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Travel and Housing Information

Travel

The closest airports are Dayton (DAY) and Cincinnati (CVG), both about 1 hour driving time to
Oxford, OH. If you can get a good deal on your airfare it may be worth some extra driving to fly
into Indianapolis (IND; about 2 hours driving time to Oxford).

Housing
We reserved a block of 10 rooms (single kings) from Sunday June 15 to Tuesday June 17
(checkout on the 18th) at the

The Marcum Hotel & Conference Center
351 N. Fisher Drive, Oxford, OH 45056
Ph: (513) 529-6911 Fax: (513) 529-6927

The block reservation is good until June 2, 2014. The rate is $109/night; also

available are double queen ($109/night) and double queen suite ($119/night). Please refer to
group code Alpha Physics 6/2014 when you make a reservation. The Marcum Center is on the
Miami University campus, and from there it is a 10-min walk to the Physics Department. You
can find information for other accommaodations in and near Oxford at
http://www.miamioh.edu/about-miami/visiting-miami/accommodations/.

Getting Around Oxford

Oxford is a small town, and most of the shops and eateries uptown can be reached on foot within
a 15-20min walk. Kroger (groceries) and Wal-Mart (groceries plus) is a 5-10min car ride away.
You’ll find a campus map and related information at http://www.miamioh.edu/aboutmiami/

visiting-miami/campus-map/index.html.



http://www.miamioh.edu/about-miami/visiting-miami/accommodations/
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June 16 - 18, 2014 at Miami University, Oxford, Ohio

Experiments:
Mentor:
Location:

Quantized Conductance: An Advanced Lab About the Wave Nature
of Matter

Khalid Eid
Room 122 Culler Hall, Miami University, Oxford, Ohio

Schedule

Monday, June 16, 2014

8:30 - 9:30 am
9:30 -11:30 am

11:30 - 1:00 pm
1:00 - 5:00 pm

6:30 pm

Welcome and Introduction
preparing the SS bending beams, gold wires, and epoxy drops

Lunch in Armstrong Student Center (Both Experiments)

Disassembling and re-assembling the experimental apparatus
Practicing the partial cutting of gold wires on pre-made samples
Basic Labview program

Data collection and simple program improvements

Dinner at an Uptown Oxford Restaurant (Both Experiments)

Tuesday, June 17, 2014

8:30 am - Noon

Noon - 1:30pm
1:30 - 5:00 pm

Wednesday, June 18,

8:30 am-Noon

Noon-12:45
12:45-2:30 pm

Brief discussion: possible ways to treat the experiment in the
classroom (infinite potential wells)

Work on self-prepared samples: Partial cutting of gold wires
Data Collection: Observation of quantized conductance

Data Processing (using Labview and/or Excel)

Lunch in Armstrong Student Center (Both Experiments)

Continuation of morning session & Further improvements

2014

Adding a Piezo crystal controlled by a potentiometer
Setup with a computer controlled piezo-crystal
Concluding discussions about noise reduction and reproducibility

Box Lunch in Culler Hall (Both Experiments)
Wrap-Up and End of Workshop
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INTRODUCTION

Quantum mechanics dominates the atomic and sub-atomic world, but it quickly
approaches the classical limit in systems with high energy or large dimensions (relative to
the atomic scale). So, the typical experiments to study quantum mechanics are
spectroscopy-based and study atoms, molecules or nulcei.

The quantized conductance in gold wires that are stretched and are just about to break
offers a very different approach to demonstrate quantum mechanical behavior. It is based
on transport (i.e. current-voltage) measurements. Furthermore, the students can see all
components of the setup with their own naked eyes and the setup is manually controlled to
break the gold wire and reconnect it. As the gold wire gets so thin that its diameter is
comparable to the de Broglei wavelength of the electrons that carry the electric charge,
these electron waves ‘start to feel’ the boundaries of the wire and only certain states
become available for these electrons to occupy and travel through. This is a typical
guantum mechanical behavior, just like the quantization of energy levels, wavelengths, and
momenta that are allowed for an electron in an infinite potential well. This makes the
guantized conductance a nice experiment or demonstration of the applicability of infinite
potential well concepts in real applications. These quantized conductance values are always
multiples of an integer number times a combination of two universal constants in nature;
the electron charge and the Plank constant. An important practical point about the setup is
that gold does not oxidyze, so a broken gold wire will readily reconnect and merge back as
soon as the two ends are brought back into contact. So, the experiment can be done many
times on the same wire and the wire can stay good for years.

