





structed into basic logical operations, AND OR NOR.
To construct these logical operators, we must first alter
nanowires to create the basic circuit elements, which re-
quires the doping of p and n type junctions. Doping of
silicon nanowires, the most common type of nanowire,
is typically accomplished using phosphorus and boron
dopants, which act as p-type and n-type junctions re-
spectively. These dopants are typically added during the
condensation part of the VLS or PVD synthesis. To ef-
fectively use these nanowires it is necessary to use these
dopants to create p-n type junctions.[11] This is a com-
plicated process, which I will not describe at the mo-
ment, but has been accomplished. Through the creation
of these junctions and the crossing of nanowires it is pos-
gible to create all the logical operator gates necessary for
full circuitry function.

It is interesting to note that the intersection of nanowires
function as photonic wave-guides and exhibit the prop-
erties of a quantum dot. By overlaying these nanowires
in a particular pattern or shape, it is possible to create a
lattice of quantum wells. This has applications in many
areas, such as laser production and [8]

II. THEORY
A. Overview

To measure quantum conductance, we must first con-
sider the system under which it takes place, namely a
nanowire. Quantum conductance is actually derived from
the definition of current, which is found to depend on the
pumber of electrons in motion in the direction of trans-
mission. To determine this number and to examine how
the conductance changes as a function of this value we
must first examine a particle in motion in the model of
a nanowire, which we have created. For the purposes of
this experiment, it is possible to assume that a nanowire
can be modeled as a rectangular well with infinite po-
tential in the directions perpendicular to the direction of
motion, and a non infinite solution in the direction par-
allel of motion. From the calculations, to be discussed
later, it will become evident that quantization is a conse-
quence of electrons periodic boundary condition direction
of propagation, and this resulting transmission energy.
However to determine the transmission energy it is nec-
essary to examine both the transmission and transverse
waves in the context of total energy. The total energy of
the electron is set, however the energy in one direction is
determined by the energy in the other two directions.

E=E3+Ey+Ez

Therefore, it is helpful to examine the solution to
the equation of motion in quantum mechanics, the
Schrdinger wave equation. This is developed in the sec-
tion theoretical quanturm analysis of nanowires.

B. theoretical quantum analysis of nanowires

It is natural to think of nanowires as round, sim-
ply because most wires encountered in the macroscopic
world are round, however this is not necessary for this
experiment, and in fact only complicated these calcula-
tions a great deal. Instead of considering these wires in
their natural shape, whatever that may be, we can con-
sider the wires to be rectangular tubes located in three-
dimensional Cartesian space.
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FIG. 3: This is a three dimensional image of the theoretical
representation of a gold nanowire. Note the periodic bound-
ary condition in the Z direction, which eventually leads to the
quantization of conductance. .

It is now possible to consider these electrons as waves
in three dimensions, as we do all particles in quantum me-
chanics, traveling down a wave-guide. an electrodynamic
equivalent to this problem can be seen in David Grif-
fiths [12]. To begin this analysis, examine the Cartesian
quantum mechanical wave equation in three dimensions:
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where V2 has the typical meaning of the second partial
of the function with respect to the of the coordinates,
X, Y32

Before this equation can be evaluated, the value for V
must be defined in some sort of coherent manner. V rep-
resents the potential, so just as in the infinite square well
we can set a boundary on the x-y direction of motion[13]:

V=:2>L,,z<0V=0:0<z<L; (2)



V=00:y>Ly,y<®V=0:0<y<L, (3)
and in the z direction of motion we can consider the
potential to have a different form,
V=o00:12<Ly;V=0:2>L, 4)
This indicates that the electron is free to move off in
the z direction and escape into the metal to which the
opposite end of the nanowire has formed.

For the interior of the well, our area of concern, the
Schrdinger wave equation simplifies to

CE ) =B ew) )

and we can assume a solution to ¥ of the general form:

U(x, 9, 2) = Y(@)P(¥)¥(2) = Y()P@)P(z) (6)

This is an assumption of a multiplicative solution, the

same type used in both Electrostatics in examining the

potential of charges and in quantum mechanics for a
multi dimensional system. This is of course the later.

‘We can now consider each of the spatial direction sep-
arately, resulting in three copies of the equation above:
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(-5 50 = E(z)
Due to the difference in potential in the z direction

as opposed to that of the x and y direction, we must
consider them separately

1. z-y wave equation solution

For the x and y direction we can assume a solution of
this differential equation to have the general form

¥(z) = ASin(k(z,y)) + BCos(k(z,y)) (7)

As described in Griffiths Introduction to Quantum Me-
chanics, the goal of the section is to describe the energy
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associated with the wave in each of the directions of mo-
tion, so first let us consider the motion in the x and y
directions. By examining the potential we can define
boundary conditions, which allow for the determination
the particular form of this solution.

first boundary condition:

1(0) = 0 This is true for all 9,

Second boundary condition:
Y(Lz) =0
$(Ly) =0

Now let us examine the x direction of motion. Im-
posing our first boundary condition we find:

$(0) = ASin(k0) + BCos(k0) = B

This is due to Cos(0)=1, so it follows that we can simply
eliminate the B term by setting B equal to zero. The
general solution has now become:

¥(z,y) = ASin(k(z,y))

Now examining the second boundary condition, .

