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Co byste meli znat

e Zareni ¢cerného télesa
- by Jeff Justice

- https://www.youtube.com/playlist?
list=PLPpmoO9v2RoNcJECApRYXEGybehs6 tTv

e Carova spektra atomu, Rydberglyv vzorec
— https://lwww.youtube.com/watch?v=Kv-hRvVEOjuA

e VInove-Casticovy dualismus
- Novy kvantovy vesmir, viz vyse




Vinove-casticovy dualismus
c—

e L. de Broglie [Cti de Broj] (1924), NC 1929

hc
E=hv =
E =mc” = he
) = h _ h de Broglieho vinova déelka

p mc



A & 8 4

Pandorina skrinka je dokoran ...

e \W. Heisenberg (1925) maticova mechanika

e a prichazi |. Schrodinger (1926) — vinova m.

— inspirace de Broglieho vinami — zavedeni vinove
rovnice (po prednasce na ETH u Debyeho)

... ¢astice jsou jen pénou na hrfebenech vin ... I. Schrédinger



Operator
—

e kazde meéritelné fyzikalni veliCiné prislusi (lin.
herm.) operator

operator @fi =0ifl_

vlastni (charakteristicka) funkce
eigenfunction

vlastni (charakteristicke) Cislo (hodnota)

eigenvalue
(vlastni Cisla jsou realna)



Operatory
c—

Xf(x) = xf(x) operator soufadnice

pr(x) = —ihaaf(X) operator impulsu
X



Vlastni funkce QM operatoru
c ]

e Jsou ortogonalni (kolmé)

fl/) dx 0, m=n

) 0, m=n
[ (< (x)dx =0, 8= |

—o I, m=n

Diracova notace
LDy =L|L) ortonormalni



Relace neurcitosti
oo

e \W. Heisenberg 1927

e nelze soucasne merit polohu a hybnost Castice

— stredni kvadraticka odchylka souradnice a impulsu
se hemohou soucasne rovnat nule

- dusledek: napf. ohyb svétla na stérbiné
2
2 2
Ax“Ap. = —
4

podobné: energie a Cas (dusledek napf. tunelovy jev)



Relace neurcitosti
oo

e Heisenbergovy relace neurcitosti jsou obecné a
vztahuji se na libovolny nekomutujici par operatoru
pozorovatelnych veliCin

OP = PO komutii |0, P|=0P - PO

OP = PO nekomutuji komutator
Ay
A () ndr)_no hdr(s)

I dx ] dx I dx ] I dx



Postulaty QM — velka Sestka

e QM muze byt formulovana v Sesti postulatech
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ISBN 9788024620220

ovop
DO KVANTOVE
MECHANIKY




Postulat |.

e Stav QM systému je kompletné popsan vinovou
funkci (komplexni funkce). Kvadrat absolutni
hodnoty vl. fce. udava hustotu pravdepodobnosti
vyskytu Castice. Pravdepodobnost nalezeni Castice
v Case t; a intervalu dx (s centrem v x) je dana

vyrazem

Z/J*(xo,t())/J (xo,t
I/J*(xo,t(,)/J (xo,t

)
0 )

)
0 )

dx



Postulat Il.
]

e Kazde meritelné vlastnosti systemu prislusi
QM operator (linearni a hermitovsky). Akt
méreni v teorii odpovida pusobeni prislusného
operatoru na vinovou funkci.

21(012//1 +021/J2)=01211/JI +02211/J2
y dg = Ay ¢, Ay
v g = [y (roplredy

/\




Postulat lll.
]

e V jednotlivych experimentech pozorujeme
takoveé hodnoty prislusneho operatoru, kterée
patri do mnoziny jeho vlastnich hodnot.

Ay, =ay,



Postulat IV.
]

e Pokud je systém ve stavu popsaném vinovou
funkci a merime-li hodnotu a jednou u rady
nezavisle pripravenych systému, stfedni
hodnota je dana vyrazem:

}qﬁ(x,t)gxp(x,z)ax

A=
f\P x,t ¥ (x, ¢ dx



Postulat V.
]

e \Vyvoj QM systému v Case je popsan rovnici

G‘P(x, t)
ot

A9 (x,t)=ih



Postulat VI.
]

e VInova funkce popisujici mnoha-elektronovy
systém musi menit znaménko pri zameéne dvou
elektronu.