The main objectives of the quantized conductance (QC) experiment are:
1. To demonstrate the emergence of quantized conductance as a gold wire is broken and
reconnected.

2. To find the value of the quantized conductance from experimental data.

3. To link the QC with wave-particle duality and demonstrate that confinement/boundary
conditions gives rise to quantization.

4. To link the shape of the conductance curve with the correspondence principle.

5. To understand the size scales at which different scattering phenomena occur in solids.

A major challenge for achieving this quantized behavior is the control of the break junction or
the constriction area at the atomic scale! Different equipment are used to achieve that in research
lab, yet the cost and the complexity of the setup make it harder to get and of less pedagogical
value to help the students appreciate the science. The setup used in this workshop combines the
required atomic control of the stretching of the gold wire, the low cost, and the simplicity that
make it of excellent value in a teaching laboratory or lecture demonstration.



OVERVIEW OF EXPERIMENTAL SETUP AND ACTIVITIES

This mechanically-controlled break junction (MCBJ) setup uses a spring steel sheet as a bending
beam and a micrometer to stretch a 99.99% purity, 3.5”-long and 75um-wide gold wire with
atomic displacement accuracy. The SM-25 Vernier Micrometer has a resolution of about 1um
and is rotated manually by attaching it to a plastic disc of radius 5”. The 1095 Blue Tempered
Spring Steel sheet is a little over 3 long, 0.5” wide, and 0.008” in thickness. The barrel of the
micrometer passes through a hole in an aluminum housing block and is secured by a set screw.
When fully retracted, the micrometer head is flush with the aluminum block. Two stops are
placed 3” apart, centered on the hole for the micrometer head. These conductive stops are
electrically insulated from the main aluminum block by a length of plastic tubing. These stops
are positioned so that there is 4mm of distance between the fully retracted micrometer head and
the plane of the stops. The sample is placed in this space, and the micrometer head is advanced to
make contact with the sample. With the barrel of the micrometer secured in place, the tip can be
extended and retracted by rotating the thimble. As the tip extends, it presses into the middle of
the spring steel sheet. This bends the spring steel outwards against the two stops, producing the
desired bending motion. If the sample is particularly long, as it bends the ends of the spring steel
sheet may contact the aluminum block. This is prevented by cutting two clearance notches on
either side of the block. Fig. 1 shows the setup used in this experiment.

Since the spring steel sheet is conductive, we need to paste a cigarette paper on it, and then attach
the gold wire using two droplets of Double/Bubble insulating epoxy with a narrow gap between
them as shown in Fig. 1c). After the epoxy hardens, we use a sharp blade to cut a shallow notch
in the gold wire. The blade is also used to cut a groove in the epoxy if the two droplets merge
together. Fig. 1d) is a scanning electron microscope image of the partly cut wire and the two
epoxy drops.
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Fig. 1. Pictures of the MCBJ setup. a) The MCBJ assembly showing the pin of the micrometer,
the bending beam, the stops and the wire. No solder is needed to connect the ends of the gold
wire to the stops. b) The experimental setup showing the plastic disk used to rotate the
micrometer, the battery and wires, as well as the bending beam. c¢) A gold wire mounted on a
sheet of spring steel and a quarter dollar coin is placed next to it for visual comparison. The two
epoxy drops are seen in the middle. d) Scanning electron microscope image of the wire and the
two drops. The wire is partially cut in the middle to create a week point in it.

When turning the plastic disk and micrometer, the wire stretches extremely slowly with a
reduction factor (f) given by: f = 3y—j , Where y is the distance between the two epoxy drops, s
u

the thickness of the spring steel sheet and the insulating film, and u is the separation between the
two stopping edges. We estimate that f ~ 2 x 10 (corresponding to a mechanical reduction of
50,000), which gives atomic scale motion, when multiplied by the micrometer resolution of 1um.
The huge reduction in the bending beam is the key to achieve atomic scale motion and to
eliminate the effect of external vibrations on the experiment. The current through the constriction
is produced by connecting the wire in series to an external resistor of 100KQ and a 1.5V battery.
As the wire is pulled, the voltage across it is measured repeatedly at a high rate (10,000 samples
per second) using a National Instruments data acquisition (DAQ) unit and a simple LabVIEW
program. The circuit diagram and the LabVIEW program used to collect the data are shown in
Fig. 2.
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Fig. 2. a) A simple electrical circuit is used to measure the conductance of the gold wire and b) a
very basic LabVIEW program monitors and records the data
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Monday Morning Session
SAMPLE PREP: BENDING BEAM, GOLD WIRE & EPOXY DROPS
Objectives:

