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1. Introduction & Background
1. Particle-In-A-Box

2. Non-Adiabatic Dynamics
3. Glissando




Quantum vs. Classical Mechanics

Some phenomena cannot be described by classical mechanics alone 1

- Probabilistic: Outcomes
are described by
probabilities

- Energyis not continuous
(only certain quanta of
energy can exist)

- Particles also have a

wave form M
Schrodinger Equation
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The Particle-In-A-Box Model

Vew Vo Wave function Probability 1
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Non-Adiabatic Dynamics

Quantum calculations are hard!

Adiabatic Approximation: To simplify things, we can assume
the nucleus moves a lot slower than the electrons
Non-Adiabatic: The nucleus’ movement is non-negligible.
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MAIN IDEA:

If we expand our box,
energy states get closer
together. The faster we
expand, the easier itis for
particles to mix between
States




How do we mix states? PN

Quantum mechanics states energy only exists at specific states

* Butwe can add these states together Sa. A
¥

Wave function Ground state + 15t Excited + 2" Excited +...

t t Y= z Cn¥n = C1YP1 + oY + 33 + -

Coefficients: Determine “how much” of the particle is in this state

/\/\ (probability — must add up to one!)
n=3 - . . .

n=1 /\ Constructive (additive) and destructive (subtractive) interference

Superpositions!




How do we find the coefficients?

* Probabilities describe the degree of mixing between states, and are determined by the coefficients
* The faster the Hamiltonian changes (which describes total energy) and the closer together the energy states
are, the more mixing occurs

d
—Ci(t) = z Cn(t)
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The rate of change of ... plus some extra
the j*" coefficient... bits that depend on
other coefficients.

1. Mixture with other states is directly proportional to how

\ ’ fast the Hamiltonian is changing
Y 2. Mixture of state j with other states inversely depends on
how close they are in energy to statej. .

Adiabatic approximation



Introduction: Summary

The Quantu @

Probabilistic: Outcomes
are described by
probabilities What is a
Energyis not continuous
(only certain quanta of
energy can exist)

Glissando?
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Music Theory: What Is a Glissando?




2. Methods, Applications & Results
1. Python
Slow Case

2.
3. Fast Case
4. Sound as a Qualitative Analysis




Python: A versatile tool for any skill level P
- :‘::’

®SciPy ANACONDA
matpltlib : jupyter

Kﬁi NumPy




Two Cases: Slow vs. Fast

Slow Fast
Adiabatic Case Non-Adiabatic Case
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Case One: Slow Expansion
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Case One: Slow Expansion
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Case One: Slow Expansion

Energy [eV]

0.5
= Wave Function o
Potential Energy Tﬂ;ﬂty—ﬂﬁ
5
0.0 1 —
, |
-054 | |
‘ |
-1.04 | |'
|
|
-1.5 __l/\
—2.0 1 : '
_2.5 T T T
=20 0 20

Distance [A]

Energy [eV]

Time: 0.00 fs

0.5

0.0

I
o
N

i

I
=
o

I

I
-
wn

1

_E.D_

Projection

—2.5

1 2 3
Energy State

Initial conditions
Well depth: 2 eV
Wall velocity: 0.5 A/fs

1.2

1.0

0.8

0.6

0.4 1

0.2 1

0.0 - | T
1 2 3

Energy State

15




Case Two: Fast Expansion
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Initial conditions

Case Two: Fast Expansion Well depth: 2 eV

Wall velocity: 4.5 A/fs
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Initial conditions

Case Two: Fast Expansion Well depth: 2 eV

Wall velocity: 4.5 A/fs

Time: 8.00 fs
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Initial conditions

Case Two: Fast Expansion Well depth: 2 eV
Wall velocity: 4.5 A/fs

Time: 13.80 fs
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Case Two: Fast Expansion
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The Glissando: Using sound as a qualitative descriptor

Sound 1
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ANSWER!

