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SECTION II: Theory 

Crystallography 

The atoms in a solid are held in place by the coulomb interaction in such a way that they 
form a self-repeating geometrical shape called a lattice. A series of lattices can be put 
together to form a crystal. The study of lattices and crystals and how they form is called 
crystallography, a science that is very relevant to superconductors. The structure and 
composition of solid crystals has a very large effect on how electrons can be transported 
through materials, in other words, the molecular make up of a crystal affects the 
conductivity that the crystal will have. The structure of a perfect crystal is defined in 
terms of the lattice with an atom or a group of atoms attached to every lattice point. The 
group of atoms is called a basis, which when repeated in space, forms the crystal 
structure.4 Lattice points can be connected to one another through the primitive 
translation vectors a i, a2, a3 so that the lattice looks exactly the same for a point r as it 
does for a point r' = r + Aal + Ba2 + Ca), where A, B, and C are arbitrary integers. The 
r" = r + Aa, + Baz + Ca3 

Ol~ 
= a + az+ 3 

Fig. II. a 

4 Kittel, Charles. Introduction to Solid State Physics. John Wiley & Sons. New York, NY. ©1 996 
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that has extra lattice points centered on each of its six faces while the body centered cubic 
has a lattice point in the center of the cube . 

.--/ .--/ 

/ / 
Fig. II.c: simple cubic, bcc, fcc 

The position of a point inside a cell is defined as mUltiples of the primitive 
translation vectors with notation that differs from the standard expression for a vector. 
The origin is usually picked to be an arbitrary comer of the cell and positions are 
measured from there. In the case of a cube, the center would have the coordinates 
(Y2, Y2, Y2) and the centers of some ofthe faces would be (0, Y2, Y2), (Y2, 0, Y2), and 
(Y2, Y2,0). The orientation of planes within a crystal is handled in a similar manner, 
though it turns out to be more convenient to describe the planes by using the following 
technique: 

1) Find the intercepts of the plane in terms of the lattice constants 31, 32, 33. 
2) Take the reciprocals of those numbers and reduce them to the smallest three 

integers having the same ratio. 
3) The result is written in parenthesis (hkl) and is called the index of the plane. 

Take for example, a plane that has the intercepts (3, 2, 4); the reciprocals are ~, Y2, Yt and 
the smallest three integers having the same ratio are 4, 6, 3; thus (hkl) = (463). If one of a 
plane's intercepts happens to cross an axis on the negative side of the origin, then the 
negative sign is denoted by a bar over the appropriate index. For example, a plane 

parallel to the 3233 axes that intersects the 3t axis at a1 will have the coordinates ( 100). 

(100) 	 (200) (110) (111) 

Fig II.d 
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and the result is an equation 
that satisfies II.3. Figure lI.e 
shows the difference in phase 
between two wave vectors 
scattered from two different 
volume elements a vector r 
apart. The difference in phase 
angle between the incident 
waves at 0 and r is 

(2msin¢)lA = k • r. The 
difference between the phase 
angle in the diffracted waves 

Figure II.e 	 leaving 0 and r is - k • r . 
Thus the total difference in 

the phase angle between the incident and reflected waves will be (k - k'). r and the 

wave scattered from dV at r has a phase factor relative to the wave scattered from a 
volume element at 0: 

i(k -k' \- r -iM.fe e[II.7] 	 ,. = 

Figure II.f demonstrates how k can be mathematically 
transformed into k' through the addition of a vector ~k, which 
is the change in the wave number of the scattered x-rays. 

[II.8] 	 k + ~k = k' 

Thus, the term k - k' in the argument of II. 7 can be replaced 
with -~k. The amplitude A of the x-ray scattered from a Fig.I1.f 
volume element is proportional to the local electron concentration 
at the atom. Therefore, the total amplitude of the scattered wave is proportional to the 
integral over the entire crystal ofn(r)dV mUltiplied by the phase factor II.7. 