1- To Cut the proper length of bending beam and use cigarette paper to make it
insulating

2- To place two epoxy drops, with the proper size and shape, spaced < 0.5mm from
each other and placed over the mid part of the gold wire

After the general introduction, we will start the workshop with preparing the samples
especially because the epoxy needs at least a few hours to harden. Each colleague will make
4 samples, each of which is a gold wire attached to a SS bending beam using two drops of
epoxy. A fifth sample will be identical to the first four, but it will have a few epoxy drops
instead. This last sample will be used for training on how to partly cut the gold wire under
the microscope. The placement of the epoxy drops and the partial cutting of the gold wire
are probably the two steps that need the most practice in the entire experiment.

The steps to prepare the gold wires that are attached to the ‘insulating’ bending beam
(shown in Fig. 1(c) and the pictures below) as follows:

1- Use a shear cutter to cut 5 sheets of springy steel to a length of about 3.

2- Mix the two components of a small bag of ‘Very-high Peel Strength’
Double/Bubble epoxy, and then divide that into three smaller amounts for each
participant to have enough to prepare their samples.

3- Use scissors to cut 5, Y4”-wide sheets from a cigarette paper (cut along the long
side of the cigarette paper).

4- Spread 3 to 5 small drops of epoxy along the middle of the springy steel (roughly
along the long axis that goes through the center of the sheet).

5- Lay a '4” cigarette paper piece over each springy steel sheet and smooth it out by
gently pressing with your fingertips. Prepare Five of these ‘bending beam
assemblies’.

6- Since the cigarette paper is shorter than the spring steel sheet, use scotch tape to
cover the two far ends of the SS sheet to electrically isolate them.

7- Cut five 75-micrometer Gold wires to a length of ~3.5”.

8- To attach a gold wire on a cigarette-paper-covered spring steel sheet: Gently
stretch the wire with your hands to make it less ‘wrinkly’. Place the gold wire
over the attached cigarette paper such that the middle of the wire roughly sits on
the middle of the bending beam.



9- Itisimportant to keep the gold wire slightly tight/snug during and after the
placement of the two epoxy drops. This can be achieved with a small amount of
scotch tape.

10- Use a pair of tweezers to gently press on the wire to keep it in place and use your
dominant hand to place a drop of the mixed epoxy just to the side of the middle
section of the wire.

11- A good way to place the droplets is to let the droplet touch the wire/cigarette
paper, and then pull the droplet away from the center and along the gold wire.
This ensures that the droplet will not be two large or two high above the wire.

12- Place a second epoxy drop about 0.5mm away from the first drop such that the
gap is at the center of the wire. Again, try to pull the drop away from the center.

13- If the two drops are still far, use a thin tip (like a general lab wire) to pull the
droplets closer together.

14- Use the width of the gold wire (75um) as a reference to determine the width of
the gap between the two drops. Try to eventually make the gap 3 to 5 times the
width of the wire.

15- Each colleague will make four of these bending beams and wires.

16- Leave the epoxy to set overnight in order for the droplets to harden.

17- Make one extra bending beam/gold wire sample with a few drops of epoxy
placed in pairs just like above. This wire will be used for practicing the partial
cutting the next day.
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Sample preparation pictures



Monday Afternoon

EXAMINING THE EXPERIMENT SETUP, CUTTING GOLD

WIRES & LABVIEW PROGRAM

Examining, dis-assembling and re-assembling the electrical ciruit and head

assembly

Select one of the setups and feel free to take it apart, and examine its different

components. The Electrical Circuit and Head Assembly are shown in Fig. 1(a) and (b)

1- Take one of the experimental setups and dis-assemble it then assemble it
completely.

2- Make sure to remove the micrometer from the head assembly and then put it back
in order to see how it is designed.

3- Feel free to remove the solder on the 100 kQ resistors and other wires, if you
prefer to assemble and wire them from scratch yourself. The electric circuit
should look like that in Fig. 2(a).

4- Make special note of the two stops of the bending beam: they are both conductive
in order to make direct, solderless electric contact with the gold wire. Yet, both
stops are electrically ‘floating’ and are insulated from the rest of the head
assembly.

