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KVANTTIFYSIIKKA JA 
MATERIAALIFYSIIKKA

	 SISÄLTÖ 
 • AALTOJEN OMINAISUUKSIA 

• DIFFRAKTIO JA INTERFERENSSI 
• KLASSILLINEN MEKANIIKKA JA 

KVANTTIMEKANIIKKA 
• POLKUINTEGRAALIT 

• KVANTITTUMINEN 
• SYMMETRIAT 
• ORBITAALIT JA VETYATOMI 

• MATERIAALIFYSIIKKAA 
• ELEKTRONIRAKENNETEORIA 
• KVANTTIKEMIA 

Tapio Rantala 
Fysiikka, Tampereen yliopisto 
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OPTIIKAN JA VALON DIFFRAKTIO- 
JA INTERFERENSSI-ILMIÖT

2

Geometrinen 
optiikka ja 
Fermat’n 
periaate: 
 
Valonsäde kulkee 
nopeinta reittiä 
suoraviivaisesti. 

Siksi valonsäde voi 
taittua pinnassa

Fysikaalinen optiikka 
ja diffraktio sekä 
interferenssi-ilmiöt

S = ∫
b

a
n ds

n =
c
v

Huygensin 
periaate: 
Valonsäde 
lähtee 
jokaisesta 
pisteestä 
kaikkiin 
suuntiin

Kahden raon interferenssiδS ≠ 0δS = 0
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ETENEVÄT AALLOT, HEIJASTUMINEN 
TAITTUMINEN, DIFFRAKTIO JA INTERFERENSSI
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Valoaallot Mekaaniset aallot



Lagrangen funktio 
Vaikutus  (engl. action) 

Eulerin yhtälö 
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KLASSILLINEN MEKANIIKKA JA 
LAGRANGEN FUNKTIO
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Klassillinen 
mekaniikka ja 
pienimmän 
vaikutuksen 
periaate:  
Hiukkanen kulkee 
(nopeinta) reittiä 
suoraviivaisesti, jos  

on vakio. 

Newtonin 
liikeyhtälö

S = ∫
b

a
L dt

L = T − V

δS = 0 Kvanttimekaniikka

L = T − V

ma = F

d
dt ( ∂L

∂ ·x ) −
∂L
∂x

= 0

d
dt ( ∂T

∂v ) −
−∂V
∂x

= 0

T = 1
2 mv2

d
dt

mv − F = 0

Vertaa Huygensin 
periaatteeseen: 
Eteneminen 1 -> 2 
kaikkia mahdollisia 
polkuja pitkin. 
Sekä konstruktiivista 
että destruktiivista 
interferenssiä.

δS ≠ 0
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TODENNÄKÖISYYSAMPLITUDI    , 
VERTAILUA JA YHTEENVETOA
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Klassillinen 
dynamiikka

H (x, t) = i
@ (x, t)

@t
 (x, t) =

Z
K(x, t;xa, ta) (xa, ta)dxa

ψ(b)

ψ(a)

b = (xb, tb)

a = (xa, ta)

Kvanttidynamiikka 

 - aallon paikka on       
   epämääräinen 

 - todennäköisyys- 
   amplitudi eli 
   aaltofunktio 
   on           

(kompleksinen), 
joka on ratkaistavissa 
Schrödingerin yhtälöstä tai 
vastaavasta integraaliyhtälöstä

b = (xb, tb)

a = (xa, ta)

Δx, Δt
Δx, Δt

m ··x = F

δS = 0
δS ≠ 0

x(t) = xa + ·xt+ 1
2

··xt
ψ (b) = ∫ K(b, a) ψ (a) da

K(b, a) = ∫
b

a
ei2π S[a,b]/h D[x(t)]

Ψ

ψ (x, t)

⇔

ta = 0
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QUANTUM MECHANICS 
THE CONVENTIONAL APPROACH
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PATH INTEGRAL APPROACH: 
1/3 CLASSICAL PATH AND QUANTUM PATHS
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Let us consider particle dynamics from a to b. 
Lagrangian formulation of classical mechanics for finding 
the path/trajectory leads to equations of motion from 
minimization (extremum) of action  

                               where the Lagrangian L = T–V. 

                 =>                                => 

For example, the classical action of the free-particle is

S = 1
2
m Δx

Δt
"

#
$

%

&
'
2

Δt = 1
2
m (xb −xa )

2

(tb − ta )
.

δS = 0
d
dt
∂L
∂x

−
∂L
∂x

= 0

a = (xa , ta )

b = (xb, tb )

Δx, Δt

S= L(x,x,t)dt
ta

tb

∫ ,

a = (xa , ta )

b = (xb, tb )

Ψ(a)

Ψ(b)– ∂V
∂x
=mx
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PATH INTEGRAL APPROACH: 
2/3 QUANTUM PATHS AND PROBABILITY
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Usually, the most probable quantum path is the 
classical one, but other paths contribute, too, with 
a certain probability.  Quantum probability of the 
particle propagation from a to b is 
  P(b,a) = |K(b,a)|2 , 
the absolute square of the probability amplitude K. 
The probability amplitude is the sum over all oscillating 
phase factors    (or interference) of the paths xab as 

                               
where the phase is proportional to the exponential of 
the action 

K(b,a) = φ[xab ]
all xab

∑

φ[x(t)]= A×exp i

S[x(t)]

#

$
%

&

'
(

φ

PARTICLE       PHOTON 

  Class.              Geom. 
  mech.               optics 

                  

Quantum          Physical 
mechanics         optics

λ
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PATH INTEGRAL APPROACH: 
3/3 PATH INTEGRAL
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Now, let us define the sum over all paths as the path integral 

  
We call this ”kernel” or ”propagator” or ”Green’s function”. 
In terms of stationary eigenstates        it can be written as 
                                                     . 