A = fdVn (r )ei(k-k')e"[II.9] 

Substituting II.4 for nCr) of equation 11.9 results in an equation for the scattering 
amplitude: 

A = ~ fdVnGei(G-~k~"
[II. 10] 

G 

this will be maximized when the argument of the exponential is zero, or when: 

[11.11] 	 ~k=G 

meaning that the diffraction maxima will occur when the change in wave vector is equal 
to the reciprocal lattice vector. This condition for diffraction can be rewritten by 
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• 
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• 
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substituting G for ~k in [II.8] and recognizing that the scattering of a photon off an atom 
is an elastic process for which the energy hu is conserved. Thus, the frequency ofthe 
incoming wave must be the same as that of the outgoing wave, requiring that the 
magnitudes of the wave vectors k and k' must be equal, and so are the squares of their 
magnitudes. Therefore, using the substitutions above: 

Using the fact that if G is a reciprocal lattice vector, then -G will be one as well and the 
diffraction condition can be restated as: 

[IT.12] 

Diffraction plays a large role in solid-state physics because of its role in determining the 
crystal structure and inner workings of a particular material. The dependency on 
interpreting results lead to the development of the reciprocal lattice 

Brillouin Zones 

Leon Brillouin used the diffraction condition to define a unit cell in the reciprocal 
lattice, by rearranging [II.12]: 

[IT. 13] 

Working in reciprocal space, a vector G can be constructed from the origin to a reciprocal 
lattice point close to the origin and a perpendicular bisector is drawn through G. The 
plane then forms a boundary for the cell and any k that is drawn from the origin to the 
plane will satisfy [II.l3] as is demonstrated in Figure Il.g. The set of all of the planes that 
can be constructed by bisecting a vector from the origin to the nearest reciprocal lattice 
points forms the First Brillouin Zone. The set of planes that 
can be constructed using the second closest neighbors to the • • 
origin is called the second Brillouin zone, and so fourth. If 
one considers reciprocal space in one dimension, then [1l.2] • 
shows that the magnitude of a basis vector b will be: 
b = 27r/a, where a is the inter-atomic spacing. The shortest 
reciprocal lattice vectors from the origin are b and -b. 
Constructing perpendicular bisectors through G = b results • 
in the Brillouin zone boundaries for which, the shortest 
distance between the origin and the zone boundaries will be 
(Y2)(27r/a) = 7r/a. Therefore, in one dimension, the zone 
boundaries will be at k = ±7r/a. Although seemingly Fig. ILg 
unimportant at this stage, the Brillouin zone is a construction 
that allows physicists to simplify equations by working in reciprocal space, making the 
Brillouin zone the elemental building block for solid-state physics. 
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Superconductors 

Superconductivity is not a bulk property of an object, it is a state of the material 
that composes an object. Furthennore, a superconducting material is not only 
characterized by an abrupt loss of electrical resistance, but there are changes in a variety 
of other properties as well. All these changes occur at the same temperature known as 
the critical temperature. Some other changes that occur are: the specific heat capacity of 
the material increases suddenly, thennoelectric effects vanish, and the thennal 
conductivity of the material changes abruptly. Those characteristics are some ofthe 
changes in properties that are observed as the temperature drops below the critical 
temperature. Because the material changes its properties so dramatically as it passes 
below the critical temperature, the superconductor is said to pass into the 
superconducting state. 

Soon after Onnes discovered superconductivity, two other interesting properties, 
critical currents and critical magnetic fields were associated with superconductivity. 
Obviously, the discovery of resistance less current flow would cause researchers to run 
higher and higher currents through superconducting materials. It turns out that once a 
threshold current is reached (which is usually relatively small), superconductivity is 
destroyed, even ifthe superconductor is well below the critical temperature. The current 
at which that occurs is the critical current and its value depends on the particular material 
composing the superconductor. 