Odvozeni stacionarni Sch. rov.
oo

dy(x,t) -
ih 1//((: ) = H?/J(X,f) Casové zavisla

y(x.t)=y(x)e() separace, pozn. H je &as. nez.
ﬁzp(x) = Ezp(x) casove nezavisla

ih d?ft) — Ecp(t) reSeni ¢asové vl. fce

@(t)=Ne™"™, kdy N =1






w( x) = g P casové reseni - kombinace
stacionarnich stavi s ¢asovou
p(t)=e vi. fci

Et—px)/ih
e( px)

planarni viny



e =cos(x)+isin(x)

e =cos(x)—isin(x)

Elektron v jame
c—

e nekonedéné hluboka jama oo
o dz‘/’(x)=Ew (0 V(x)
2m, dx’

U

5\4

okrajové podminky

o= B =0....0 (x)=Nsin(kx) diskretizace!
w(a)=0.....=sinlka)=0....ka =mm, n =12,3...



Elektron v jame

k=

n

T, n=123.. k2=
a

’h?
cn°, n=123..

energie jednotlivych stavi el. v jame

E =
2m,a
JXN

w (x)=Nsin™", n=123..
4/

[N sin® ™dv =1
0

4}

N = 2eia x = 0 at left wall of box.
\a




Elektron v jame
—

EIGENENERGIES for EIGENSTATES for PROBABILITY
1-D BOX 1-D BOX DENSITIES

Vs
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Nekonecna vs. kone
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Energy (meV)
Energy (meV)

Position (nm)

tunelovani



Elektron v jame

fl/ffn (x)y (x)dx=6  ortonormalita vinovych fci.
Sy, ly, =6,
m|n =9, v Diracove notaci

5 _ I, m=n Kroneckerovo delta
0, m=n



Vi=A= +  +

x> 9y 9z
Atom vodiku [A} operitor

e celkova energie = kineticka p* + kineticka e — +
interakce (p* vs. e )

f-- v
2m,
h2
T, = -V
o 2m,
o e e’




Analogie s klasickou fyzikou
-

e kineticka energie

kvantove klasicky

n’ 1 1
T =—_V° E = my =
T o T o, P

e interakce dvou nabitych Castic — Coulombuv z.

00,

e, r




Atom vodiku

2m, 2m, dre,r
zajimaji nas el. stavy, kin. en. protonu
e- O muzeme zanedbat
\ - princip Born-Oppenheimerovy aproximace
B’ e’
A=-" A-
r 2m, dre,r
zavedeni atomovych jednotek, a.u.
® 1,1
p+ H =——A-—

2 r



Atom vodiku
G

e H atom je exaktne analyticky resitelny

v . (¢.6)=R,(r)Y,(46)

kvantova Cisla 2
r mee e 19
= — = — n= ces
212 2 22 27
" 8e hn 87e,a,n
2
Eh
a, = ) Bohrav polomér
Jim e

E, = f(n”)



Complete Wave Functiony,, ;.
The Spherical Harmonics
Y (0, @) . 1 {Z 34
s-orbital | 4, = \_/_;(.a_) o~ Zrlo0 n=1 [=0
YOO = ‘—'1'—' l — O - 34
2\/77 T 1 Z Zr —-2Zr/2a
Yoo = —=\—) |2 — °
- 1 3 . 4,/2m \a, a,
1" =354 [ 7080 p-orbital L (2¥zr _, n=>2
1 3 m l — 1 Yo10 = 4 2—(—) — e~ 2% cos
Y11 = ¥= —-|sin f{e=i® o \/ e G l: O 1
2 27 34 J
1 ZY*Zr _ 720, tig
] 5 Yore1=—=|—]) —e osin 0 e*
Yo0 = 2 S (3 cos?2 6 — 1) 8\/m \ay/ a,
. 2] 2.2
1 15 , d-orbital Yoo = 1_ (Z) (27 — 18 Zr P _Z_L)e-zrlaao
Yol = 1§ ;-sin 6-cos 0- e*id l 81,/37 \a, a, a;
[ — 2 _ =
x9 — 1 L +2id Ya10 = ‘ﬁ— (z (6 - _Z_r)g e~ 27/%0 005 6
=2 =2/ 95 5in% 0-e*2 81,/m \a, ay/ a,
1 ZY" Zr\Zr ., P
Y30=l -7--(5 cos? 8 — 3 cos 6) Ya1+1 = —("‘) (6 ——)—e z/sae;t¢
AT & 81/m \a, a,/ a,
. [=1m
1 1 2,2
Y31 = 3= g---sin 6-(3cos26— 1)-exid Yinp = 1_ (-Z) Z—r—e—z'/s"°(3 cos? 6 — 1)
8V = , 81,/6m \a,/ a2
E f-orbital =3
vai—t [A05 . o5 9. p=2id 1 [(Z¥iZ%2 : n
3 4 i, /=13 Yao+1 = W (;—) — e 2730 gin O cos O e*¢
— o NGy 0
Yy=3 = ;l Q-Sinf& 6. p=3idp 1 7V 72,2 . [= 09192
8 T Vagso = _ (£ &l o-Zra0 gjp2 g pt2i¢
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162,/m \ay/ aj



