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Outline
® Quantum mechanics and Schrodinger equation
® Electronic structure of materials

® Examples

Complex bonding: hypervalent, secondary bonding, d-orbitals

® Atomic motions, vibrations, phonons

Electron-phonon interaction, Jahn—Teller effect

Electronic properties

Some slides of this lecture might require solid knowledge of quantum mechanics
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Why do we need to know Quantum Mechanics

B

® mechanical ® clectronic
® thermal ® chemical
® 3t macroscale ® anything at nanoscale

11" In contrast to classical mechanics, many things are not intuitive in

quantum world — if in doubt refer to solution of Schrodinger equation
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Pragmatic approach to Quantum Mechanics

Let's start with a single particle

Particle position r(t) — probability distribution |1 (r, t)|?, where
the wave-function ) is the solution of Schrodinger equation:

Bw h?
8t =Hy = ——Aw—i-U(r t)y

Any observable can be calculated as follows:

= (W[AlY) = [ o(r, t) (Ap) (r, t)dV

For example, average position:

F(t) = /ryzp(r, t)[>dv
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Example: particle in uniform field

Initial conditions (a particle at ry with velocity iik/m):

W(r,0) = Cexp {ikr _ (’—‘32’0)2]

If U(r,t) = —Fr then

Fe (,_,O_M_Ltz>2
m 2m
P(r,t) ~ exp i<k+>r—

2 4 ;2ht
h a2 =t

—> classical dynamics + gaussian broadening
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Stationary Schrodinger equation

If the Hamiltonian is time-independent then the evolution can be
written explicitly:

w(t) = Z anne_i%ta Ch = <¢n|¢(0)>7

here (E,,1,) are eigenvalues and eigenfunctions of the stationary
Schrodinger equation:

Hi = Evp
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Quantum effects: quantization

(Materials Science examples)
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Quantum effects: interference

(Materials Science examples)
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Quantum effects: tunneling

(Materials Science examples)

® Electron and energy transfer

® Some molecular motions
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Example: simple model of electron transfer

=1, g=4, V=%, e=0

Two-site Holstein model:

~ 02 2
H = <gx v > TS
V  —gx

2+2

=1, g=4, V=%, E=% (gaussian) =1, g=4, V=%, E=-3 (gaussian)
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Evolution: real space and coefficients
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http://zhugayevych.me/edu/CC/movies/Holstein_g4V1i2E1i2_psi.gif
http://zhugayevych.me/edu/CC/movies/Holstein_g4V1i2E1i2_pop.gif

Minimal list of quantum models to be familiar with

potential Pn E, quant.numbers
free particle elkr % k € R3
potential box sin T ”22,?7222 n=100

oscillator Hn(&)e € /2 hw(n+3%) n=0,00

Coulomb  r/L2H1 (25) €77 Vim(6, 0) — 52y Im| </<neN

Let's discuss:
1. Degeneracy, nodal structure, discrete/continuum, selection rules

2. How these models are used in materials science
3. Spin: (§/h)? = s(s+1), S,/h = —s, s; fermion/boson
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Electronic structure of materials

Remember the scale problem

What is Materials Science and E

ing?
s Properties to Cost
Ratio
Synthesis and < -
Processing omposition
Structure

Macro-Seale Structure
Engine
=upto 1 meter

Performance Criteria

= Power generated Microstructure

« Efficiency -Grains RS 5

« Durability =110 millimeters S

= Cost -
Properties affected Microstructure St
- High cycle fatiguc - Dendrites & Phases  J4El)

+ Ductilty =50 500 micrometers

Nano-structure
Properties affected R

* Yield strength

+ Ultimate tensile trength
* High cycle fatigue

nanometers

Low cyele ftigue Properties affected .
« Thermal Growth * Yield strength Atomic-scale structure
+ Ductility + Ultimate ensile strength = 1100 Angstroms

+ Low cycle futigue .