Similarly, superconductivity can be destroyed by a strong enough magnetic field 
called the critical field. Critical fields are associated with another interesting 
characteristic of superconductors discovered in 1933 by Walther Meissner and Robert 
Ochsenfeld. The two experimentalists discovered that when a superconductor is cooled 
below its critical temperature in the presence of an external magnetic field, then at the 
transition into the superconducting state, the magnetic flux lines are excluded, or pushed 
out, from the superconductor and there is no magnetic induction field inside it. This 
phenomena is known as the 
Meissner Effect and it is a 
bulk property of a super­
conducting specimen. 

Figure II.k.a shows 
the material before being 
brought below its critical 
temperature and II.k.b 
shows the magnetic induc­
tion lines being expelled 
from the material. If this 
effect were to be approached (a) Fig. Ilk (b) 
by treating the superconductor 
as a material with no resistance, then when a material is in the superconducting state, its 
electrical resistance p is zero for any constant current density J. By [II.24] E = pJ, so the 
electric field inside the sample must also be zero. The differential fonn of Faraday's Law 
relates the electric field to the magnetic inductance by 
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In 1957, the physicists Bardeen, Cooper, and Schrieffer proposed an atomic 
theory of superconductivity, called BCS Theory in their honor, based on electron-electron 
interactions within the lattice of a solid. BCS Theory is based on the strange concept of 
an attraction between electrons, caused by lattice vibrations. At first thought an attraction 
between electrons seems impossible, because electrons contain negative charges and thus 
should repel one another through Coulomb interactions. To understand how two 
electrons could be attracted to one another, consider the oversimplified case of two static 
electrons within a lattice. Surrounding each electron are the positive ion cores ofthe 
lattice. The cores are not held rigidly in place, but they vibrate as if connected by 
springs. The negatively charged (exaggerated) electrons attract all of the nearby positive 
cores as in Fig. II.m. The attraction of the cores by one electron 

results in a concentration of positive charge 
around that electron. In other words, the 
lattice is polarized by the electron. The 
concentration of cores results in a net 
positive region of the lattice that attracts the 
second electron. The process works so that 
both electrons mutually attract one another, 
although the force is not great enough to 
overcome the repulsion due to the charges of 
the electrons. 

The situation can be described using 
an analog similar to the way gravity is 
described in general relativity. The 
electrons behave like two balls and the 
lattice like a thin elastic membrane. When 
the balls are placed on the sheet, their 
weight deforms the membrane. This 
deformation represents the polarization of 
the lattice due to the electron's charge. The 
energy of the whole system can then be 
reduced by having the balls sink towards 
each other into a single trough, so to reduce 

Fig. II.m their potential energy the balls become in a 
sense bonded to one another. Of course, the Coulomb force prevents the electrons from 
actually touching, but the reduction in potential energy of the system has gone into the 
formation of a bond between the two electrons. 

The flaw in the description above is that electrons in the lattice are moving with 
considerable velocities and do not polarize the lattice statically. Instead, the polarization 
is set up along the path that the electron travels. Because the lattice is an able to vibrate, 
the amount of polarization will depend on the natural frequencies of vibration that the 
lattice can have. That would indicate that the size of the cores would have an effect on 
superconductivity. Heavy atomic isotopes have lower lattice frequencies and are slower 
to concentrate, thus the attraction between electrons would be less. Therefore, the 
electron-electron interaction is weaker, corresponding to a lower critical temperature. 
Lower critical temperatures in heavy isotopes have indeed been observed experimentally 
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SECTION III: Setup & Experiment 