)

Sound 1

(non-adiabatic)
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Conclusions
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Conclusions
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Real World Applications:
How canwe apply our
model to active research
questions?
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From toy model to active research: \What

makes a good semiconductor? 4

e Calculating the rate of electron transfer provides key insights on

semiconductor efficiency

Coun{irjg influef?f;es Coupling Stability of the
probability/coefficients  patween energy material (energy
Y = z Cn¥n states! fluctuations)

) —

Vklz T (AA + )2
k =|— exp| —
Marcus ho ) |AkgT 42kgT

* Asthe coupling increases, the rate of electron transfer

increases
* Asthe stability increases, the system’s energy decreases

and the rate increases

Vkl X CTL

overlap

conduction
band

valence
band

increasing energy

insulator

semiconductor

metal

~22% efficiency

Largeion @ A
Metal o B ‘ 4 3 & ‘
? X 2

Anion/Halide
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Learning Outcomes & Expectations
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The Particle-In-A-Box Model

Wave-Particle Duality
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Zero
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It’s like red-light-green-light

Show different energy
states and their
mixing (constructive
and destructive
waves)
Superpositions are
added together
pieces.. Good
example?? — keep
adding sides toa
shape?

Discretized states?
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How educational models can provide key insights into real-life

problems
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“Expanding” the particle in a box problem:

Box

Pulling the boundary
very slowly
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“Expanding” the particle in a box problem: Quickly Expanding
Box 5

# Pulling the boundary

15

Energy (eV)

> -
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The particle does not remain in the ground state
and picks up character of the excited states
during its evolution.




Non-Adiabatic Coupling
SH

h'k — SR

j Ry, P

S.E.
Runge-Kutta 4th Order
Check paper

34



Summary of Methodology: Runge-Kutta

h
"Iln_|_1="Pn+g(k1+2*k2+2*k3+k4)

Runge-Kutta Methods.
A family of iterative methods

which can be implemented to
compute the wave function of
our particle in a box.

Yo + hiky

v+ hkg 2
o + hikiy | 2

1 slope at starto

interval
¥

slope at midpoint

slope at midpoint
. slope at end of

ty b+h/2 ty+h



“Expanding” the particle in a box problem

* Inducing NAC through rapid box expansion, therefore creating
“Glissando”
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Particle in an Infinitely Fast Expanding Box

15

Pulling the boundary
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General statement about time evolution where
eigenstates themselves are changing

Start General State in the
At the beginning, if we start At any arbitrary tin%liﬂ!-h'éeuture, the state in
from a single eigenstate its most general form can be expanded as:

Y(0)=1¢4(0) Evolv%> Y(t) = z Cn(t)¢n(t)ei0n(t)

/ X /’ime—dependent

Coefficient ofthe The system starts in Time-dependent future eigenstates Dynamic phase
ground stateis 1. the ground state coefficients accumulation as
(mixing beyond the system
ground state can evolves.
occur) 1 rt
: — —— 0(0) = —7 | En(t)dr’
How do we find the coefficient that indicate " hlo "

mixing?



Coefficient time evolution

Mixture with other states is DI RECTLY proportional to

how FAST the Hamiltonian is changing

/

d
(0,0 LHO|0a0)
% Cj(t) = Cj(t) <¢](t)‘ %¢](t)> + 2 Cn(t) En(t) — Ej(t) e—l(en(t)—el(t))

,]\ n+j

Therate of change .. is proportionalto ...plus some extra . o
of the j" the coefficient bits that depend on Mixture of state j with other states
coefficient... itself... other coefficients. INVERSELY depends on how

CLOSE they are in energy to statej.

Only results are shown. The derivations are found in many advanced quantum mechanics books. -



The adiabatic approximation

% () = Cj(t) <¢](t)‘ % ¢](t)> If the adiabatic approximation is adopted...

C, (t) = C4 (O) el (®) The initial coefficient never mixes with others...
y(®) = ijt<¢-(t’)‘ i,(lJ,-(t’)) dt’ It just merely accumulates a phase
o V0 7ldt (known as Berry’s phase)

If you start in the ground state You will always stay in the ground state, just
picking up two phase factors.

¥(0) =1 ¢4(0) Evolve> Y(t) =1¢,(t)etDer®)

=U
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  𝜸  ( 𝒕 ) = 𝒊  ∫ 𝟎 𝒕   ⟨   𝝓 𝒋 ( 𝒕 ′ ) |   𝒅  𝒅 𝒕 ′  𝝓 𝒋  (  𝒕 ′ ) ⟩ 𝒅 𝒕 ′


  𝜳  ( 𝒕 ) =


  𝟏    𝝓 𝒏 ( 𝒕 )  𝒆  𝒊  𝜽 𝒏 ( 𝒕 )  𝒆  𝒊 𝜸 ( 𝒕 )  


  𝜳  ( 𝟎 ) =


    𝟏   𝝓 𝟏 ( 𝟎 )