Depending on the time spent on the morning session this part (dis-assembly and assembly of
the setup) might end up a part of the morning session or the afternoon session.

Partial Cutting of Gold Wires from Pre-made Samples

We will start by partly cutting the gold wires at the midpoint between the two epoxy
drops. Such a partly cut area will be the weakest point in the gold wire, so the wire
will break at that point. Furthermore, having only a narrow portion of the wire left at
that point means that the wire will break after a shorter travel forward by the
micrometer.Yet, before cutting actual wires used in real samples, we will practice
cutting a wire that had the multiple epoxy drops on it.

1- 1 will do a demonstration using a microscope that is connected to a camera and

computer. The cutting process will show live on the computer screen. I will
demonstrate two or three ways to cut the wire.

2- After that, each participant will have a simple microscope (without a camera) and
will start working on their own samples.

3- Place the wire with the multiple epoxy drops under the microscope and focus on
one of the gaps. Press down on the bending beam next to the gap in order to make
sure that the microscope is focused when the beam is pushed down.
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Use a fresh X-acto knife and try to partly cut the wire. Start by making a shallow
cut, and then make it progressively deeper in order to practice the technique. Try
the same between other pairs of epoxy drops on the same ‘sacrificial’ gold wire.
Use the area of the X-acto knife blade closest to the tip while cutting the wire.
The first sample is the hardest to do and the process gets significantly easier with
practice.

If the epoxy drops merged together overnight, then use the X-acto knife to
separate them as well.

After making a few cuts on the first sample, you are now ready to partially cut the
mid-section of the gold wire in the real devices. Only cut one wire at this time.
You are now ready to use the already-cut gold wire in a real measurement.

We will not be able to tell if the partial cutting of the gold wire was successful or
not until we run the Labview measuerement program. One usually needs to go
back and forth between trying to cut the wire properly and running the quick
measurement.

First LabVIEW Measurements of Resistance
We will go over making the Labview program in a step-by-step fashion. The program
is quite simple and takes less than 10 minutes to complete.

1-

2-
3-

Place the bending beam and partially cut gold wire into the setup as shown in
Fig.1 such that the back of the bending beam is facing the micrometer tip.

Make sure that the battery is in place and the setup is ready.

Open LabVIEW software and build a small VI comprised of a DAQ assistant that
takes one voltage measurement (sample) on demand and outputs it to a waveform
graph or chart. The DAQ assistant and graph should be placed inside a while loop
with a stop button that can be clicked by the operator to stop the program. This
LabVIEW program is sufficient to tell if our sample is promising or is already
bad.

Two examples of bad samples are when the gold wire has been completely broken
(i.e. severed) or never breaks even with bending the beam to the maximum
micrometer travel available. The ‘damage’ is irreversible in the first case (most of
the time). If the wire never breaks, then take the sample again to the microscope
and try to cut a little deeper into the gold wire. Even wires that have been
completely cut can be fixed some times.

If the wire is broken then all the voltage from the battery will be on the gold wire
and the DAQ assistant will measure a voltage of about 1.5V. If the gold wire is
connected, its resistance will be negligible compared to the 100k resistor and
the voltage across the gold wire will be close to zero.

A good wire/bending beam will demonstrate a voltage that abruptly goes from
zero to 1.5V as the micrometer is rotated in and out.



7- Make sure that the LabVIEW program is running, and then advance the
micrometer tip by rotating the plastic wheel counterclockwise.

8- The voltage across the wire will initially be about 1.5V if the gold wire is not
making good electrical contact with the metallic ‘stopping poles’. As the
micrometer tip moves forward pushing the beam against the stops, electrical
contact will be established with the wire and the voltage will drop to zero. Finally,
after the micrometer pushes the beam bending it further, the gold wire eventually
breaks and the voltage jumps promptly to ~1.5V. You can now rotate the
micrometer clockwise and counterclockwise multiple times to get the wire to
break and reconnect.

9- After checking that the sample is ‘promising’ for further measurement (i.e. its
resistance jumps from zero to infinity with moving the micrometer), we will try to
look for the actual quantized conductance steps.