#(Ls) = ASin(kLz) =0

We find that for this to be true, k must have a value
such that the function is periodic, i.e. such that

Sin(kLz) = Sin(nr) =0
where n is an integer value.

Knowing this we can define k such that this is true:

2T ok, = 2T
kz = Lzandky—Ly )]

The resultant equations of motion are thus

¥(z) = ASin(k"2T) ©)

I,

and

#(y) = ASin(k"2T) (10)

L!I

And the resultant energies
n22n2 n22 hz

"= iy

Separately we must consider the Z direction due
to the different potential compared with the x and y
directions.[13]



2. z wave egquation solution

Due to the transmission of electrons out of the wire,
we can assume that 1(2) has the general form of:

P(z) = CeF+*

Now we must consider boundary conditions:

$(0) =1 %(L;) =1

The wave function must be one at these points instead
of zero due to the continued existence of the transverse
standing waves. Now we must match the boundary
condition at z=0, and the boundary condition z=L,.
This second boundary condition allows for transmission
of the particle out to infinity.

The first boundary condition states:

¥(2) = °

which is automatically satisfied by the definition of e.
Second boundary condition:

ORI

knowing that €2"™ = 1, we can state that

PY(z) = CeF=L= = Ce?™™
This leads to the natural definition of k as:

2
k = nf; (12)

and the resultant energy follows from the Hamiltonian

2,2,2
Ez=2hn1r (13)

m(L)?

C. theoretical derivation of quantum conductivity

To begin our discussion on quantization of conductiv-
ity, we must first examine conductivity as it is formulated
in the most general sense.

1. Definition of current

I
=V (14)
where G is the conductivity, I is the current, and V is
the voltage applied. Voltage applied is an experimentally
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measurable value, and one, which we know the quanti- .
zation properties of already and need not be concerned
with. This means that we have left to do is examine the
quantization properties of current.

nev

I= I (15)
Where n is the number of electrons in the direction of
propagation, e is the charge of the electron, v is the
velocity of the electron, and L is the length over which
this motion takes place. Velocity is not a concern,
nor the distance over which the motion takes place,
however finding n, the number of electrons traveling in
the direction of current is more difficult. This requires
an examination of the density of states of the system in
question.

2. k-space and the DOS

To examine the energy of the electrons, we must first

examine a construct called k-space, developed from our
definition of k; ;. in pervious sections. In k-space we can
consider points to occur at integer distances, of 1— in
the each corresponding direction. For this case we “need
to examine k, space, which has point spacing of #~ 2n,
Now we must consider a differential distance in thls space,
dk, to the eventual end of calculating the number of
modes in the direction of transmission as a function of
energy of the number of transverse modes.
To relate the number of allowed modes of transmission to
the energy of the transverse waves we can calculate the
number of modes possible in the transmission direction.
Each value in K space determines a different possible
mode, thus determining the number of K’s in the dif-
ferential distance allows us to determine the number of
allowed modes. This is a.nalogous to having a line charge
with density, in our case Z" and a distance ,dk;. so the
number of k’s that exist in this space is given by:

dN(k;) = 2= C e)

Now we must relate to k, to both the total energy and
the transverse energy, so we can rewrite the total energy
substituting our definition of energy in for E,

h2k2
2m

E; + E, will now be called Er for the transverse en-
ergy. Now solving for k., we find

E=E.+E,+

2m(E — E7)

k, = =



To put this in the differential context that is presently
under examination it is necessary to the differential of k.
with respect to E. This now becomes

2m 1
= ‘/ ————=——dFE
k: K2 2 E-Er
This can now be substituted into the equation for the
number of allowed modes,

O e

This is now a differential equation relating the number
of possible modes to total energy of the electron and the
transverse wave. However electrons can have two spins,
8o it is important to keep that in mind. Due to this, there
can be two states of the electron, so we have twice this
total number of electrons
This can be simplified substituting in for E — Er using
the previous equation of k..

2m v 2m
2 hk,

Finally, as in preparation for use in the current equa-
tion, it is possible to rewrite fik in terms of momentum,
v,. From the de Broglie wavelength, p = A, and k, = <%,

— h
h—-é-,;ltca.nbeseenthat

dN(k;) =

pe=2F_ 27
p mv;
So, substituting back in and canceling the 27m in the
pumerator and denominator:

2m 1 L, 1
dN(k)—ZL—h— dE 2hvsz
This results in a differential equation relating number
of states to differential total energy:

=2—=— (18)

However, we are assuming that the energy range under
examination is very small, so it is a good approximation
to assume that this the total number of electrons we are
examining is this differential value multiplied by the volt-
age difference applied across the wires in electron volts.

So, now

2L,
hv,

It is not time to apply this value of n to our definition
of current, equation 14.

n=X

eV (19)

1=5% 2L

eV
L, hv,

and simplifying...

202V
h

Now this summation of occupied modes, ¥ is called M,
and ranges over the values for k, allowed by the trans-
verse values of k; and k,.

With this change, we can go back to equation 14 and
find the conductance.

I=

o1 (20)

2
G= %M (21)

Notice that the voltage canceled

Equation 21 shows the quantlzatlon of conductance
most readily, the coefficient factor of 2‘— in front of the
value of M. This is value by which oonductanoe changes,
and goes in quantized steps of this factor. [4]

While this shows the quantization, which we desire to
determine, M has not really be defined in any such man-
ner, in which is interpretable. A more through examina-
tion of this value will yield important properties of the
rate of change of conductance.

