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‘ Ouantum Mechamnies \
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‘ Ouantum Mechamnies \

A quantum of energy is the amount of energy
needed to move an electron from one energy
level to another energy level.

(Refer to figure on the next page)

 Mechanics is the study of motion using the
concept of space, time, mass and potential
energy.

* Quantum mechanics is the mechanics of all
types of particles.

» Classical mechanies is the mechanics of any
type of particle with size >> atom.
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Figure: (Refer to figure on the next page)

A quantum of energy is the amount of energy needed to move an
electron from one energy level to another energy level.

The degree to which they move from level to level
defermines the frequency of light they give off.



ATOM

 What is the universe made out of?
— Prior to Democritu (450 BC) Earth, water, fire, wind, and void.
— Democritus (450 BC) atoms & void

— Indirect observation of atoms was through Brownian motion
interpreted by A. Einstein (1905)

Robert Brown’s Discovery

/

grains [ == — \ » ‘ ]

/ The Well (Quantum Corral) (2009) &
by Julian Voss-Andreae. Created using
the 1993 experimental data by Lutz et

al., the gilded sculpture was pictured in
a 2009 review of the art exhibition

In 1827 Robert Brown, a Scottish botanist and curator
of the British Museum, observed that pollen grains

suspended in water, instead of remaining stationary "Quantum Objects" in the journa|

or falling downwards, would trace out a random [1]

zig-zagging pattern. This process, which could be Nature.

observed easily with a microscope, gained the name 7

of Brownian motion.
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Abstract

A method for confining electrons to artificial structures at the nanometer lengthscale is
presented. Surface state electrons on a copper(111) surface were confined to closed
structures (corrals) defined by barriers built from iron adatoms. The barriers were assembled
by individually positioning iron adatoms with the tip of a 4-kelvin scanning tunneling
microscope (STM). A circular corral of radius 71.3 A was constructed in this way out of 48 iron
adatoms. Tunneling spectroscopy performed inside of the corral revealed a series of discrete
resonances, providing evidence for size quantization. STM images show that the corral's
interior local density of states is dominated by the eigenstate density expected for an electron
trapped in a round two-dimensional box.



An element can be identified by its emission spectra

When atoms absorb energy, electrons move into
higher energy levels. These electrons then lose

energy by emitting light when they return to lower
energy levels.

Mercury Nitrogen




The atomie theory of matter

HISTORY OF THE ATOM TIMELINE

Modern
Democritus 460 BC Thomson Rutherford  Bohr Quantum

and Dalton 1803 AD 1897 1912 1913 Cloud Model
post 1930

Democritus : the word atom, was coined by the
ancient Greek philosopher in 460 B.C., the proposed
Greek word atom, means uncuttable.

All matter in our universe is made of atoms.
$olids, liquids, and gasses are made up of atoms.




Atomic Model Timeline

Path of a moving

oloctron\ °
Sphere with L % '
positive charge J
throughout 0 .

’ ’ ;
Nucleus ) NS Nl
. %
Negatively charged
particle (electron) Rutherford
Model
1904 Hantaro
Nagaoka, a Japanese 1911 New Zealand
1897 J.J. Thomson, a British physicist, suggests physicist Ernest
1803 John Dalton scientist, discovers the electron. that an atom has a Rutherford finds that an
pictures atoms as The later leads to his "plum- central nucleus. atom has a small, dense,
tiny, indestructible pudding” model. He pictures Electrons move in positively charged
particles, with no electrons embedded in a sphere orbits like the rings nucleus. Electrons move
internal structure. of positive electrical charge. around Saturn. around the nucleus.

1800 (1805 e e
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Atomic Model Timeline

An electron can gain The nucleus contains
or lose energy by protons and neutrons.
changing its orbrt.

& V/ Electron

\ The electron cloud is a visual
model of the probable locations
of electrons in an atom. The
probability of finding an electron
is higher in the denser regions

Nucleus of the cloud.
Bohr Electron Cloud
WMode! 1923 French physicist Model
Louis de Broglie

1913 In Niels proposes that moving 19286 Erwin Schradinger 1932 James Chadwick, an
Bohr's model, the particles like electrons develops mathematical English physicist, confirms
electron moves in have some properties of equations to describe the the existence of neutrons,
a circular orbit at Wilhin a few motion of electrons in which have no charge. Atomic
fixed distances years, experimental evi- atoms. His work leads to nuclei contain neutrons and
from the nucleus. dence supports the idea. the electron cloud model. positively charged protons.
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Classical Mechanics, Classical E&M, Thermodynamics &
$tatistical Mechanics, and Math Physics

Industrial revolution~ engines, cars, planes, missiles, bridges, buildings, hydro-
electric power, large ships, vacuum-valves electronics, radio, tv, ENIAC Computer,
etc.