10- Modify the LabVIEW program as shown in Fig. 2(b). The new part of the
program lets the DAQ assistant collect a large number of voltage readings
~60,000 to 100,000 at a fast rate of 10,000 points per second, and then displays
them in a graph. During the time of data collection, there is no real-time info on
the breaking/reconnection status of the wire. One has to ‘blindly’ rotate the
micrometer back and forth and hope to get at least a couple of events of breaking
and reconnecting of the gold wire. If no such steps are observed in a particular
run, one has to repeat the step in order to get them.

11- Zoom in on each of these areas and search for any quantized conductance steps.
As the constriction stretches, its diameter shrinks and the voltage across the wire
rises continuously because the wire resistance increases with decreasing
diameter. When the constriction diameter becomes comparable to the de Broglie
wavelength of the electrons (the Fermi wavelength), the voltage displays discrete
steps rather than a smooth increase. Since the wire is connected in series to the

external resistor of 100k, the voltage across the constriction is: V,, = IR, =
VB

R,, and the conductance is:

Ry +Rext

G = VB (1)

VwRext

Here, Vg is the battery voltage, Rey: is the external resistor, and Ry, is the
resistance of the wire (i.e. the constriction).

To determine which steps correspond to an actual quantized conductance
channel, Equation (1) can then be combined with:

2

G, = Z%n 2)
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12- Use Equs. 1 and 2 to modify an Excel sheet of the data such that it displays the
number of quantized channels on the y-axis, instead of voltage.

13- While the LabVIEW program and the analysis above are quite simple, it can be
confusing when trying to determine which conductance steps correspond to which
channel (i.e. quantum) number (n). Instead, modify the LabVIEW program to
build in the results of Equ.s (1) and (2) and plot (n) directly on the Y-axis of the
LabVIEW graph.

14- This is the simplest way to ‘read’ the results of a particular run.

15- You might need to collect several sets of data in order to get satisfactory
quantization results, as the steps do not occur in every run. Also, feel free to
change the sample if it does not give good results.

16- One can simply take a snapshot of the screen using “print screen” in order to
insert the results into a report, or better save the data as an Excel sheet for
further processing.




Tuesday Morning & Afternoon

l. BRIEF DISCUSSION: POSSIBLE APPROACHES TO DISCUSS
THE EXPERIMENT IN A CONTEMPORARY PHYSICS
CLASSROOM (INFINITE POTENTIAL WELLYS)

This will be an interactive presentation/discussion about ideas on how to introduce
the experiment and interpret it in terms of infinite-potential wells. The main concept
is included in the cartoon below.

Simple Model: 1-D Potential Well

Quantized

Standing
Wﬁs EF --------- SF ------- sF ----- SF ——
jw,\,)\\

F

En=n? ' (ie,AE~D)
') m !
o Iy = 2€f0 v (€)(prr () — prr(€))de p= \fzhze ~hv

2
I = 2efoe"vk(h—;c —0)de =22V

2 2
Gy = 2% or: G, = Z%n

Fig. 3: As the width of the well gets smaller, the difference between energy levels
widen. So, less energy levels (i.e. eigen states) are allowed below the Fermi Energy,
which is constant.

Important concepts for the discussion are: The Fermi energy, the infinite well-
potentials, standing waves.
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CUTTING WIRES OF SELF-PREPARED SAMPLES & COLLECTING
DATA

After the discussion on the science behind the quantized conductance and the main
pedagogical value of the concept we will start by partly cutting the gold wires of the
self-prepared samples.

Every participant will partly cut the wires on the samples that they made on Monday
morning. It might be best to cut the wire in two samples, test them, and then do the
remaining two samples.

Feel free to prepare a couple of additional samples to take back with you as well.
Making them on Tuesday morning will give enough time for the epoxy to harden
overnight before your travel on Wednesday.

OBSERVATION OF QUANTIZED CONDUCTANCE & DATA ANALYSIS
This involves mostly repeating steps 10 to 16 of section Il from Monday afternoon.
Yet, we will do more analysis and will try to collect cleaner data. Analysis will be
done both in Excel and in Labview. Analysis and graphing is much better and simpler
wwhen done in Labview due to the huge number of data points that the experiment
produces, yet we will cover both of them in detail.

EACH PARTICIPANT CHOOSES WHAT ACTIVITY TO FOCUS ON MORE
If time permits and we are done with all the sample preparation, data collection,
analysis and program improvement, then each colleague can pick any part of the
experiment and focus their work on it.

For example, this would be an excellent time to do work on your own setup, if you
bring one with you. We can also continue on to start working on the piezo-crystal
control of the breaking and reconnection of the gold wires.