8. transverse quantization and implications

M is the value of the standing wave in the transverse
direction. This value is a direct control over the energy
of transmission electrons. We can determine the number
of allowed transverse waves by examining the k values
for x and y, and performing a similar analysis as before,
constructing a k space and constrain the space in some
manner as to show how the states are located. This k
space must be two dimensional due to the two directions
being examined, with pomts along the x axis spaced at
integer multlples of 7~ and along the y axis at integer
multiples of i

Due to the smphcﬂ:y of this model as a rectangular
well, we can consider L, = Ly, and thus the spacing is a
grid. See figure 4.

It is natural to extend this space to all four quadrants,
however only the positive quadrant need be considered
due to the fact that k cannot have a negative value. It
is possible to establish an upper bound for the possible
energy of the transverse waves, and thus the correspond-
ing k value of this energy, by examining the wire under a
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FIG. 4: This is a two dimensional axially symmetric k space,
i.e. that the spacing of k. and k, are equal.

set of idealized conditions, i.e. when T is zero. First, let
us establish the Fermi energy, Ep, which is the energy
necessary to eject the electron from the material at zero
temperature.

Bk

Er 2m

Ex has a corresponding k value which can be described
as:

2mEp
= —}{2—-

If we assume that all the Fermi energy is in the trans-
verse direction, it would indicate that k; is an upper
bound for the possible k values. This can be interpreted
as:

kr

K= k2 + k2 (22)

Plotting this in k space we see that it is a circle. The
points interior to the circle are the allowed k; and ky
values. As the width of the nanowire varies, L, and L,
change, either increasing or decreasing the number of al-
lowed k states. Depending on how rapidly that nanowire
changes, it is possible for more then one point to move
from the interior to the exterior of the circle. This would
create a gap of quantization where an integer step is miss-
ing, for example, jumping from 4 quantization to 6 quan-
tization. See Figure 5.

Given these equations it is possible to write M as a
density of k-space,

U= w(k2 + k2)

K
I.1,

(23)

Kx

91 interior points — 49 interior points

FIG. 5: The distance between spaces is determined by +=

Ieg’
so as the wire increases in thickness, the spacing of the modes
decreases, resulting in a continuum result. The allowed modes
line inside the circle, which specifies the upper bound of the
possible energies of the transverse waves. A smaller diameter
wire is represented on the left, with fewer allowed modes.

III. METHOD
A. Overview

The production of nanowires is accomplished by us-

ing 2 pieces of a very thin highly conductive wire lying
on top of each other. Through producing vibrations in
the surrounding environment, these wires will make and
break contact, the atoms of the surface melting into the
other when in contact. When contact is broken, atoms
of the wire will be pulled in the direction of separation,
which for a brief moment creates a string of atoms along
which electrons can flow. Due to the size of the wires in
use, .05mm, the voltage necessary to cause the electrons
to flow must be very small, on the order of 10-30 mV.
Through measuring the current passing through these
wires and converting it to a voltage measurement on an
oscilloscope, it is possible to observe quantized steps in
conductance.
This is a sightly modified method from that used by E.
Foley and D. Candela in their 1999 paper designed to
provide a nanowire experiment accessible to undergrad-
uate students. (2]

B. experimental set up

In the design of this experiment it is necessary to con-
sider three restrictions/considerations vital to calculate
quantized conductance.

o variable small power source
o-measurement of voltage across resistor

e current to voltage convertor for oscilloscope



1. variable small power source

For variation purposes of this experiment, it is not only
necessary to have a very small voltage from the power
source; it must also be necessary for that voltage to be
variable by the users choice. To this end, a voltage di-
vider with two resistors and a 10k} potentiometer was
constructed. By using placing the 10k POT in series
with the first resistor and using a small value for the sec-
ond resistor the desired voltage level is achieved. This
can most clearly be seen in Figure 6.

2. measurement of voltage across resistor

To measure quantization of conductance, it is neces-
sary to have a measure of the voltage being supplied by
the power source to the resistor. This measurement can
be made using a multimeter in parallel with the gold
wires. However adding this component we must take
into account the internal resistance of the multimeter.
Assuming that the resistance of the gold wire (R,) is
given as one over one unit of conductance we find that

and the total resistance, the gold wire in parallel with
the multimeter (Ry,), to be

Re= (g + 7)™ (24)

with our numerically determined value for R, and the
specified value for the internal resistance of the HP 34401
multimeter used in this experiment, we determined the
total resistance of this system to be 12932.5(2, a difference
of 17 from the value of resistance of the gold wire.
To make sure that this value does not interfere with our
analysis of this circuit, the resistance is isolated using a
unity gain follower. See Figure 6.

8. Current to voltage convertor

The voltage being supplied to the gold wires has been
found in the pervious section, now it is necessary to find
the current passing through. This will allow for the mea-
surement of the resistance at any given time. To this end,
a current to voltage converter was constructed, chang-
ing the current from the gold wires into a voltage. This
voltage is therefore a multiple of the I-V converters re-
sistance, Ry. This voltage is then measured by the oscil-
loscope and read by LabView using a GPIB interface.