ENIAC (which meant "Electronic Numerical Integrator And Computer") was a computer built
between 1943 and 1946 by a senior physicist with a young engineer helper. The machine was built out
of nearly 17,500 vacuum tubes, 7,200 diodes and many miles of wire. It weighed about 27 tons, was 1
meter deep, 2.5 meters tall, and about 25 meters long. It covered 1,800 square feet (167 square
meters) of floor space, weighed 30 tons, consumed 160 kilowatts of electrical pewer.

Quantum Mechanics and Relativistic Mechanics

Transistors, Microelectronics and photonics, digital technology, Information
technology, world wide web (the internet), faster computers, smart phones,
artificial satellites, faster and efficient (cars, planes, missiles, etc),

13



Future technologies that result directly from Quantum Mechanics

Quantum computer DYNAMIC
@E\WE&@E’)EE& L |

Quantum teleportation

Paresh Chandra Ray



The wave=-tunction

Wavefunction, ¥(x,t), which contain the
information required to describe ALL of the
dynamical properties of the particle.

between x and (x 4+ dx), attime .

W (x, )| dx = I

probability of finding the particle ‘

Where || W (x,t) |2 = P*(x,t) P(x,t)

15
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Expectation value of mementumm
of #he particle

Expectaiion value of kinetic energy
off the particle

Expectation value of any dynamical
Variable Q of the particle

The unecertainty principle

where o’ = ((Ax)’) = (x7) — (x)". 16




The Schrodinger Equation

* Rutherford’s and Bohr’s model focused on
describing the path of the electron around the
nucleus like a particle (like a small baseball).

* Austrian physicist Erwin $chrodinger (1887—
1961) treated the electron as a wave.

— The modern description of the electrons in atom:s,
the quantum mechanical model, comes from
the mathematical solutions to the Schrédinger

equation.

Schrodinger Equation

H=Ey

17



1-D Schroedinger Equation

E w(x,t) =H y(xt)

H = P2/2m + V(x)

Schroedinger: If electrons are
waves, their postion and motion
in space must obey a wave
equation.

Solutions of wave equations yield
wave functions, ¥, which contain
the information required to
describe ALL of the dynamical
properties of the particle.

Provides a picture of the
electronic distributions of the
electrons about the nucleus of
an atom and about the connected
nuclei of a molecule.

18



The time independent $chrodinger Equation

If V the potential energy only depends spatially (that is, ie,
V(x)), then separation of variables is possible:

w(x,t) = d(x)f(t)

Schrddinger Equation

Time Independent
Schrédinger Equation

19



A Particle in an Infinite Sqaure Well Potential

0, if0<x <a,
Vix) = .
a0, otherwise

d(x) = A sin(kx) + B Cos(kx)
Boundary conditions
B=0 and ka=nm

nitx

d,(x) =A sin(T)

Normalization

A=VE)

0a() = V) sin(=)

From one of the boundary
conditions, Ra=ntnt

_nnth 5 1
En _( a )

2m

20



A Particle in an Infinite Sqaure Well Potential

$4(x) is ground state
and n > 1 is excited

3nh., 1 2y 3T state
Es=( 7; )2 2m |||V - DL ba(x) = \/(a) sin(=") dn(X) alternatively
r "y even or odd

9E n=3 A
1 =4 d,(X) each successive
state has one more

2ch T . node
E,=( 7: )Zi QUL JUUD HW ’MTH ¢2(x)=\/(§) sin(z%) d,(X) are mutually

=4k,

orthonormal
n=2 1h=g (orthogonal and

normalized)

wh - 1 > Tx d,,(X) are complete
E=(—)%— i B dq(X) = V() sin(=) (any &(x) can be

P ral 2m “_“UiHHL , | _.,.MU'LD iR a ¢ expressed as a linear
n=1 -2 =d combination

O(X)=Z, <, n(X) )

0 d

21



A Particle in an Infinite Sqaure Well Potential

A
S~

22



The Harmonic Oscillator

The 2" [aw of motion The Schrédinger Equation

E = by = mLX Hy(x,t) = Ey(xt)
dtZ 2 1
p 2 2

X(t) = A Sln((ﬂt) +B COS((Dt) H = ﬁ + 5??‘1&) &

\E =202 4 05 Mo 00 = £6(0

Quantum

f(t) = e‘iEt/*h Case

y(x,t) = o(x)f(t) - \n /

EaHo ed” Turnmg : urning
= pom’r | point
- | i
|
"Ag 0
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The Quantum Harmonic Oscillator (cont.)