Wednesday Morning

CONTROLLING THE MICROMETER USING A PIEZO-CRYSTAL

We will run the Quantized Conductance experiment using LabVIEW with a programmable
piezo-crystal and also using a manually driven piezo-crystal. The use of the piezo-crystals
introduces noise in the measurements and tends to give less quality data than the manual
operation. The fully manual operation gives the cleanest results and is the simplist to understand
easily. Yet, the Piezo crystals offer finer control over the breaking process, which means that the
quantized steps will last for a longer time than in the fully manual operation.

) LabVIEW and a programmable piezo-crystal
A ‘Piezo Jena’ piezo-crystal system will be used to collect a large number of data.

1-

2-

Change the head of the setup to incorporate the piezo-crystal and its electronics
and attach the micrometer to the setup.

The piezo-crystal setup comes programmed to work with LabVIEW. We will run
both that program and the program for data collection at the same time.

Manually rotate the micrometer to break and reconnect the gold wire several
times, and then stop as close as possible to the ‘breaking point’.

Run the Piezo Jena software and change the frequency to 0.1Hz and the amplitude
to 10%. These parameters define the frequency at which the crystal oscillates
between contracted and extended position and the percent of full extension
distance, respectively. You can also open a display that shows the status of the
crystal (how extended it is). Pick a triangular wave for the crystal. Try to change
the frequency and the amplitude and see what effect they have.

This setup can be used to collect a large number of data points and to ‘build’ a
histogram that shows the quantization and helps get rid of random noise. Yet, the
main limitation is the total number of data points that can be collected at any
given run.

) Arduino, a stepper motor, and an otherwise manually-driven piezo-crystal.
Arduino will be used to run a stepper motor, which in turn is attached to a 10-cycle
rotation potentiometer and eight 9-volt batteries to apply a variable voltage on a
piezo-crystal in order to break and reconnect the gold wire. This is quite similar to the
previous setup, yet is simpler and is less costly. This particular system seems to
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introduce too much noise at its current status but is quite insightful from a
pedagogical point of view. The manual rotation of the potentiometer (pot) gives a
little better results.

1- Construct the circuit with the manually-operated piezo crystal and pot but without
connecting the stepper motor.

2- Start the Labview program that you developed earlier and view the graph
3- Manually turn the micrometer to break and unbreak the gold wire several times.
4- Stop moving the micrometer as close to the breaking point as possible.

5- Turn the pot to change the applied voltage on the piezo-crystal and observe the
Labview graph. You should see the gold wire breaking and unbreaking as you
change the voltage across the crystal. Notice that this setup gives a significant
amount of noise.

6- Now, attach a stepper motor to the pot, rotate the pot using the Arduino and
observe the breaking and unbreaking of the gold wire on the Labview graph.

References
1. Modern Physics textbook by Tippler and Llewellyn Chapter 10, sections 10.2 (Classical
conduction), 10.4 (Quantum Theory of Conduction), 10.6 (Band theory of solids).
2. R.Tolley, A. Silvidi, C. Little, K.F. Eid, Amer. J. Phys. 81, 14 (2013)



PURCHASES LIST FOR SETUP

Here is a list of items to purchase for setting up the quantized conductance experiment:

1.  Gold wire: We usually use a 0.0031” (i.e. 75 micrometer) gold wire that we bought from
California Fine Wire Company. | never tried thicker wires, but | imagine that they would be even
easier to handle. The website of the company is: http://www.calfinewire.com/

Price: $220 for our last purchase of a 50’ (Fifty foot) wire.

2. Blue-Finished and Polished 1095 Spring Steel

.008" Thick, 3/4" Width, 10" Coil (Part number at McMaster-Carr is: 9075K29). We tried a
thicker sheet, but it was much harder to bend and to handle.

Price $31 for our last purchase of 10’ sheet.

3. SM-25 Vernier Micrometer. http://www.newport.com/Vernier-Micrometer-Heads,-SM-
Series/140173/1033/info.aspx
Price: ~$105

4.  DAQ Unit (NI USB-6009):
Price: $279 (48k samples/sec)

5. LabVIEW License: |do not know about the cost of the license; we have a site license.

6.  Machine shop, glue, cigarette papers, X-acto knife and other materials: Depends on how
your machine shop charges, but the cost of the actual materials is ~ $50.
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