Vsoope = Iian (25)

This voltage is actually a measurement of the current,
however in this form it allows for greater ease in digitiz-
ing.

s
e A
i AN
PN -
e Ve \ LT
g Wt
“eenn ! B oo
‘:’w.‘ —_ - = =
\.:?' -z
. el ! ‘ e T
il S~ . Witar 2t !
S : Lo~
S— AT i

FIG. 6: This is the original experimental design, three main
components, the power source on the far right, the unity gain
follower, and the I-V converter. As discussed later in the
results and analysis section, it is prudent to modify this design
to minimize error in recorded data. The red circle indicates
where the gold wires overlay and thus where the nanowires
form.

This results in a general structure of the experiment
as follows:
A voltage is applied to a voltage divider, which sends
roughly 10-30mYV into a gold wire in parallel with a mul-
timeter, which is isolated from the system by a unity
gain follower. This wire is lying on top of another wire"
which is routed through a current to voltage amplifier,
and then triggered into an oscilloscope. For data collec-
tion purposes, it is necessary to feed the output from the
oscilloscope into LabView using a GPIB interface.

C. data collection

There are three values, which are necessary to record

for an evaluation of quantized conductance; voltage
applied from power source, voltage on triggered scope,
and time scale from the same triggered scope. Both the
scope values can be acquired through the GPIB interface
in LabView, and the voltage applied from the power
source can be read from the oscilloscope. -
To acquire accurate data, it is necessary to set the
oscilloscope to trigger only once, when the voltage
applied across the wires reaches a certain, indicative of
a separation. A difficulty is encountered here through ...
Collecting data is an art, especially in this lab. There
are four main techniques used to acquire data; tapping,
holding, breathing, and oscilloscope oscillations. The
last is most interesting, producing the most viable data
for examination.



Holding involves holding the wires together using
two fingers, and releasing suddenly. This sudden release
should cause oscillations in the wires, which produce
nanowires. This was used in trials 1-4

Tapping is a technique explored in past experiments,
using two fingers to tap the table a distance away from
the intersection of the wires, hoping that the resulting
oscillations produce nanowires. This technique pre-
sented data, which was very sharply peaked, and did not
produce very useable data. Trials 5-7 used this technique

Breathing is a technique discovered by accident when the
scope was triggered when someone breathed on the wires.
Breathing produces relatively good data, theoretically
due in part to the small value of oscillations compared
to the other two techniques. This was used in trials 15-20

The most successful technique was also discovered
by accident when upon resetting the scope to trigger for
the next trial it triggered almost instantly. It is believed
that this is due to the interactions with the oscilloscope
and the table, i.e. that a metal beam, which rests on the
table, supports the oscilloscope. By pressing the reset
button, the metal wire jiggled, just enough to create
nanowires. This produces the smallest oscillations of all
the different techniques, which seems to indicate that
small oscillations are better. This technique was used in
trials 8-14, and resulted in the most quantized data.

To most accurately collect data, it is necessary to set
the sample rate of the oscilloscope very high, in our case
15,000 samples, and also to make sure it is on single
trigger, i.e. when the voltage passes through the trigger
level, the oscilloscope takes 15,000 samples and does not
cycle through.

D. data processing and analysis

This section will discuss the method of data anal-
ysis used, both in and out of Labview. the resulis
and further analysis will be presented in the section
Results and analysis

1. LabView analysis

To begin to quantized data, find the current flowing
through the gold wires at all times. this can be done
by taking the voltage measured on the oscilloscope and
converting it to current,

| 4
Il—f = Iwire (26)

where R is the value of resistance in the I-V converter.
This was experimentally measured to be 90.93k(). it is
also of interest to note that the 3.7k resistor is actually

9

a 3.6kQ resistor, and the 472 resistor was actually 42.
Now, knowing the current flowing through the wire we
can find the resistance by using the constant voltage ap-
plied from the power source, as determined by the mul-
timeter. so

Voo ts
Iun're
Now we have the resistance of the wire. Conductance
is given as

1
Guq = -ﬁ
(Guq)= conductance un-quantized.
This is the conductance. This is useful to output to a
graph, to determine if the data looks quantized. To de-
termine integer values of quantization, divide by the co-
efficient of quantization:

G
G = 52 = 00007747

2

This can also be outputted in a graph form in LabView,
as is shown in Appendix A, pg 1-2. The code as described
above can is written in LabView in Appendix A, pg 3-4.
These calculations can be performed in either a formula
node or by operators as shown.

2. Smoothing

Primary analysis of quantization can be performed in
Labview, and secondary smoothing techniques can be ap-
plied afterward. A smoothing program for the data was
written by Asher Davidson, using the technique described
in Fourtier’s thesis.[1] This program was designed take a
data point and average it with its next nearest neighbor,
in this case the next point in the series. To expedite the
process of analysis, the program was written to examine
all files in a directory of the name format:
trial nn N.dat
nn ranged from 01-20 and N ranged from 0-3 where
N=0, raw data
N=1, conductance data
N=2, quantized data
and nn indicated the number of the trial.

For a print out of the program see Appendix A, pg 5-7.

8. Smoothed analysis

After the data has been sufficiently smoothed, it is
necessary to determine at what integer values quantiza-
tion occurred. This is most easily accomplished using a
histogram. By determining the number of points which



have integer quantization in a certain range of a particu-
lar integer value and plotting them, it is possible to tell
graphically where quantization occurs. The process for
performing this analysis is simple and can be done in ei-
ther, Mathematica, or Excel.