E = (n + %) ho

- —\*V“\f

i
i




The Quantum Harmonic Oscillator (cont.)

25



The Scattering Matrix

The theory of scattering generalizes in a pretty obvious way to arbitrary localized potentials.

t Refy)

4 oncIgy

Region 1 Region 2 Regon 3

Scattering from an arbitrary localized potential ( V(x) except in Region II).

Aeikx + Be-ikx Region 1 V=0 where k=y12mE/h?)
H(X) = { Cf(x) + Dg(x) Region 2 V=0

Felkx + Ge-iKx Region 3 V=0
A + B = Cf(0) + Dg(0)
K(A—B) = Cf(0) + Dg'(0) |_, | B=SuA+5u,G | (B) _ o4 ¢ = (511 S12
F + G = Cf(a) + Dg(a) F=5,A+5,G F G S21 S22
IK(F — G) = Cf(a) + Dg'(a) 26




The Scattering Matrix (Cont.)

O0<E< Vo Classically
Vo frge —
& $, =Ae™ + Be'™®™ Region 1 V=0 where k=v{2mE/h?)
“Eil';ﬁf ?y 2 2 $, =Ce™ + De™ Region2 V=0 where y=vy12m(Vo-E)/h?)
incorming paricl 5 =Ee’™ Region 3 V=0 where k=vy{2mE/h?)

,-'-I fi N ™, particle wavefunction

A [ I| 1‘1_: past the barrier , -

..I. .|.-||.1-.',.| e wmmos e ad O O T g e ¢l|x:-a: (|)2|x:-a => Ae'"+Be*a=Ce2+Der®
| - '

.'
Orsivent|] |/ | *ex-y/ O 1lyea= O'oln = IK(AiKa-Beika)=y(Ce12-Der?)

Reduced probability, _ B Ka—(~aya a
but not reduced (|)3|X:a_ ¢2|x:a => Ee*a=Ce"@+De

I .
energy 0'3lx=a= §'2ly=a => IK(EE?)=y(Cer2-De?)

¢, =Ae™ + Be™®™ Region 1 (x<-a) V=0 where k=v{2mE/h?)
¢, =Csin(yx) + Dcos(-yx) Region 2 (-a<x<a) V=0 where y=v12m(Vo-E)/h?)
$5 =Fel Region 3 (x>a) V=0 where k=y12mE/h?)

27



WAVE EQUATION IN 3D

EVY(r,t) = HY(rt)

aw - W

Normalization f PO (rt) dV = |




Angular momentum values

Angular momentum is quantized:

L| = A/Il+1) ; I, = hm = —hl, ...kl

29



SPIN

Stern-Gerlach expenment
Orbital L = r X P motion of center of mass
Spin S=Il® motion about center of mass baam of Cs atoms
Quantum Mechanics intrinsic & extrinsic I"'-.
[S,, S = ihS, “-,h

Eivan collimators 5

S? |sm > = h2s(s+1)|sm> magned — non-uniform
S, |sm > = hm|sm> N magnatic fiald

S, [sm > =h y(s(s+1)-m(m+1))|s (m+1)> '
S;=5,1iS,

S=0,1/2, 3/2, 5/2, ...

m =-s, -s+1, ...,s-1, s

Spin of =-meson is 0, electron (e) is Y2, photon (v) is 1, é-particle is 3/2, and graviton (Q) is 2

sorggn/dedecior

Spin ¥z particle

S=1%, (proton, neutron, electron, all quarks, and all leptons)
| ¥2 ¥2 > spin-up

|2 -¥2 > spin-down ‘

Spinor = (},) =ax. +by_ where .= (5) 7.=(3)

30



Quantum Mechanics Book in Amharic
Einstein Project in Africa

Quantum Mechanics in Amharic Paperback - 0
RA7E°: “Lhihn e

Quantum Mechanics in Ambharic
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NAME: Spring 2021

Quantum Mechanics
Phys 528

1- The wave function of an electron in an infinite potential well of width L is given by

4mx
Yx)= A sinT

a) Find the normalization constant A.
b) What is the energy corresponding to this state?

