Apxn tn¢ aBeBaiotntac (arpoodioptotiac) Heisenberg -
1927

Elva aduvarto va npoodloploBei pe akpifeia cuyxpovwe n B€on kot n
OpUN EVOC HIKPOU ocwpatidiou, I.X. NAEKTPOVIOU.

Ax.Ap > h/4m

Av yvwpilovue pe aroAutn akpiBeta tn 3€on evog Litkpou
owuatidiou, bnAadn Ax=0, TOte EYouLlEe AmOAUTN ayvola yLa TNV
opun auvtou, bnAaébdn Ap=co.

Av yvwpilovue pe armoAutn akpiBeLa tnv opun EVog ULKPOU
owpatidiou, dSnAadn Ap=0, Tote EYouue amoAuTn ayvola yla I
v€on nmou Bpioketal to owuatiodlo, dSnAadn Ax=oo.
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TeAika “mraifer {apia o KaAo¢ O¢coc¢;”
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1. Na urtoAoyioOei n aBefatotnta ctov TPoodLoPLOMO TNC
ToXUTNTOG EVOC owHatoc padog 1g Ko evog nAektpoviou, 6tav n
apeforotnta tng O€onc eivat 103cm

TL oupnEpaopa EEAYETOL QTTO TAL ATTOTEAECLOTOL

(Aidovtat h=6,63.1034 J.s, m_ =9,11.103kg )

2. Na utoAoyloOei n apeBartdotnta tng O€onc Tou nAektpoviov
TOU USpoyovou ot OepeALWdN KaTAoTAON OV N TAXUTNTA TOU
nAektpoviovu unoAoyiletoal pe akpifeia nepinov 1%

m_,=9.11x1028g h=6.63x103js
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Mnxavikny ouvlnkn Bohr n -u-r 14

~ 218 - 10ms

Evépyela e oTnv n omiBade———> £, = = J
n

Evépysia rou sKTéumerai ny

1 1 1 1
amoppoYaral Kara rnv L AE =] 2,18 10 5(—, = |
METAKIVNON NAEKTPOVIOU ng¢ n;

amro TNV n; 0TNV N TPOXIA
(arouo H)

— . n2
AKTiva TpOXIAG e oTNnV > r=a, n
oTiIfdada n
a, =0.0529 nm



3. Na ntpocdiopilotei to opAaApa TPocsdLoplool TNE O€onc evoc
nAektpoviov Ax, av n apefatdotnta npocdloplooU TNn¢
toxutnrac Au eivat 2x10% m s, Aivovtat: otaBepa Plank

h=6.63x1034 j.s, Mala nAektpoviou m=9.11x10%8 g

4. Na urtoAoyiote tnv eAayiotn afefatdotnta otnv taxvtnTa
EVOC NAEKTPOVIOU TIEPLOPLOUEVOU VA KLVELTOIL OE XWPEO UE

SLAMETPO €VAC TUTILKOU atopou (200 pm).



Kupartiki e€icwon Tou Schrodinger (1926)

[ta TV mepypoaidn Tou NAEKTPOVIOU XPNOLHOTIOLNOE HLla KUMOTO-
ouvaptnon o€ avoAoyia HE TNV €lowon KUUOTOC IOV XPNOLHOTOLELTOL
yla thv neplypadn evog UNXavikoU N NAEKTPOMAYVNTIKOU KUOTOC.

HY=EWY

H: teAeotn¢ Hamilton (Hamiltonian operator)
eKTEAEON pHOONMATIKWV IPASEWV EML TNC KULATOoLUvVApTnonG Y.
E: oAlkn eveEpyeLla TwV NAEKTPOVIWV
SUVOLLKN EVEPYELA + KIVNTLKN EVEPYELA NAEKTPOVIOU
(LETPROLN LOLOTNTA TOU GUCTHHATOC)
Y=Ffxy 2zt
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Y =0

X, Y, Z: KOPTECIAVEC
OUVTETAYMEVES

h: ora@epa rou Planck.

m: pada rou nAekrpoviou

e: TO POopPTIiO TOU NAEKTPOVIOU.
E: oAIkn evépyeia Tou
NAEKTpPOViIOU.

r: n amooTacn nAEKTpoviou-
mupnva.

Z: 10 @poprio ToU TTupnva (oro
dropo Tou udpoyovou Z=1).
£y: OINAEKTPIKN) OoTABspa TOU

KEVOU.



2TACINO KUMOTO

guBuypauun tpoxia ‘

N
KUKAIKN TpOXIA . ‘
\ = /

OTACINO KUMA MN oTACIYO KUMA

H repipépeia Tng TpoxXIAG TOU NAEKTPOVIOU TTPETTEI VA Eival AKEPAIO
TTOAAATTAACI10 TOU NKOUG KUMOTOG TOU NAEKTPOViIOU
21r = nA



H kupaTikn e§icwon Tou Schrodinger:

TTPOKUTITEI ATTO TNV EUTTEIPIKN ETTIAOYA TNG £EiCWONG TOU OTACIMOU KUMATOG

YIO TV TTEPIYPAPN TNG KivNONG TOU NAEKTPOViIOU
N 10XUG TNG £giocwong eTaAnOeUETAl ATTO TTEIPAMATIKA OEQOMEVA
gival pia e§icwon KUNATOG oTNV OTToia TTEPIAAMBAvETAl N pada

gival aveEapTnTn Tou Xpovou. Ta déouia nAekTpovia Bpiockovral 0€ OTACIUN

KATAOTAO AVESAPTNTN TOU XPOVOU.

oTnV €§icwon yVwoTa Hey£éon eival n yala m kai n SUVAUIKK evépyela V, evw

TO AYVWOTA €ival N KUMATIKA ocuvaptnon W kai n oAIKA evépyeia E.

n OUVaMIKN gvépyela V eival ocuvapTnon Tng B€ong, eTTOPEVWG N €§icwon

TTPETTEI VA ETTIAUOET EEXWPIOTA OE DIAPOPES TTEPIOXESG TOU XWPOU.