To most accurately represent this data, it is beneficial to
create three groups of bins for the histogram to sort val-
ues into, in .2 integer steps, .1 integer steps, and .02 inte-
ger steps. This results in three histograms for each trial,
which allows for quantization to be based on confidence
of integer values. This is only a preliminary analysis, and
does not consider advanced least squares analysis using
step functions, or correction for loading of resistors. See
Results and analysis.

IV. RESULTS AND ANALYSIS
A. overview

Quantized conductance was clearly observed, as is ev-
idenced from the initial raw data, the smoothed data,
and the integer quantized data. However, observation
and numerically proving this fact are two entirely sepa-
rate processes. There were several features of this lab,
which resulted in rather large error. However, upon inte-
ger quantization of the data, and graphing in histogram
form there was clearly a statistical clustering of points at
integer values. However to fully understand and achieve
the quantization in each trial, two main factors had to
be examined: error from equipment (multimeter volt-
age), and offset from zero of data. What follows is that
analysis.

B. error analysis

To more accurately interpret the data collected,
it is first necessary to perform an error analy-
sis on it. [Examining the equations presented in
data processing and analysis:LabView analysis it is clear
that there are three potential sources of error: Digitizing
noise, multimeter data, resistance value of I-V converter.
Each of these three errors will be discussed in depth in
the next section. A potential correction to these errors
will be discussed in the correction and sources of error
section.

1. Digitizing noise

Digitizing noise is a product of Analog-Digital-
Conversion (ADC), which occurs with the voltage input
signal to the oscilloscope. Digitizing noise simply means
that the signal is too small for the oscilloscope to detect
due to limitations of processing of the converter. This is
called the resolution of the converter, which can for a n

bit converter be described as
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Range

. 2"

It is clear that the resolution depends on the range and
the bits of the ADC. The latter of these two factors is for
the most part immutable due to the commercial equip-
ment in use. The first factor we have great control over
through the oscilloscope interface controls.

For this experiment a Tektronix TDS 620B oscilloscope
was used, with 8 bit ADC, and a range of 500mV per
division were used this results in a resolution

Resolution =

Resolution = 500mV 25 = 20mV (29)

AVs = +0.02V (30)

If a signal occurred with a voltage lower then 20mV oc-
curred then it would not be possible for this oscilloscope
to detect said signal. This is the first value necessary for
error analysis

2. I-V resistance

The theoretical lab value for this is 100kf2, however
this resistor appeared to have the value of Skw. The re-
sistance appeared to fluctuate by roughly ten  through-
out the experiment, this is the second value necessary for
calculating the uncertainty in this calculation

R = +30Q (31)

8. Multimeter voltage

This was the most troubling part of data collection,
having the most fluctuation and variation of all the val-
ues. The value of fluctuation ranged from 2mV us-
ing the holding method to 1mV using tapping method.
This is a significant change in voltage given that the ap-
plied voltage difference was on average was 25-27mV.
A change in voltage of such magnitude indicates that
the voltage divider is being loaded by the I-V con-
verter. From just glancing at this value it indicates
that there will be roughly a 10 percent in this value.
This rather significant error will be discussed in the
improvements and approximations subsection.

This is the last value necessary for error analysis cal-
culations:

AViy = +2mV (32)




4. calculation of error

Due to the large number of data points in each element
of this lab, it would be impossible for me to list the error
for each one. Instead I will indicate how the error could
be calculated, and then give an example value for one
data set which showed many quantized points. Also this
calculation will be only for the quantized data given for
which this is the result of greatest interest.

The three sources of error are divided /multiplied by
each other, thus the equation for the calculation of error
is [14]

AN _ AV, Vs, AR
Y[ ST SR
Knowing the values from above it is possible to calcu-
late the error for any point, or series of points using a
simple program or a series of formula in a spreadsheet.
For Trial 1 this was calculated to be 0.157 N
This value indicates that it is possible to find integer
values of quantization to within 0.157 of their accurate
value. Therefore we should consider any quantized val-
ues within this error of an integer value to occur at that
integer value.

C. Raw data

It is important to note first that in perfecting the
technique for creating nanowires roughly 60 trials took
place. After corrections to collection techniques and
other changes, such as replacing of batteries, etc., 20
more trials were conducted, and met with varying de-
grees of success. Three of these twenty trials were less
then optimal, the transitions occurring over such a short
period of time and in such violent proportions as to be
devoid of any useful data.

FIG. 7: This is a raw data set from trial 1 captured using
LabView. No analysis has been performed on this data.

17 of the twenty trials yielded useful data, which was
later, used in analysis of quantization. See Figure 7 for
an image of raw data, and Figure 8 for an image of the
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raw data focused on the quantization region under exam-
ination.
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FIG. 8: This is a zoomed image of the same set of data from
trial 1. From simply looking at this data is is possible to see
quantized plateaus.

While it is evident that quantization occurs, it is not
evident that it occurs at integer values. To determine in-
teger quantization, numerical analysis must be performed
in LabView, using the method described in the LabView
analysis subsection of the Method section. This quan-
tized conductance analysis data can be seen in figure 12.

Tl

FIG. 9: This is a zoomed image of the conductance values
of the gold wires, un-quantized. The conversion from voltage
to conductance occurred in the data analysis section of the
LabView program, as described in Appendix A, pg 3-4 This
is the data set that would be used for an analysis using the
least squares approach.