Interpretace vinoveé funkce
.

e stav elektronu popisuje — vinova funkce
‘P(x, y,z)

e hustota pravdepodobnosti nalezeni Castice
v misté x, y, z.— Born (1926)

p(X;,Y;,z;) = \Pz(xi » Vis i )= Edh



Interpretace vinoveé funkce

dx

hustota pravdepodobnosti

W :
J/ ‘@pravdépodobnost v bode

e ... a nekde proste je (hormovaci podminka)

0 OO OO

fff‘l’z(x,y,z)dxdydz =1

—00—-00—-00




1s orbital v detailech

_ 1 (z
Y100 \/;—r a,




24 rsin
T rsin 6 do
= i’ dr
o
S ) - rde
CN sl WP - 1
u B )
Hledejte elektron G e
EEE \\
|
. ‘
!

e pravdepodobnost

P =JF1/J*Z/J(’”»99¢)dV
© 5 2
=fffz//*z// r* sin Bd pd Odr

000

pro sféricky symetricke y

P = 4sz1/1 wridr
0




http://www.uniovi.es/~quimica.fisica/qcg/harmonics/charmonics.html

=3 m=-2 m=-1 m =23

[=0 s-orbital

[=1 p-orbitals
2 lobes
sinB sin‘ coso sinB cos

sin20 sin2¢ SINBCOSB  3cos20—1 SINOBCOSO  sin20 cos2¢
sing cosd

[ =2 d-orbitals
4 lobes

[=3

6 lobes

sin30  sin?0 cosO sinO(5cos? 5cos30— sinO(5cos?0 sin%0 cosd®  sin®o
sin3¢ sin2¢ 0-1) sing 3cosH —-1) coso CcoS2¢ cos3¢

Plot real combe & =(Y. +Y. YAN? S =VY S =(Y VY. /W2
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Radial probability distribution
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E =hcV = hcR

Energetickée hladiny H atomu

Energie

4s

3s

2S

1s

4p 4d 4f
3p 3d

2p

13.60) v

E=- 2
n




Muzeme to néjak exp. oveérit?
c——

e Spektra atomu
— prechody mezi stavy

e |lonizacCni potencial



|656.3 |488.1 |434 |4l 0,1

700 600 500 400
Hydrogen }H
|667.8 '587.5 501.5 | |492.1 |471 3 '“7,1 |402.8

W

700 a 600 500 400
Helium SHe
623.4' |61 52 579| |577 |546.l |502.5 435.8' 407.8' |404.7

700 200 600 500 400
Mercury “goHg

700 600 500 400

Uranfum ’30



400 nm S00 nm 608 nm 700 nm

Spopté

volny
— - o e

emcmwane

Frusni éarove v n=2 - vV
Rydberguiv vztah (empiricky na zakladé exp.)
1 | '
V=R 2T 2
n, n
zakladni n=1 _L1l.
. 1 stav L a Balmerova Pasche
AE — hC'V — hCRH - yianova erova Paschenova
n’
J

R, =109677.57 cm™

Z, QM - Schrodinger R. =109737.31cm’

4 4
AE =F E = mee _ mee 1 1 korekce na hmotnost
T T e T T 02122 7 0.272 ) m,m (experiment je s
& " 8e h'n~ 8eih n e p
0 0 i RH == Roo atomem ne s

. m +m elektronem)
m,e’ Rydberg — jednotka E N

R, =73
8eyhc 1 Ry =hcR, =13.60569253(30) eV




EXP: 1 H Hydrogen 1s ’S,, 13.5984

http://www.nist.gov/pml/data/ion energy.cfm

Ground Levels and lonization Energies

- for the Neutral Atoms
Energie Al A a4

AR 7
E=— ) =—213.606V

n- 8ae.a n
0*0
=0.05 29nm
3 E'eCtron energy Ofblt Radﬂls \ azzterg:‘gth : |onizahon
- _ ” - 2 ',' g E - :
_ 13.?6‘ : - r=n’a, A=2mna,} n=5,  ,/ energy
: n® Seeeeseennnnnes oreesens - \|. --------------------------- '¢' N=4..
Fsasses Jrennnsnn—— AP \\ \ | n=3 1.5 eV
/ n=2 \ ! .
‘0‘ / \' ". 'I | n=2 34eV
' " "/’—\ '.' ﬂ=3 ' n=4 ' n=
{ ". N /‘ ." ' |
" | |
\ ~— "

