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• Quantum Mechanics Basics

• Quantum Materials
–TMR (Tunneling Magnetoresistance)
–Magnetostrictive Materials
–Lower dimension materials
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• A branch of modern physics (20th century)
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• 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 mechanics 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 
determines the frequency of light they give off.
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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)
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An element can be identified by its emission spectra
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Mercury Nitrogen

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.



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.
Solids, liquids, and gasses are made up of atoms.10



Atomic Model Timeline
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Atomic Model Timeline
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Applications
Classical Mechanics, Classical E&M, Thermodynamics & 
Statistical 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 power.

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), 
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Applications
Future technologies that result directly from Quantum Mechanics 
Quantum computer

Quantum teleportation

Nanotechnology
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Wavefunction, Y(x,t), which contain the 
information required to describe ALL of the 
dynamical properties of the particle.
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Where |Y(x,t)|2 = Y*(x,t) Y(x,t)
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The Schrödinger 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 Schrödinger (1887–
1961) treated the electron as a wave.

– The modern description of the electrons in atoms, 
the quantum mechanical model, comes from 
the mathematical solutions to the Schrödinger 
equation.

17

Schrödinger Equation



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

Solutions of wave equations yield 
wave functions, Y, 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.

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

H = P2/2m + V(x)
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y(x,t)



The time independent Schrödinger Equation

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

y(x,t) = f(x)f(t)

f(t) = e-iEt/ħ
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f(t) = e-iEt/ħ



A Particle in an Infinite Sqaure Well Potential
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f(x) = A sin(kx) + B Cos(kx)
Boundary conditions
B=0 and ka=np

fn(x) = A sin(
𝑛p𝑥
𝑎

)
Normalization

A= √(
2

𝑎
)

fn(x) = √(
2

𝑎
) sin(

𝑛p𝑥
𝑎

)

From one of the boundary 
conditions, ka=np

En = (
𝒏pħ
𝒂
)𝟐

𝟏

𝟐𝒎



A Particle in an Infinite Sqaure Well Potential

• f1(x) is ground state 
and n > 1 is excited 
state

• fn(x) alternatively 
even or odd

• fn(x) each successive 
state has one more 
node

• fn(x) are mutually 
orthonormal 
(orthogonal and 
normalized)

• fn(x) are complete 
(any f(x) can be 
expressed as a linear 
combination
f(x)=n 

c
n fn(x) )
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A Particle in an Infinite Sqaure Well Potential



The Harmonic Oscillator

Classical Harmonic Oscillator

The 2nd law of motion

F = -kx = m
𝑑2x
𝑑𝑡2

X(t) = A Sin(wt) + B Cos(wt)

w = √(
𝑘

𝑚
)

V(x) = 
1

2
kx2

V(x) = 
1

2
mw2x2

Quantum Harmonic Oscillator

The Schrödinger Equation

Hy(x,t) = Ey(x,t)
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f(t) = e-iEt/ħ

y(x,t) = f(x)f(t)



The Quantum Harmonic Oscillator (cont.)

E
n

= (n + ½) ħw
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The Quantum Harmonic Oscillator (cont.)
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The Scattering Matrix
The theory of scattering generalizes in a pretty obvious way to arbitrary localized potentials.
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Scattering from an arbitrary localized potential ( V(x) except in Region II).

f(x) = {
AeiKx + Be-iKx Region 1             V=0                  where k=√(2mE/ħ2)

FeiKx + Ge-iKx Region 3             V=0

Cf(x) + Dg(x)        Region 2             V≠ 0

A + B = Cf(0) + Dg(0)

iK(A – B) = Cf’(0) + Dg’(0)

F + G = Cf(a) + Dg(a)

iK(F – G) = Cf’(a) + Dg’(a)

=>
B = S11A + S12G
F = S21A + S22G

=>
𝐵

𝐹
= 𝑆

𝐴

𝐺
𝑆 =

𝑠11 𝑠12
𝑠21 𝑠22



The Scattering Matrix (Cont.)
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0 < E < Vo

f1 =AeiKx + Be-iKx Region 1  V=0   where k=√(2mE/ħ2)

f2 =Cegx + De-gx Region 2      V≠0  where g=√(2m(Vo-E)/ħ2)

f3 =EeiKx Region 3   V=0    where k=√(2mE/ħ2)

f1|x=-a= f2|x=-a     => Ae-iKa+BeiKa=Ce-ga+Dega

f’1|x=-a= f’2|x=-a  => iK(Ae-iKa-BeiKa)=g(Ce-ga-Dega)

f3|x=a= f2|x=a  => EeiKa=Cega+De-ga

f’3|x=a= f’2|x=a  => iK(EeiKa)=g(Cega-De-ga)

f1 =AeiKx + Be-iKx Region 1 (x<-a)   V=0     where k=√(2mE/ħ2)
f2 =Csin(gx) + Dcos(-gx) Region 2 (-a<x<a) V≠0   where g=√(2m(Vo-E)/ħ2)
f3 =FeiKx Region 3 (x>a) V=0     where k=√(2mE/ħ2)



Wave equation in 3d

EY(r,t) = HY(r,t)