+ Ductlity Properies affected

= Young’s modulus

® Thermal Growth
A real-world example of important microstructural features at different length-scales, resulting from the sophisticated synthesis
and processing used, and the properties they influcnce. The atomic, nano, micro, and macro-scale structures of cast aluminum
alloys (for engine blocks) in relation to the properties affected and performance are shown. The materials science and engineering
(MSE) tetrahedron that represents this approach is shown in the upper right corner.

(llustrations Courtesy of John Allison and William Donlon, Ford Motor Company)

There is a lot of approximations and special approaches to describe
quantum world of 1023 particles
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Practical considerations: basis set

Plane waves or atomic orbitals (AO)

s
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Wikipedia
We never solve PDE — we always solve matrix eigenvalue problem
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Combination of atomic orbitals

Intra—atomic combinations — hybrid AO

(KN N R E-
o%%%%i

Interatomic combinations: from bonding/antibonding orbitals and
lone pairs to molecular orbitals (MO):

o i v
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Many particle systems: fermions

Slater determinant — basis for many-body systems:

Y1(&1)  Yi(&2) .. Y1)

\11(51,...,5,\,)—\/1,\/7! Va(&1)  ¥a(&2) .. ¥a(éw)

Yn(§) Yn(€2) - Yn(én)
where 1); is i-th orbital and & is coordinate+spin of j-th electron.
Methods:

¢ Hartree—Fock (HF) — take single Slater determinate

® DFT — the same but modify energy functional

® post-HF — expand in basis of finite excitations

14/32



One-electron orbitals — return to single-particle world

The main idea is to reduce many-body problem to a single-electron
problem with some effective one-electron Hamiltonian:

® molecular orbitals (MO) — eigenfunctions of one-electron
Hamiltonian (HF/DFT)

Other one-electron orbitals:

® |ocalized molecular orbitals (LMO) — a rotation of MOs
localizing each orbital in space while keeping orthogonality

® natural orbitals (NO) — eigenfunctions of one-electron density
matrix p%ue(g’ 77) =N f \U(é-? CZ? ey CN)\U(na CZ» e aCN) dC

e natural transition orbitals (NTO) — the same for transition
denSity matriX p%lfd)(fr 77) =N f W(§7 §27 RS CN)$(777 CZa ey gN) dC

Explore examples here
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http://zhugayevych.me/CryStr/Bonding/index.htm

Examples: MO vs NO

ground state
n, = 2
ne=20

hole NO electron NO

cation/anion
Mhje = 1
An, = .07/.06

singlet exciton
n=1+.12
ne=1-.12

triplet exciton
nn=1+.17
ne=1-.18
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Examples: NO vs NTO

hole NTO/NO

electron NTO/NO

singlet exciton
np=1+.12
ne=1-—.12

singlet transition
Mhe =1£.17

triplet exciton
n=1+.17
ne=1-.18

triplet transition
Mhje =14 .25
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Be careful with strongly-correlated systems

Extended Hubbard model, le-orbital occupations: ground state, hole, exciton
U/V = 2/1 — single-particle description works well:
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— electron-electron correlations are strong:
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Methods: Uniform electron gas approximation for simple metals (LDA)
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Quantum mechanics of crystals

Bloch's theorem for one-electron wave-function:

Dnk(r) = un(r)e™

where u, is periodic, n enumerates electronic bands, k is the
wave-vector “periodic” in the reciprocal space define by vectors

2w
bi = e;jkj (aj X ak)

where v = a; - (a2 x a3) is unit cell volume

19/32



Example: Kronig—Penney model

VW{Y

a+b

>

—

ininininl

a=7, b=1, v=1

E/V

0 02 04 06 08 1
k(a+b)
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Example: Huckel model of trans-polyacetylene