¢) Sketch the above wave function.

2- A particle in the harmonic oscillator potential has an initial wave function, y(x, 0), for
some constant A.
Ylr, 0) = Afoi(x) + ¢2(x) +3 g3(x)]
a) Find A by normalizing Yr(x, 0).
b) Find the probability the particle is found in the ground state.

¢) Find the expectation value of the position of the particle, <x>.

3- A one-dimensional harmonic oscillator wave function is
—hy2
P(x) = Axe b
a) Find the total energy E.
b) Find the constant b.

¢) Find the normalization constant A.

h (0 1)
4- For the Hamiltonian matrix #: H = —
2\1 0

a) Find its eigenvalues

b) Find the corresponding eigenvectors

5- What is the up-to-date interpretation of the wave l'unctionlll (x, t), solution of the
Schridinger equation?

32



NAME: Spring 2021

6- The complete set expansion of an initial wave function Y(x,0) of a system in terms of
energy eigenfunctions Y, of the system has three terms: that is, n=1, 2, and 3. The
measurement of energy on the system represented by Y(x,0) gives the values E; and Ez
with probability 4 and E3 with probability 2. Write down the most general expansion of

a. P(x,0)
b. P(x.t)

7- A one-dimensional potential barrier is shown in Figure 1. Calculate the transmission
coefficient for particles of mass m and energy E (V1<E<V)) incident on the barrier from

the left.
E <
V :[
0| V1
N 1
0 a x
Figure 1

8- Consider a 3-D harmonic oscillator shown in Figure 2, with potential V(r) = ma?r?/2.
Find the

a. Find the energy En
b. Find the corresponding degeneracy d(n).

¢. Find <r>and <r*>.

d. Find <x> and <x*>.

Figure 2

9- Why is the ground state energy of a harmonic oscillator non-zero.

10- Calculate the following commutator

a. [H.t], where H is the Hamiltonian given by H= P%/2m + V.
b. [H.t], where H is the Hamiltonian given by H=ih§

c. Explain the apparent contradiction as to why part a and b give two very different
answers for the same commutator.

33
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Consider a finite square barrier potential shown below, Figure A.

For a< x<b, the space part of the electron wave function has the form: V

k?=2mE/h? and g?=2m(V-E)/h?

(@) Ae™ (b)Ae®® (c) Ae®+Be  (d) Ae™* (e) Ae* + Bek E @ ean =

- o=
For the finite square barrier potential shown below, Figure A.
For x<a, the space part of the electron wave function has the form: L_T
k?=2mE/h’ and g>=2m(V-E)/h’ X=0 X=
(a) Ae™ (b) Ae™  (c) Ae®™ + Be® (d) Ae=* (e) Ae™ + Be'k

Figure A

Consider a step potential shown in Figure B. Which of the following statement
is correct for a particle with E<0.
(a) The form of the wave function to the left is e, where k* = 2mE/h2
(b) The form of the wave function to the left is e’®* where g*=2m(V-E)/R?.
(c) There is no bound state.
(d) All of the above.
(e) None of the above. L
If the particle energy E was 0< E <V, for the step potential shown in Figure B. vu

Which of the following statement is correct.

(a) The form of the wave function to the left is e, where k? = 2mE/Mh2.
(b) The form of the wave function to the left is e®* where g>=2m(V-E)/h?.
(c) There is no bound state. i
(d) All of the above. R
(e) None of the above.

#x‘

Figure B

The wave function of a particle in a harmonic oscillator potential is given by W(x)=c;'¥i+ c:Wat c3¥s,
where W;are eigen-states of a harmonic oscillator Hamiltonian. What is the probability that measurement of
the particle energy yields a value E;, eigen-value corresponding to the eigen-state ¥

(a) ¢, (b)c)? (¢) c1/(C14C2- €3 (d)cicacs () ci?/(creCas 3

The accepted interpretation of a particles wave function \P(x.t) is ['Y(x,t)Pdx is the probability the particle is
between x and x+dx at time t

(a) True (b) False

o/ ot (‘W*(x,t) W(x.t)dx.) = 0. This statement is

(a) True (b) False

J(W*(x.t) W(x.)dx.) = 1. This statement is

(a)True (b) False

If the ground state energy of a quantum harmonic oscillator was zero it would have violated
(a) The Principle of Conservation of Energy

(b) The Principle of Conservation of Angular Momentum

(¢) The Uncertainity Principle

(d) All of the above

(e) None of the above

If the commutator of two operators A and B is zero, that is [A,B]=0, then one can conclude
(a) The two operators can be measured simultaneously.