\ /(l =(). 05"9nm Bohr rad:us

n=1

-13.6 eV



Spin elektronu
—

e vnitrni moment hybnosti — spinning
— dusledek: elektron je maly magnet

- S, spinovy moment hybnosti
- lze méfrit jen prumét do osy napft. z N ‘
- m,, magneticky moment elektronu oh
3 PRI
S=(sls+h=""n  s=x_ 0
2 2
en
S z z
: 2m




Elektronovy obal
—

e elektronové sféry — atomove orbitaly
nlms (l” ¢ 6 ) Rnl (I” )Ylm (¢9 6)SS

e stavy elektronu popisuji kvantova Cisla
en—hlavni1, 2, 3,4 ... velikost
o /—vedlesiO,1,..,n-1(s,p,d,1,g..) tvar
e m— magnetické -/, ..., 0, .../
® S — spinoveé -2, V%
e pocet orbitall ve slupce je n?



Viceelektronove atomy - poznamka

e prime rozsireni vysledku ziskanych reSenim H
atomu na viceelektronove atomy je velmi
lakave ma vsak dva hacky

_ e

)
[t
®

relativistické vlivy u tézkych atomu

VAL



Energeticke hladiny atomu
—

Energie

t Bs

4s
3s

2S

1s

4p
3p

2p

4d
3d

L

_—

f(n,1)



Energeticke hladiny atomu

s 2p

p=2 T TH=<C

\
\
~ \\ 16x

S WX 4
~ 1, degenerovar

-~ 1x

E<0

n=eo

4

3d

............ —{IITTI1+

4 d ’
/ /
________
/




Zaplnovani orbitalu

e vystavbovy princip — Aufbau principle
e maximalni multiplicita — Hundovo pravidio

s 2

25

/ﬁ A~

% I
AV A A




Harmonicky oscilator

vyuzijeme Taylortv rozvoj
energie v minimu

e

vzdalenost 10™ m & F)(q) .
1.0 2.0 flz) = ~(z —a)".

L : n=>0

‘ Potencialni energi

—> E(r)= E(ro )+
0.74 =, It or

vazebna vzdalenost
EC)=" -7, f




Harmonicky oscilator
.

2

1

H=" + mw%’
2m

analogie

(a2 —b2)= (a +b)(a —b)

(a2 +b2)= (a + ib)(a —ib), it =-1

I . Qo v :
a= (p-iwmz)  anihilaéni operator
o' =1 (p+iome) kreadni operator

2mhw



Harmonicky oscilator
-

2
A= L cnofata+
2m 2 2

stali najit feseni: a'a, a'ay, =2y,

V@'Y, =y, Gy, = Az 0

aa*ay, | = (a*a+ l)a%> = Aby, la*,al=ata-aa =1
ataay, =(A-1)ay,

stav %> vlastni ¢islo A

anihilani operator
a ¢A> A-1




Harmonicky oscilator lehceji

Kinetic  Potential _
+ =
Energy  Energy

Harmonic oscillator

Classical 1 1
2 2 _
Consarvation of 72 Vo + 35 kx® =E example
Energy |
F=ma=-kx

Neawton's Laws
Quantum The energy becomes
Consarvation of kx 2 the Hamiltonian operator

Energy m ﬁ - Wavefunction
Schrodinger / Hl{J E\]J

Equation )
B - Energy "eigenvalue
maki L
:?am':,gtgw [ —’— X = X for the system.
i dx N
a;;g‘;?g::ggg’s 2 2 The form of the Hamiltonian
fake the fomof H ,,i . 12 operator for a guantum
“operators”. 2m dx- 2 harmonic oscillator.



http://hyperphysics.phy-astr.gsu.edu/HBASE/hframe.html

Harmonicky oscilator
.

A=0,1,.. A=0

1 1
E =hw n+1, n=0,1,... E = _hwo=_hv
" 2 2 2

— energie zakl. vibracniho stavu
kVantOVanl Potential energy

of form Energy
Lkx? R

2 kx , Transition
' energy /
[ ,

"\ T tna
=3 :

n=0 : Eo= %ﬁm
: Internuclear separation X
t /" Harmonic oscillator | ~
N\ woissical potential and
] wavefunctions /Ny ?
0 ] 0 »

x=0 represents the equilibrium
separation between the nuclei.