YA

0 —t 0
H71re = —t 0 ) 2|
0 —b 0

E (eV)
o

Yo = 126" n€Z, |k| < 7/2

E(K) = £/ + 3 + 2t cos 2k

N
a

->n

N[

Epandgap = 2|ti—t2], Ebandwidth = 2(t1+1t2)
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Example: Total m-electron energy of trans-polyacetylene

The total electronic energy is the sum/integral of le-energies
(MO/band energy) + ee-interaction energy

E(eV)
o

0

N =]

1,
2
k

[ O Gamma-centered O Monkhorst-Pack]

Band energy £ = % 0”/2 E(k)dk = —3.34 eV

c.f. 4x supercell —3.30 — illustration of locality principle
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Discussion

Let's discuss:

1. Go slide by slide

2. HOMO/LUMO, frontier orbitals, IP/EA, S0/S1/T1
3. VB/CB, bandgap/bandwidth
4

. Quasiparticles: electron/hole, effective mass, exciton (Frenkel
vs Wannier—Mott), electrons in metal and plasmon

5. Orbital symmetries
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Examples: Methane molecule

5B ER

2p$15 Valence MO in basis of

@ Csp3 + Hs orbitals:
a
e —t —t —t
ﬁ axts —t & —t —t

-t —t € —t

g

B—H—« / E, 34 =€ + t

C CHq 4H
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Examples: Methane molecule cation

Jahn—Teller distortion

Three options:
e -42m (Dyy)
e mm2 (Gy)
* 3m (Gy)
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Example: Silicon crystal

Band structure of Si
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Silicon crystal: electronic density of states (DOS)

1.5

0.5

10
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Silicon crystal: UV-Vis absorption spectrum

absorption coeffcient {/cm)

1E+07
1.E+06
1.E+05
1.E+04
1.E+03
1.E+02
1.E+01
1.E+00
1.E-01
1.E-02
1.E-03
1.E-04
1.E-05
1.E-06
1.E-07
1E-08

Absorption Coefficient of Silicon

P
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wavelength (nm)
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Silicon vs TiO2 crystal: charge density
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Silicon crystal: phonons

Wavenumber 7 (cm™')
600

Si

400

200

r K X T IL. X w IL DOS
‘Wave vector ¢
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Silicon crystal: dopants

O_Ef

0.1

0.2

0.4
0.5
0.5
0.4

0.2

0.1

-Li* (0.033)

-Ni= (0.35)

“Ni™ (0.22)

B~ (0.045)

-PT (0.044) -As*(0.049) -SbT (0.039)

-S* (0.18)
.S+ (037)
Zn" (0.5 .Mn* (0.53) . Au~ (0.54) E Figure 4-9
. 55) - - L E
+Cu™ (0.49) Energy levels
of impurities in
- Au* (0.35) Si. The energies
+Zn~ (0.31) are measured
~Cu* (0.24) from the nearest
“In~ (0.16) band edge (E, or
~ EJ); donor levels
+Ga™ (0.065) +Al” (0.057) = are designated
' by a plus sign

and acceptors by
a minus sign.

“References: S. M. Sze and J. C. Irvin, “Resistivity, Mobility, and Impurity Levels in GaAs, Ge and Si at
300 K,"” Solid State Electronics, vol. 11, pp. 599-602 (June 1968); E. Schibli and A. G. Milnes, “Deep
Impurities in Silicon,” Materials Science and Engineering, vol. 2, pp. 173-180 (1967).
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Summary and Resources

See summary here

* Wikipedia
® Bilbao Crystallographic Server

® Quantum Mechanics course or Landau’s textbook

A few textbooks out of many:
e C Kittel, Introduction to Solid State Physics (2005)
® N W Ashcroft, N D Mermin, Solid state physics (1976)

Visualization software:
® Jmol

® \/esta

32/32


http://zhugayevych.me/edu/Materials/Exam_theory.htm
http://www.cryst.ehu.es/
http://zhugayevych.me/soft/jmol/index.htm
http://jp-minerals.org/vesta