D. quantized data

By dividing the conductance calculated in the pervious
sections by 2,%2, numerical value of we can find the integer



value of the conductance, and perform smoothing on it.
For a contrast between smoothed and not smoothed data,
please see Figures 10 and 11.

FIG. 10: This is a zoomed image of an un-smoothed data set
at an integer value in trial 1

FIG. 11: This is a zoomed image of a smoothed plateau oc-
curring at an integer value in trial 1

This is a zoomed image of a particular plateau of trial
1. Figure 12 shows the smoothed quantum integer con-
ductance.

B e —
FIG. 12: This is a zoomed image of the quantized data as
read using the LabView code in Appendix A, pg 1-2

It is not instructional to show the integer-quantized
graph of each trial, and thus only one is displayed here.
Due to the unwieldy large nature of this data, the best
method for analysis is creating histograms, as discussed
previously. Three histograms, each with a different bin
size 0.2, 0.1, 0.05, were created for each trial. See Figures
13, 14, and 15

From the error of .15 of an integer value, it would make
the most sense to examine histograms with a bin value
of 0.1 N. From a simple visual examination this makes
sense as well; 0.05 bin allows for too much noise and 0.2
is not accurate enough for our purposes.
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FIG. 13: This is a histogram of trial 1 using a bin of 0.05
integer values. This shows a large amount of noise, and is
smaller then the error calculated above.
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FIG. 14: This is a histogram of trial 1 using a bin of 0.1 integer
values. This histogram shows less noise the 0.05 bin value
histogram, and is within the range of the error calculated
above. This is the optimal bin range for data analysis, as it
is closest to the error value.

Isolating a section of the 0.1 N bin histogram we can
more clearly see the integer values of quantization. See
figure 16 for a zoomed image of this histogram.

Through an examination of this zoomed histogram, its
unzoomed counter part, and the associated table of fre-
quency of bin values, it can be seen that conductance
is quantized at values of 9, 19, 6, 8 and potentially 24,
(I would attach a table here, but its 9 pages long). It
should be noted that while no values occur exactly at
the quantization value for 6 and 8 integer multiples, the
frequency around those bins is much greater then the
norm, or surrounding area.[1]

2 4 6 8 1012141618202224262830323436384042
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FIG. 15: This is a histogram of trial 1 using a bin of 0.2
integer values. This histogram shows the leas noise of the
three, however the range of the bin is above that of the error.
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FIG. 16: This is a zoomed histogram of trial 1, focusing on a
region from 16-20 integer values.

E. integer values of quantization

What follows is a table of trials and their quantized
and nearly quantized values. These values were found
examining the frequency bin table associated with each
trial

TABLE I: Table of trials and quantized and near quantized
data. Note that OS stands for OffSet, and N/A means the
data yielded no interesting results see above. Again note:
trials 14 used the holding technique, 5-7 used the tapping
technique, 8-14 used the oscillations of the oscilloscope, and
15-20 used the breathing technique trials

Trial exactly quantized = 0.1 integer quantized

THall 6,8, 9, 19

Trial 2 os 0s

Trial 3 oS 0s

Trial 4 N/A N/A
Trial 5 1 2

Trial 6 19 11, 35
Trial 7 N/A N/A
Trial 8 28, 37 25
“Trial 9 19, 18, 41, 23, 37 17, 26
Trial 10 37 21, 34
Trial 11 N/A N/A
Trial 12 41 2,3,9
Trial 13 28 2,1,7,13,26
Trial 14 8 1,14, 15, 20, 39
Trial 15 8 15,26,38
Trial 16 24 9, 24, 20, 35, 39, 37
Trial 17 7 5, 6, 20, 26, 29
Trial 18 7,27 1, 2, 30, 36
Trial 19 14 5,11, 19, 39
Trial 20 24 18 36

From the table — it can be seen that trials 1 and 9
were the most successful, producing exactly quantized
data, while trials 4 and 7 produced no useful data at all.
Trials 2,3, and 11 produced data that was consistent in
peaks, but off in the placement of the peaks by values
of 0.2 integer values for 2 and 3, and 0.18 integer values
for trial 11. It is possible to explain this offset, data set
entitled OS, by the baseline of the zero conductance, i.e.
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when the wires are broken. In all three data sets the
voltage on the scope was not zero when conductance was
broken. This offset voltage in trials 2 and 3 was 0.1V,
which when added to the voltage at all points makes a
significant changed the position of the histogram peaks.
With this correction it appears that quantization occurs
in trial 2 occurs at 10 and 20 integer multiples, and at 3
integer multiples for trial 3.

Note that this data is using the ” connected” multimeter
voltage, which will be explained in the next section.

It is clear that quantization is occurring, and near
quantization is also occurring. the histograms for peaks
1 and 9 closely match previous experimental work. [1]
[2] [3] The large number of peaks with in 0.1 of an
integer value, within our error range provide secondary
evidence for the occurrence of quantization.

In particular, it is interesting to note that there appear
to be gaps in conductance; for example, there were
no conductance peaks at 4, 10, or 16 integer values. I
would assume that these gaps of conductance are due at
least in part to the geometry of nanowire formed. For
this experiment we assumed a rectangular well model,
which clearly does not model the entirety of the possible
models. If, for example, if this wire was a cylinder
instead, the k values would look every different, and the
model for k space would change entirely. The possible k
values from the Fermi k have a different structure, and
would make certain jumps in quantization impossible.