The kernel satisfies the Schrödinger equation in space and time {xb,tb}. 
For example, the free-particle propagator takes now the form 

 
 
                                             Classical action is

K0(b,a) =
m

2πi(tb − ta )
#

$
%

&

'
(

1/2

exp im(xb −xa )
2

2(tb − ta )
#

$
%

&

'
(.

K(b,a) = e(i/ )S[b,a ]
a

b

∫ Dx(t).

K(b,a) = φ*n (a)φn (b)
n
∑ e−( i/ )En ( tb−ta )

S = 1
2
m Δx

Δt
"

#
$

%

&
'
2

Δt = 1
2
m (xb −xa )

2

(tb − ta )
.

a = (xa , ta )

b = (xb, tb )

Ψ(a)

Ψ(b)Ψ(b) = ∫ K(b, a)Ψ(a) da

K(b, a) = ∑
n

φ*n (a)φn(b)e−(i/ℏ)En(tb,ta)

{φn}
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POLKUINTEGRAALIPAPERIT
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iki.fi/trantala/paths

Feynman–Hibbs, Quantum Mechanics 
and Path Integrals, (McGraw-Hill, 1965)

http://iki.fi/trantala/paths
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AALTOJEN KVANTITTUMINEN
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HIUKKANEN LAATIKOSSA 

PARTICLE       PHOTON 

  Class.              Geom. 
  mech.               optics 

                  

Quantum          Physical 
mechanics         optics

λ

EDELLÄ OLEVAN 
YHTEENVETO
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RYHMÄTEORIA JA SYMMETRIAT
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YMPYRÄSYMMETRIA
13
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PALLOSYMMETRIA JA VETYATOMI
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MATERIAALIFYSIIKKA

Comp Phys. 20.2.2023



Physics Seminar 20.1.2022Tapio Rantala: What physics is

ENGINEERING AND TECHNOLOGY
16

Technology: 

and new materials 
based on 
materials  
physics

nano technology: 
top–down 
bottom–up
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MATERIALS PHYSICS
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EST field of science 

Materials physics 
• properties of matter 
• understanding with 
  intuitive models 
• prediction 
• design of new materials 
   with controlled properties 
   or upgrading old ones 
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THEORETICAL AND COMPUTATIONAL 
MATERIALS PHYSICS @ EST
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Compound semiconductor physics

Surface science

(Bio)molecular 

(opto)electronics

Path-Integral Quantum Monte Carlo

CBM 

VBM LUMO 

HOMO

   (100) 

(110)

H-P. Komsa: PhD Thesis (2008)

M. Kuisma: PhD Thesis (2014)

O. Cramariuc: PhD Thesis (2006)

M. Leino: PhD (2007)I. Kylänpää: PhD (2011)J. Tiihonen: PhD (2019)

M. Mäki-Jaskari: PhD Thesis (2004)

M. Viitala: PhD Thesis (2012)

I. Ruokosenmäki: PhD (2019)

O. Kontkanen: PhD Thesis (2018)



Physics seminar  27.8.2020Tapio Rantala: Path integral perspective to quantum mechanics

SOFTWARE: DFT
19

ACADEMIC/COMMERCIAL CODES: 

• PlaneWave basis 

• localized (atomic) basis  

• Real-space grid 

• (Gromacs for molecular dynamics)

ASE:

PBC

finite

PBC and finite

DMol3
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MOTIVATION FOR 
METHOD DEVELOPMENT
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Electronic structure is the key quantity to materials 
properties and related phenomena: 
Mechanical, thermal, electrical, optical,... . 

Conventional ab initio / first-principles type methods 
• suffer from laborious description of electron–electron 

correlations (CI, MCHF, DFT-functionals) 
• typically ignore nuclear quantum and thermal 

dynamics and coupling of electron–nuclei dynamics 
(Born–Oppenheimer approximation) 

• give the zero-Kelvin description, only. 
• are typically good for stationary states, only.



CPRDay 20.9.2022Tapio Rantala: From DFT to QMC

QMC FOR PHOTONICS
21

QMC evaluation of optical hyper polarizabilities 
of 2D materials for photonics:
Materials response to the external electric field, mainly 
with PIMC, i.e., at ab initio level for 
- photonics relevant materials like ENZ 
- nanostructures, structured light 
- dynamics: pulses
David Trejo Garcia (QMC, PIMC)

Saijad Ahmadi (QMC, RTPI) 
int. collaborators (DFT, QMC)  
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STM IMAGE SIMULATION OF GaAs 
(110) SURFACE
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	 Ville Arpiainen, Jouko Nieminen and Tapio T. Rantala, 
Interpretation of orientational contrast in STM images of 
GaAs(110) cleavage surface, Surface Science, 584/1, 27–34 
(2005).

SCANNING TUNNELING MICROSCOPE 
(STM)
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GaAs1–xNx AND GaN1–yAsy
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Central compounds 
in optoelectronic 
applications, 
GaAs: opt. comm. 
GaN: blue light 
GaAsN: band 
bowing

?

BLUE LIHT

H-P. Komsa: PhD Thesis (2008)
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QUANTUM DOTS IN QCA
24

• Finite temperature and electron delocalization 
effects