(b) The two operators have mutual eigenvectors that will diagonalize them.

(¢) AB=BA

(d) All of the above.

(e) None of the above.
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fermions
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Tunneling Magnetoresistance (TMR)

ferromagnetic electrodes

._,,.-r"'
‘%1 insulator

- H, applied field

tunneling current

P;
P,

TMR=2P,P,/(1-P,P,)

Py

Pz
— H

lower tunneling current

Resistance
N

MR ratio at RT (%)

500

400

300

200

100

Free layer
Barrier layer
Pin layer

Resistance: small
Current: large

OO/ Crystalline
MgO(001) barrier
O: Epitaxial MTJ
{: Textured MTJ
A: CoFeB/MgO/CoFeB MTJ

..... @ Amorphous
Al-O barrier

Resistance: large
Current: small

-~

Magnetic field

Year

Mater. Today 9, 36 (2006)
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TMR synthesis

Fe (50 nm)

MgO (5 nm)

Fe (50 nm)

MgO (100)(0.5mm)

Arrays of
Filled CNTs

Planar Films

Processing Chamber

40



Source Guns

Fig. 2: (a)Magnetron dc sputtering system. (b)
Inside processing chamber during deposition at
high temperature.

lon Beam

Howard 2012
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Magneto-Optics Kerr Effect Instrument
Morgan State University 2010
By Dereje Seifu

~‘2 : ':‘ ;~l‘~"dk.\ﬁ‘
%ﬁ ’ e - Photo Llastic Modulator (F



3~ BNL~-NSLS Summer 2009-2010
Magneto-Optic-Kerr-Effect (MOKE)

Laser Polarizer, 45°
PEM, 0°
@ D Magnet
Detector
Sample
Analyzer, 0°
Lock-in
amplifier
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Polarization Modulation: right and left circular polarized light
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- X Graph Plot 0
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1. Laptop with control software
2a. PEM-100 controller

2b. PEM optical head

2¢. PEM electronic head

3. SRS Preamplifier

4. Keithley Picoammeter

5. SRS Lock-in Amplifier

BOP Power Supply
Laser

Polarizer
Electromagnet

10 Sample holder

11. Analyzer

12. Photo Diode

© o~ o>

Howard 2012



Magneto-Optic Kerr Effect (MOKE)

Fig. 1: MOKE setup at
Morgan State University.

Howard 2012

9.

O N Ok

Laser

Optical Chopper
Electromagnet
Polarizer

Analyzer

BOP Power Supply
Photo Diode

SRS Preamplifier
Keithley Picoammeter

10. SRS Lock-in Amplifier
11. Laptop with control software



Laser

Polarizer, 45°

Detector

r Analyzer, O

| Lock-in
lamplifier

| Computer

Magneto-Optical Kerr Effect (MOKE)
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Logitudnal Transverse

Figure 1 — The three types MOKE configurations.
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for in-situ dynamic
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XMCD & XAS

The BNL National Synchrotron Light Sources
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Simulation of Tunneling magneto-
resistance in Fe/MgO/Fe
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Figure 3. MgO thickness dependence of the

Figure 2. MgO thickness dependence of the . IV _ _
TMR ratio in the Fe-MgO-Fe junction.
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Quantum Tunneling

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation

G R R ks s, G B E RS e

L

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Quantum Tunneling

Choose a quantum mechanism that is
half way between 'mundane’ and
‘outlandish’ — quantum tunnelling
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“There's plenty of room at the
bottom™ (1959).
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Space Shuttle Challenger disaster January 28, 1986

"For a successful technology, reality must take precedence

over public relations, for nature cannot be fooled."


http://upload.wikimedia.org/wikipedia/commons/9/9f/Challenger_explosion.jpg
http://upload.wikimedia.org/wikipedia/commons/9/9f/Challenger_explosion.jpg

At the Nano-level

(where principles of quantum physics apply)

* Characteristic of materials change
* Cis 100 times stronger than steel

* Al turns highly explosive
 Au melts at RT

* In nature

* Geckos hang upside down on the ceiling using
nanotechnology (using its millions of tiny hairs on
each toe creating van der Waals force it can
actually support 200 times its own weight).