For further analysis of this data, professor Albyn Jones
of the Math department has suggested that may be possi-
ble to use a least squares analysis using a step function to
fit this data. If this analysis were possible, it would allow
for the determination of the numeric quantization value
from experimental data, rather than assuming quantiza-
tion and looking for integer value occurrences. While this
is a worthy endeavor, the analysis is laborious at best. I
will attempt to present a further analysis of this during
the next several weeks as an addendum to this lab.

F. correction and sources of error

The major source of error in this lab was the multime-
ter voltage, and the large fluctuations experienced during
measurement, which occur due to loading on the voltage
divider. This problem can be overcome by incorporating
a unity gain follower into the system between the gold
wires and the voltage divider.[15] See figure 17.

The order of magnitude of current passing through the
gold wires is roughly given by the order of magnitude dis-
played on the slope divided by the resistance of the I-V
converter. This fractional milliamp current is well within
the threshold current that the op-amp can pass. [15]
For a more accurate measurement of conductance, a new
LabView program was written, which allowed for the ad-
justment of multimeter voltage, I-V converter resistance,
and quantization values. See Appendix A, p. 3-4. All .



FIG. 17: an experimental modification to the original design
of this lab to increase the accuracy of the multimeter voltage
through isolating the load using a unity gain follower.

the data presented here were calculated using voltage
measured while contact was being maintained, know as
the "connected” multimeter voltage. It was determined
through use of this program that using the ”released”
voltage, when contact is not definite, results a fewer num-
ber of peaks of histograms located at or around integer
values. This was especially true of the holding trials, 5-
7, in which the ”connected” to "released” voltage ranged
from. For example:

TABLE II: A selected description of "connected” and "re-
leased” multimeter voltages

Trial Connected Released A RC

N mV mV mV
Trial 1 25 27 2
Trial 5 30 29 1
Trial 8 27 275 0.5

Trial 16 27 28 1

For simplicity sake, it might me useful to have the
voltage of the multimeter be read by LabView as well,
taking any human error out based on tired eyes.

V. CONCLUSION

It is clear that quantized conductance is occurring at
and near integer values well within the allowed error.
This can be seen from Table I, the histograms on pg. 10
of Appendix A, and the truncated histogram table, pg 8
9 of Appendix A.

It should be observed that that quantization occurs more
clearly and often for higher integer values. Again I believe
that- this is due to both the geometry of the nanowire,
and the distance of transition. By distance of transition
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what is meant is that integer occurrences tend to occur
at values greater then 1. While this transition occurs
over roughly the same time period, the distance dropped
is larger in comparison to smaller quantized values, and
thus there are fewer occurrences of transition conduc-
tance values. This would effectively increase the resolu-
tion of the histogram in these regions.

A. Further research

There are several areas of this lab, which could be ex-
panded in future projects: Multimeter unity follower, off-
set voltage compensating program, and an analysis of
multiple geometric formations of nanowires and the ac-
companying energies.

These first two changes are designed to improve the ac-
curacy of the data being processed, while the third is
designed to provide insight into the scheme of quanti-
zation in a particular data set. Different geometries to
be considered could range from a cylinder, to a flattened
rectangle.

In addition, it would be interesting to study the duration
of different integer values of conductance, and if there is
a correlation between the duration for the occurrence of
conductance wire and the geometry of the nanowire or
the integer value.

I would like to thank Asher Davidson for his help in
writing the smoothing code, and Albyn Jones for the gen-
erous donation of his time. As stated, I hope to have a
more through analysis of this data using a least squares
analysis, however this really depends on Albyn’s time
constraints. And of course I would like to thanks John
Essick, who I have had the pleasure of working with this
year. Thank you.
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1. variable small power source

For variation purposes of this experiment, it is not only
necessary to have a very small voltage from the power
source; it must also be necessary for that voltage to be
variable by the users choice. To this end, a voltage di-
vider with two resistors and a 10k} potentiometer was
constructed. By using placing the 10k POT in series
with the first resistor and using a small value for the sec-
ond resistor the desired voltage level is achieved. This
can most clearly be seen in Figure 6.

2. measurement of voltage across resistor

To measure quantization of conductance, it is neces-
sary to have a measure of the voltage being supplied by
the power source to the resistor. This measurement can
be made using a multimeter in parallel with the gold
wires. However adding this component we must take
into account the internal resistance of the multimeter.
Assuming that the resistance of the gold wire (R,) is
given as one over one unit of conductance we find that

and the total resistance, the gold wire in parallel with
the multimeter (Ry,), to be

Re= (g + 7)™ (24)

with our numerically determined value for R, and the
specified value for the internal resistance of the HP 34401
multimeter used in this experiment, we determined the
total resistance of this system to be 12932.5(2, a difference
of 17 from the value of resistance of the gold wire.
To make sure that this value does not interfere with our
analysis of this circuit, the resistance is isolated using a
unity gain follower. See Figure 6.

8. Current to voltage convertor

The voltage being supplied to the gold wires has been
found in the pervious section, now it is necessary to find
the current passing through. This will allow for the mea-
surement of the resistance at any given time. To this end,
a current to voltage converter was constructed, chang-
ing the current from the gold wires into a voltage. This
voltage is therefore a multiple of the I-V converters re-
sistance, Ry. This voltage is then measured by the oscil-
loscope and read by LabView using a GPIB interface.