∫Y*(r,t)Y(r,t) dV = 1
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Spin
Orbital L = r X P motion of center of mass
Spin     S = Iw motion about center of mass
Quantum Mechanics intrinsic & extrinsic           
[Si, Sj] = iħSk

i

j k

S2 |sm > = ħ2s(s+1)|sm>

Sz |sm > = ħm|sm>

S± |sm > = ħ √(s(s+1)-m(m±1))|s (m±1)>

S± = Sx ± iSy

S=0,1/2, 3/2, 5/2, …

m = -s, -s+1, …,s-1, s

Spin of p-meson is 0, electron (e) is ½, photon () is 1, -particle is 3/2, and graviton (g) is 2

Spin ½ particle

S= ½  (proton, neutron, electron, all quarks, and all leptons)

| ½ ½ > spin-up 

|½ -½ > spin-down 

Spinor    = 𝑎
𝑏

= a+ + b- where += 1
0

-= 0
1
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Quantum Mechanics Book in Amharic
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Einstein Project in Africa
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Mater. Today 9, 36 (2006)



TMR synthesis
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FM

FM

Insulator

Planar Films Arrays of 
Filled CNTs



Source Guns

PC LL

Ion BeamIon Beam
E beamHoward 2012
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3- BNL-NSLS Summer 2009-2010
Magneto-Optic-Kerr-Effect (MOKE)

Howard 2012
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1. Laptop with control software

2a. PEM-100 controller

2b. PEM optical head

2c. PEM electronic head

3.   SRS Preamplifier  

4.   Keithley Picoammeter

5.   SRS Lock-in Amplifier

6.   BOP Power Supply

7.   Laser 

8.   Polarizer

9.   Electromagnet 

10. Sample holder 

11. Analyzer 

12. Photo Diode

Howard 2012



Magneto-Optic Kerr Effect (MOKE)

8.    SRS Preamplifier  

9. Keithley Picoammeter

10. SRS Lock-in Amplifier

11. Laptop with control software

1. Laser 

2. Optical Chopper

3. Electromagnet 

4. Polarizer

5. Analyzer

6. BOP Power Supply

7. Photo Diode

Howard 2012
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NSF-MRI-R2

Development of Magneto-Optics Kerr Effect 
for in-situ dynamic
studies of film growth

Howard 2012





TEM / HRTEM
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XMCD & XAS
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Simulation of Tunneling magneto-
resistance in Fe/MgO/Fe
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Journal of Physics: Conference Series 303 (2011) 



Quantum Tunneling
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Quantum Tunneling



Quantum Tunneling
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Quantum Tunneling
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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."

1965
Nobel Prize

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
• C is 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



Mössbauer Measurements



Mössbauer Spectroscopy
(Nuclear Gamma Resonance Spectroscopy)

Rudolf Mössbauer
The Nobel Prize in Physics 1961 

14.4 Kev 1 nev



Hyperfine Parameters
Isomer shift
(Chemical shift)

Quadrupole splitting
(structural property)

Magnetic Hyperfine

(Magnetic property)



Superparamagnetism
Mössbauer spectra of Mechanically Alloyed SmFe3

20 nm



Mössbauer Measurements



Howard 2012
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CNTs Mechanical / Electrical Properties
Material Young’s modulus (GPa) Tensile Strength (GPa) Resistivity (Ωcm)

SWCNTs 1054 150 Varies with chirality

MWCNTs 1200 150 ~10-4

Steel 208 0.4 ~10-5

Copper 130 0.2 ~10-6

Al 70 0.017 ~10-6

Hollow interior => nanometer-sized Howard 2012



Chirality of CNTs



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 
solar cells

Heat channeling CNTs  
That set off a fast-moving heat wave that traveled                

through the nanotube's hollow cylinder 10,000 times 
faster than in the reactive fuel itself, and reached a 
temperature of 4,940 degrees F (3,000 Kelvin). The 
fast-moving heat also pushed electrons along the
tube and created a noticeable electrical current.

carbon nanotubes, researchers boost 
energy capacity of lithium batteries

Can Carbon Nanotubes Cut Energy Consumption?

Howard 2012



Filling CNTs

- 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

Approaches to Fill CNTs:
• Chemical method
• Physical method

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

• Vapor-transport method



Chemical Method 

dout ~ 30 nm
din ~ 10 nm

Seifu, et al  JMMM 320 (2008) 312–315
Howard 2012



Mössbauer Measurements

20 K

300 K

Seifu, et al  JMMM 320 (2008) 312–315 Howard 2012



DC Magnetron Sputtering

5µm

Vertically aligned MWCNTs grown by CVD on SiO2  filled 
with Fe and  CoNi

The anomaly in (a).

Howard 2012

http://en.wikipedia.org/wiki/Image:Sputtering.gif
http://en.wikipedia.org/wiki/Image:Sputtering.gif


Pulse Laser Filling (PLD)

SEM of vertically grown MWCNTs on SiO2 filled with CoFe2O4 by PLD.

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

E=1.5 J/cm2, F=3 Hz T= 300 oC, 12,000 shots 
fired to fill CNTs.

CNTs
CoFe2O4

10 µm

Howard 2012
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THE SANS CHARACTERIZATION OF 

CNT-CFO AT NIST
(SPECIFIC AIM 5)

 The 30m SANS instrument of NCNR at NIST 
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HOW SANS  WORKS?

 A schematic of the VSANS instrument set-up



EXAFS
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