Critical Temperature Measurement Device 

The premise of the experiment was to use an electronic signal to measure the 
Meissner Effect by passing it through an amplitude detector and a low-pass filter. Two 
solenoids, a primary and a secondary, were constructed using PVC piping and insulated 
copper wire. To build the primary solenoid, 500 coils ofO.94mm wire was wrapped 
around 2-inch diameter PVC pipe and coated with Liquitex Gloss Gel Medium to hold 
the wire permanently in place. Two grooves were cut into the PVC pipe at the top of the 
primary so that a support for the secondary solenoid could lie across the diameter of the 
primary. The primary was then mounted on a circular wooden base, around a wooden 
pedestal that penetrated I-inch into the bottom of the primary. The secondary solenoid 
was built around %-inch PVC pipe and constructed using two 750-coil sections of 
0.3Irnm wire. Each section started two inches from the center of the pipe (one above and 
one below center) and consisted of a 250 coil base wrap that was coated with the Liquitex 
Gloss Gel Medium. After the 250th coil, the wire was run straight down the coil, 250 
more turns were added to make a second coil on top of the base coil, and more Gloss Gel 
added. The wire was again run straight down the coil on the opposite side ofthe first run. 
The final 250 turns made a third coil and a last layer of Gloss Gel added. One inch was 
cut off the bottom of the secondary to account for the wooden pedestal used to mount the 
primary. A %-inch diameter styrofoam cylinder was installed so that its top sat at the 
midpoint of the top coil on the secondary, and Liquitex Gloss Gel was applied to the 
styrofoam to hold it in place. That coil sits at the top of the device and was named the 
experiment coil because it holds the superconductor. The bottom coil was called the 
reference coil because it is used as a control. A styrofoam toroid of outer radius 2-inches 
and inner radius %-inches was placed at the base of the secondary to help stabilize it. 

Primary Solenoid Secondary Solenoid 

Fig. UI.a 
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Two holes were drilled in the top for a plastic support rod that would sit in the grooves 
cut into the primary. The wires from both the primary and secondary solenoids were 
soldered to BNe adapter leads. 

The device was then connected to a Teachspin SPLIA1-A Signal Processor using 
coaxial cables with BNe adaptors. The signal generator in the SPLIA1-A was fed 
directly to the primary solenoid, while the experiment coil in the secondary solenoid was 
connected to the A jack on the preamplifier and the reference coil was connected to the ­
B jack. The preamplifier gain was set to 50V and its output was fed into the amplitude 
detector on the SPLIAI-A, and from the detector, into the low-pass filter/amplifier that 
was also built into the device. Both the detector and the low-pass filter/amplifier gain 
were set to 2V, the time constant dial and the roll off switch on the low-pass 
filter/amplifier were set to 0.1 s and 12 dB/oct. respectively. A wire schematic of this part 
of the setup is included as Figure Ill.b. Then the signal passed to a Pasco Science 
Workshop 500 Interface. Because the leads into the data port require banana plugs, a 
BNe to banana coaxial cable connected the output of the low-pass filter/amplifier to the 
input for the Pasco 500. The Pasco interface was then connected to a computer so data 
would be taken using Pasco's Data Studio data collection program. 

Signal from Experiment 
Coil Amplitude detector 

Signal from Reference 
Coil 

Fig.III.b 

Low-pass
filter DC output 

Fig.IILc 
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Computer 

Secondary Solenoid The signal generator 

Pasco Data Primary Solenoid w/ 
SPLIAI-Aport Secondary inside 

on the SPLIAI-A is 
connected to the primary 
solenoid. The output from 
experiment coil is connected 
to the A jack and the 
reference coil connects to the 
- B jack on the preamplifier on 
the SPLIAI-A. The 
preamplifier combines the 
signals and the resulting 
signal is sent to the amplitude 
detector where the signal is 
rectified and passed on to the 
low-pass filter/amplifier. The 
filter averages the rectified 
signal and returns a DC 
voltage that is sent to the 
Pasco Science Workshop 500 

Interface and the oscilloscope. (The oscilloscope is only used as another means of 
observing what is going on, other than Data Studio and the built-in gage on the low-pass 
filter/amplifier.) When a signal is passed through the primary, it induces a signal in the 
coils in the secondary solenoid. When the secondary is empty, the reference signal and 
the experiment signal will be the same, and thus cancel out when mixed by the 
preamplifier. 

When a superconducting disk is placed in the experiment coil and cooled, then the 
Meissner effect will warp the magnetic field inside the experiment coil and alter the 

84 

Digital Multimeter Ice bath Oscilloscope 

Primary Solenoid 
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