Vsoope = Iian (25)

This voltage is actually a measurement of the current,
however in this form it allows for greater ease in digitiz-
ing.
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FIG. 6: This is the original experimental design, three main
components, the power source on the far right, the unity gain
follower, and the I-V converter. As discussed later in the
results and analysis section, it is prudent to modify this design
to minimize error in recorded data. The red circle indicates
where the gold wires overlay and thus where the nanowires
form.

This results in a general structure of the experiment
as follows:
A voltage is applied to a voltage divider, which sends
roughly 10-30mYV into a gold wire in parallel with a mul-
timeter, which is isolated from the system by a unity
gain follower. This wire is lying on top of another wire"
which is routed through a current to voltage amplifier,
and then triggered into an oscilloscope. For data collec-
tion purposes, it is necessary to feed the output from the
oscilloscope into LabView using a GPIB interface.

C. data collection

There are three values, which are necessary to record

for an evaluation of quantized conductance; voltage
applied from power source, voltage on triggered scope,
and time scale from the same triggered scope. Both the
scope values can be acquired through the GPIB interface
in LabView, and the voltage applied from the power
source can be read from the oscilloscope. -
To acquire accurate data, it is necessary to set the
oscilloscope to trigger only once, when the voltage
applied across the wires reaches a certain, indicative of
a separation. A difficulty is encountered here through ...
Collecting data is an art, especially in this lab. There
are four main techniques used to acquire data; tapping,
holding, breathing, and oscilloscope oscillations. The
last is most interesting, producing the most viable data
for examination.



Appendix: A

Data collection code: pg 1-2
Data analysis code, LabView: pg 3-4
Data Smoothing code: pg 5-7
Truncated histogram table: pg 8-9
Optimized Histograms, Trials 1&9: pg 10
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smooth_script
#!/bin/bash
ﬁ EL TRUTAMAI
# note that this script assumes that the files in the datafiles
folder has a name exactly 10 characters long. It's intended for files

with names like "trial_00_0" and such.

echo "smoothing files..."

for datafile in ./datafiles/*

do
cp "$datafile" ./in.dat
./smooth )
mv ./out.dat ./smoothed/${datafile:(-10)}s.dat
done :
rm
./in.dat

echo "Done smoothing files"



smooth.cpp '
/*************#****************************#************
%

sTooth.cpp .

* simple smoothing function. Takes the average of the data
* point's two nearest neighbors.

s+ 3%

takes file in.dat and smooths it and writes it to out.dat

*

souce code based on Kevin Michael Fortier's
* physics thesis

I

*
Ak ht kR ke ket hhhhhhhhhhkhhhhhhhhdehhhhhhhhhhihk

/

#include
<jostream.h>
#include
<fFstream.h>
#include
<iomanip.h>
#include
<string.h>

int main(Q)

// variables
ifstream inFile;
ofstream outFile;

float x, Yy;

float yNext, yPrev, xNext, XxPrev;

0;
0;

int count
int total

// variable initializations

x = 0;
y = 0;
yNext
yPrev
xNext
XPrev

[eYeYele)

e wewswe

outFile.setf(ios::fixed,ios::floatfield);
outFile.setf(ios::showpoint);

1nFi]e.open("in.dat"5;
outFile.open("out.dat");



) ) smooth.cpp
outFile.precision(8);

// compute the average of the Nearest Neighbors
while (inFile) { )
if (count == 0) // no previous point

{
inFile >> x;
inFile >> y;
outFile << x << '"\t' << y << '"\n';
XPrev = X;
yPrev = y;
} else { '

inFile >> xNext;
inFile >> yNext;

if (xNext==EOF| |yNext==EOF)
]outF11e << X << '"\t' << (yPrev + ¥)/2.0 << '\n';
else

outFile << x << '\t' << (yPrev + 2.0%y + yNext)/4.0 << '\n’

X = XNext;
yNext;

y
XxPrev = X;

yPrev = y;

count++;



Bin

Trial 1 Bin Frequency
Bin Frequency 9.4 17
4.7 4 9.5 - 11
4.8 4 9.6 14
4.9 1 9.7 13
5 3 9.8 28
5.1 3 9.9 14
5.2 7 10 0
5.3 6 10.1 30
5.4 6 10.2 . 68
5.5 39 10.3 35
5.6 49 10.4 15
5.7 11 10.5 41
5.8 48 10.6 95
5.9 62 10.7 51
6 0 10.8 10
6.1 9 10.9 51
6.2 6 11 42
6.3 8 11.1 9
6.4 S 11.2 8
6.5 14 11.3 7
6.6 3 11.4 4
6.7 8 11.5 2
6.8 40 11.6 0
6.9 12 11.7 1
7 9 11.8 2
7.1 9 11.9 0
7.2 9 12 2
7.3 S5 12.1 0
7.4 3 12.2 1
7.5 S 12.3 2
7.6 39 12.4 1
7.7 51 12,5 2
7.8 10 12.6 1
7.9 49 12.7 0
8 0 12.8 1
8.1 72 12,9 1
8.2 23 13 0
8.3 10 13.1 3
8.4 25 13.2 1
8.5 64 133 4
8.6 91 13.4 0
8.7 38 13.5 S
8.8 90 13.6 3
8.9 277 13.7 4
9 110 13.8 4
9.1 44 139 0
9.2 111 14 8
9.3 98 14.1 S
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