned
so far, the positions and velocities of the planets – the ephem-
erides, as they are called – have to been taken for granted. The

MESSENGER team relies on the ephemerides DE-405 as sup-
plied by JPL, which again are established on the basis of astro-
nomical observations and spacecraft flyby data. Now, Mercury
has been visited only once, by Mariner 10 about thirty years
ago, and the last astronomical observation used for DE-405 is
more than ten years old. So, essentially the MESSENGER nav-
igators had to trust these ephemerides and hope that Mercury
would be found where expected: Due to the small distance to
Mercury in the planned flyby, any unaccounted-for large sys-
tematic error in the planets ephemerides could have resulted in
a “landing” instead of a flyby. There was an emergency ma-
noeuvre planned at 34 hours before the flyby to cover this con-
tingency. Fortunately, as it came out, this manoeuvre was not
necessary. In fact, the MESSENGER flyby data are now being
used to check and improve the Mercury ephemerides.

In the end, I’ve learned that along general lines, Newton is
still safe enough a pilot for MESSENGER. However, when it
comes to the fine-tuning of the trajectory, Einstein’s correcting
hand is clearly visible.

Endnotes
' Calculating orbits around a central mass in General Rel-

ativity amounts to calculating geodesics in the Schwarzs-
child metric [18]. It turns out that, for large enough dis-
tances from the centre, the motion of a mass corresponds
very well to the motion according to Newtonian gravity,
but in addition to the 1/r potential of Newton, there is an
extra term, proportional to 1/r3. This extra term acts as a
perturbation to the Newtonian elliptic orbits, and yields a
shift of the perihelion of the ellipse.

' The application of General Relativity to the calculation of
trajectories of spacecraft is realised within a theoretical
framework known as the Parametrized Post-Newtonian
(PPN) formalism [19] of Will and Nordtvedt (1972) [20].
The full set of equations used to describe the accelera-
tion of a mass i due to the gravitational influence of other
masses j then reads (page 4-19 of “Monograph 2: For-
mulation for Observed and Computed Values of Deep
Space Network Data Types for Navigation” by Theodore
D. Moyer [16])
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The first term is the Newtonian term, and the first term in
the curly brackets is the first correction by General Rel-
ativity, which yields the perihelion shift. All other terms
are much smaller (some of them depend on the velocity
– that’s what is called gravitomagnetism [21] and yields
the Thirring-Lense effect [22], among others). Actually,
the PPN formalism allows to describe the effects of many
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different hypothetical gravitational theories by introduc-
ing the parameters β and γ into the equations. Newtonian
gravity corresponds to the choice β = γ = 0 and General
Relativity to β = γ = 1. Comparing calculated trajec-
tories with actual data can then even be used as a test
of General Relativity. This is done by varying β and γ in
such a way that the calculation fits best to the data. So far,
General Relativity provides the best fit, and for practical
applications, β and γ are set to their general relativistic
values.

' It is important not to forget that there are other forces
besides gravitation acting on spaceprobes. The influence
of light pressure is about one hundred times larger than
the corrections to gravitation due to General Relativity,
and one might wonder about the role of the Solar wind.
However, despite its dramatic name, the Solar wind can
safely be neglected: Solar wind, which is now monitored
by satellites such as the NASA ACE probe [23], has an
effect about 5000 times smaller than light pressure. Thus,
it is negligible even compared to the tiny corrections by
General Relativity.
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The SIN Bin
Rohan Jayasundera

SIN BIN #124
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Two masses, m and

M , are pushed upward
along a frictionless in-
clined surface with a force
F as shown in the figure.
Calculate the minimum force, F , that prevents m from sliding
downward on M . [µs = 0.5, µk = 0.25, m = 1 kg, M = 9 kg]
Let g = 10 m/sec2. Answer in Newtons.

SIN BIN #123 – Solution
An object, mass m is connected to a rope (of negligible mass)
and rotates in a vertical plane of radiusR = 2m. At the position
shown in the graph, the magnitude of the total acceleration (a),
the tension force (T ), and the speed (v) are given as 7 m/sec2,
26 N and 3 m/sec respectively. Find the mass of the object.
Answer in kg.

The total acceleration is the vector sum of the radial accel-
eration and the tangential acceleration.

~a = ~ar + ~aT

|~a| =
√
|ar|2 + |aT |2 =

√
49 = 7 m/s2
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Since the speed at the instant shown is, v = 3 m/s

|ar| =
v2

r
= 9/2

If we use Newton’s second law in the positive “r” direction as
shown

θ

vmg

y

T

ar

at

∑
Fx = max

mg sin θ = mat

at = g sin θ (1)

If we do the same in the “y” direc-
tion ∑

Fy = may = mar

T −mg cos θ = mar =
mv2

r

T −mg cos θ = m
9
2

(2)

Since |a|2 = |ar|2 + |at|2

49 = (9/2)2 + (g sin θ)2

49− (9/2)2

(9.8)2
= sin 2θ

∴ sin θ =

√
49− (9/2)2

9.8
∴ θ = 33.17◦

Now we could substitute this value into equation (2)

T −mg cos θ = m(9/2)

∴ m =
26

g cos θ + 4.5
= 2.0 kg

Sudoku Puzzle
Anthony Anderson

Here’s a twist on the addictive game: letters instead of num-
bers! Fill every row, column and 3×3 box, so that each contains
the nine different letters forming the surname of a Nobel prize
winning physicist. When you have completed the puzzle, use
the numbered letters in the grid to complete the surname and
Nobel citation of this scientist.

9 6 2 4 3 14 11 1 5

F 1 R 4 6 11 12 PT 8 2 A 14 PR 3 10 13 16 34 15 5

47 17 19 TRU 9 18 22 T 19 A 24 D T 7 26

27 P 33 29 TR 15 32 38 20 P 6 41 A 31 D
25 42 TR 20 23 28 G 8 44 A 37 13 5 V 46 11 T 34 GAT 47 39 17 16

2 ARR 6 3 D 1 UT W 8 T 21 T 35 18 13 R A 34 D.
The solution to this puzzle will appear in the next issue of

Phys 13 News.
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Anthony Anderson is a Distinguished Professor Emeritus in the
Department of Physics & Astronomy at the University of Water-
loo. He can be reached at aanderson@scimail.uwaterloo.ca.

Prof Quotes
George McBirnie

A compilation of recent memorable quotations taken from
actual physics lectures at the University of Waterloo.

Prof: “We have Alice here (A on top of first stick person) and
her twin sister Alice prime (A’) over here.”

–Epp, Phys 490 (Introduction to Gravitational Physics)

Prof: “On average, Betelgeuse doesn’t exist.”
–Balogh, Phys 375 (Astrophysics 2 – Stellar Evolution)

Prof: “If you don’t do the assignments, you won’t do well on
the exam. You will get a worse mark and then you will have to
work at Burger King.”

–Forrest, Phys 263 (Classical Mechanics & Special Rela-
tivity)

Prof: “Once nano becomes not sexy, you can still use physics.”
Student: “Why are we building a nano building then?”
Prof: “Because it uses very little material.”

–Forrest, Phys 263 (Classical Mechanics & Special Rela-
tivity)

George is a fourth year undergraduate student in the Depart-
ment of Physics & Astronomy at the University of Waterloo. He
has been collecting prof-quotes for years and plans on even-
tually publishing a book. He can be reached at gmcbirni@
sciborg.uwaterloo.ca.
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