Mechanically Alloying

Lattice constant vs concentration of Au_Cu, _.
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Mossbauer Measurements
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Mossbauer Spectroscopy
(Nuclear Gamma Resonance $pectroscopy)
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Hyperfine Parameters
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Superparamagnetism
Mossbauer spectra of Mechanically Alloyed SmFe,

| Mossbauer Spectra of SmFe,, I
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Relative Transmission




Mossbauer Measurements
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\ﬁ“ Supporting the NASA Mission

'Faster, Better, Cheaper
Space Transportation with Nanotubes

Electronically, operated Flight Surface
(smart materials)
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CNTs Mechanical / Electrical Properties

Material Young’s modulus (GPa) | Tensile Strength (GPa) Resistivity (Q2cm)
SWCNTs 1054 150 Varies with chirality
MWCNTs 1200 150 ~104

Steel 208 0.4 ~10->

Copper 130 0.2 ~10%

Al 70 0.017 ~106

" Properties vary with structure

A sheet of Carbon A Carbon Nanotube

Hollow interior => nanometer-sized Howard 2012



Chirality of CNTs

Chiral

(semi-metal)

Armchair

semiconductor)




Filled CNT applications

Biosensors for harmful gases
Electronic nano components
material protection applications
Field effect transistors (FET)
Field emission displays
Microscope probes

Nanometric test tubes

Nano wires

Nanomagnets



Applications

Nanowires could lead to improved Can Carbon Nanotubes Cut Energy Consumption?
solar cells —— I _

carbon nanotubes, researchers boost

energy capacity of lithium batteries Heat channeling CNTs

That set off a fast-moving heat wave that traveled
through the nanotube's hollow cylinder 10,000 times
ARt e than in the reactive fuel itself, and reached a
rature of 4,940 degrees F (3,000 Kelvin). The

. soving heat also pushed electrons along the
nd created a noticeable electrical current.

v

Howard 2012



Filling CNTs

O cationic ipid

sensor or drug ~ ferromagnet
functional group

- Unusual electrical & mechanical properties.

- Hollow interior => nanometer-sized capillary

- Investigate dimensionally confined pahse transitions
- Template to create nanowires & nanomagnets

- Hybrid materials ferroelectric + ferromagnet for
NEMS



Filling CNTs

sensor or drug  ferromagnet

functional group

Approaches to Fill CNTs:
* Chemical method
* Physical method

—Magnetron sputtering (DC and RF)
—Pulsed Laser Deposition Filling

* Vapor-transport method



Chemical Method

Relative Transmission

 Fe-nanoparticle filling ~ MVVNT outer shell
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Howard 2012



Relative Transmission

Relatve Transmissdon

Mossbauer Measurements
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DC Magnetron Sputt,_ [ -
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Sputtering Target

Vertically aligned MWCNTs grown by CVD on SiO, filled
with Fe and CoNi
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http://en.wikipedia.org/wiki/Image:Sputtering.gif
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Pulse Laser Filling (PLD) ranaeT

CARROUSEL

" KAUFMAN

ION BEAM
GUN

P=2X10"7 Torr, Excimer laser (KrF)

E=1.5J/cm?, F=3 Hz T= 300 °C, 12,000 shots
fired to fill CNTs.

SUBSTRATE
HEATER

0.0000
-0.0005

-0.0010

Magnetic Moment (emu)

-0.0015

-0.0020

1 1 " 1 " 1

) -2 -1 0 1 2 3
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Magnetic Field (T)
SEM of vertically grown MWCNTs on SiO, filled with CoFe,0, by PLD.

Howard 2012



,ié THE SANS CHARACTERIZATION OF @

MORGAN CNT-CFO AT NIST
(SPECIFIC AIM 5)

20 Detector
128126, 5 mm® pixels

neutron guide
section

Alternate
Sample Position Velocity Selector

> The 30m SANS instrument of NCNR at NIST
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A HOW SANS WORKS? <€D

MORCAN
STATE UNIVERSITY

STATE UNIVERSITY 3He Spm Front/Rear
Detector

Double-V Neutron Spin Analyzer

Super Mirror Cavity  lipper

Unpolarized
= fj

Spin Polarizer

» A schematic of the VSANS instrument set-up
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The BNL National Synchrotron Light Sources

Extended X

EXAFS$

-ray Absorption Fine Structure (EXAFS) m

Intensity

scattering aton absorbing atom

outgoin

photo-el photo-electron

Once an electron is ionized from an
atom, it can scatter of the electron

Energy

clouds of adjacent atoms, giving rise
to oscillations in the absorption
signal (EXAFS)
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