H,* - prvni ,,molekula”

h° h° h° e’ e’ e’
A=— A-— A—— A- - +
2m, 2m, 2m, dre,r, Admer, AmELr
uplatnime Born-Oppenheimerovu aproximaci
e O :
\ ‘Ptot (l‘, R) = IPjaa’ (R )‘Pel (l‘, R)
HW, =E¥ M
7 el = el el arametr
\/ \ ;
7 h e’
o —0
A, == A-

p* p* 2m 4z, v’



Variacni princip
.

zkusma funkce f

[, [ fdv =1

j('V)fodszo

lepsi zkusma funkce f dava nizsi energii, resp. dokud
napft. iteraCni procedurou ziskavame nizsi energii,
zlepSujeme vinovou funkci popisujici systém



Jak na molekuly?
-

e zkusma funkce ve tvaru LCAO

D = Ecqpl

l atomove orbitaly - baze
I’OZVOj OVG kOGﬁClenty hledame ale nemusi to byt

jen AO
min f O Hddv
V)

%k

d‘ifm(zcj%) H(Eci ? )dv -0

] l



normovani

f,, Ecj%*zcj%dv = E cfcij @ @,dv=1
) 2.5y
MO-LCAO ¢“Sc=1,5, ﬁV)qpi*(pjdv

E:C ¢ > V Diracové notaci
i¥j
d

Ecl c,H,

= ij =0
dCi <E 9, E € ¢j > dCi ; o Sij
¢ J

A_p (é) _AB-AB A -EB
B ’ B B2 B
——ECCHU B——ECCS

Ck i Ck ij

_—ECCH -—E E —2263-Hik

de, %

<Eci¢i H
d i

J

=0=A'-EB' =0



MO-LCAO

S, =1 ¢ =c¢, =..=c, =0(nefyzikalni)
H,-E -+ H, -ES,
det H, - ES, = 5 5 =0
H -ES, H -E
E E,,. . E sekularni rovnice
(H-ES)k=0

¢/'He = Ec’'Se = E 'V maticovem zapise



H,*
<

¢i = E%XM

u=l1

detH ,, -¢S, =0

u

H, =a Coulombicky integral <0, J

H,=p8 Rezonan¢ni integral <0, K

S pirekryv, S

S. =6, zanedbani piekryvu, Hickelova verze



H,*

@ =cC X +CiXo tvar H!! ve !ormé LCAO

1

(H11 - S,.€, )Cn + (le - S € )Ciz =(0 hledame rozvojove koet.

reSime sekularni rovnice
(H21 - 5,,¢; )Cil + (sz —8,,&; kﬂ =0

H, -8,& H,-95,¢ ~0

H, -8§8,¢& Hy—-35,¢,

a-le, p-0¢ a-g, o]
p-0¢ a-lg, g a-g
(a—si )2 -B° =0

E. =axp



H,*
.

& =a+pf obdobné¢ 1 pro druh¢ feSeni
G =ChX X
(O{ — & )Cll + e, =—=pc,, + pe, =0=c¢,=¢,

pe, "'(0‘_51 )512 = pc,, = pc, =0=¢|, = ¢,

G =c X +C 0 uz jsme blizko rozvojovym koef.
<¢1 d > =1= <011)(1 T i T C11X2> = nOrp;I(irOnﬁZG’
vacl

2 2 ,
= 0121(<X1 X > T 2<X1 X2>+ <X2 Xz> ) - 01212 podminka

! 1 vypoctene
€ = \E’ ¢ = \E(xl T ) rozvojove koef.



H," pr
resneji

¢1 =\/
/ 1
21+ e
W)
Xz)»gl = a+p

1

, =\/
(1
- S \
AB)(XI —)(2),8
| =
1 -
S
AB




Y

lon H,* - ,vazba“

A

—(p,+0,f =02 +20,0,+ 02 W, =0, +0,

vazebny orbital Q Q
+

SN\ =g -20.0, 40 v =, -

o protivazebny orbital Q Q



Energie

MO - LCAO

_protivazebny orbital

lo

vazebny orbital

uzlova rovina,
tady elektron
nenajdeme

00 -

01 F

02 F

o
™
T

energy £ au
o
i =Y

P
™
I

0f



HOMO - LUMO
<

e highest occupied (lowest unoccupied) MO

10% LUMO

Energie

b— HoMmO

lo

E o0 = —IP Koopmansuv teorém