Mo va eivorl anodektn pia Avon W, oL KUPLOTEPEC MPOUTIOOECELC
TIOU TIPETEL VOL TANPOUVTAL ELVOLL:

»va eivat povoTtiun, va €Xet SnAadn povo pia tpn yo Kabe
ONMELO TOU XWpPOoU.

»va eivat , VoL iNV olAAQZEL OTTOTOMA TLH OE KOVTLVA
onMeia.

»Va €lval TTETTEPAOLEV, VOL [N YLVETOL ATTELPN OE KAVEVO ONUELO
TOU XWPOoU.

»>va glvat , To aBpolopa dSnAadn OAwv Twv
rniiBavotntwv va BpeOel To NAEKTPOVLO OE KATTOLO CNHELO TOU

XWPOoU va LoovTtal e povada.



OL anodekteC AVOELC TNG E€lowaonC ovopalovtal KUUQTIKEC

OUVQPTHOELC | ATOULKA TPOXLOKC.

H cuvaptnon W pnopei va AaBet OeTkeC, apvnTKEC, UNbEV,
P aAVTAOTIKEG 1] HLYOLSLKEG TLHEC.




[W/2 ==,
> OXEeTiCeTal pE TNV TIOAVOTNTA Va BPEOEi TO NAEKTPOVIO OE KATTOIO ONMEIO
TOU XWPOU YUPW ATTO TOV TTUPNVA (ME CUVTETAYHEVEG X, Y, Z), O OEOOMEVN

XPOVIKI OTIYMA.
> eK@palel Tnv mlaveTnTa avd povdda dykou Kai £xel povadeg vol-.

/W 2dV:

> KaBopilel Tov apiBuo karoxng (occupation number), TOU NAEKTPOVIOU OTO
oTOIXEIWON 6yKo dV yupw atrd Tov TTUPVA.

» avaAoyo pe TV mOavoeTnTa va Bpedei To NAEKTPOVIO O’ Eva OTOIXEIWON

Xxwpo dV.

NAEKTPOVIAKO VEPOC: Hia TPIodIAoTATN “KNAIdDA NAEKTPOVIWY

Z- _-'b.'"-

-e| W|2: rrukvérnra rou nAskrpoviakou véQoucC



H nA&kTpoVIKK) TTUKVOTNTO
gival NEYIOTH OTOV TTUPRVA

—T1 T 1 T T T T T T T T T T T T T T Tt 1
0 20 40 80 80 100 120 140 160 180 200

Amdataon amwd Tov Tupiva (pm)

To NAEKTPOVIKO VEQOG
€ival TTUKVOTEPO KOVTA
OTOV TTUpARVA
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AtTéoTaon A1Td TOV KOpHO
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TO NAEKTPOVIKO VEQPOG MTTOPEI va gival
TTUKVOTEPO OTOV TTUPHVA, ONWG TO

MEYOAUTEPO HEPOG TOU VEPOUG BpioKeTal

O€ KATTola a1TOéoTAON ATTO AUTOV.
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Mola anod ta napakdatw givat udpoyovoeldy; ,H*, ,He", ,He?, ,Li*, 5Li%*

H kupatoouvaptnon W ya to atopo tTov udpoyovou £xel Ti¢ Tipneg W=0.1 oto
onueio A kot W=-0.3 oto B. Mov untapyxel peyaAvtepn nmibavotnta va BpeOei to

NAEKTPOVLO;

2€ O TLEPLOXN YUPW OO £val ONUELO A N TUKVOTNTA TOU NAEKTPOVLAKOU
VEPOUG elval LEYOAUTEPN ATTO AUTH MOV Elval yUpw ano Eva cnpeio B. Tu
onMoaiveL auTo;

A. Ztnv nteploxn B Kwvouvtat Atyotepa nAeKTpOvVLIA aTtO OTL 6TV MEPLOXN A.

B. Ta nAektpovia éodsUouv Atyotepo Xpovo otnv teploxn B.

I'. To onueio B Bpioketal Mo pakpLd Ao Tov MUPRVa TOU ATOUOoU.

A. H tiun tng kupatoocuvaptnong W oto onpeio A givol peyaAltepn ano otLn

ovtiotolyn TLUn oto onpeio A.



E¢iowon Schrodinger o0& TTOAIKEC CUVTETAYHEVEG

A: TTOAIKO onpeio

r: n amwdéoTaon Tou amrd Tnv apxn
TWV agévwyv

r: TTOAIK} aKTiva

0: {eviB1aKN ywvia

@: alipouBiakn ywvia




X (I”, 9, QD)

r," X =rnué-ouve
Q K y =rnuénue
N/ Z=rouvl

X

ZPUIPIKEG CUVTETAYHEVEG (1, 6, @): aKTIVIK} atTdoTAON 1, TTOAIKN YWVia 6 Kal
aliaouBio o.



2T0 MOALKO CUOTNO CUVTETAYUEVWYV N e€iowon Schrodinger maipvel tnv popdn:
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H ypadwkn napdoctaon ¥(r,0, ) nmpoimoOétel moAunAoko ypadnua. Mna va
O POKAMPOUHE TO TPOPBANHA UrtopoU e va Swooupe U0 ypadLKES
TOLPOLOTACELG:

> TN ypadkn nopdotacn tng aKTWIKAG ouvaptnong R(r) oe oxéon ME TV
OLTLOOTOON TOU NAEKTPOVIOU amo tov nupnva. To Staypappa autd cucxeTileton
ME TO HEYEDOC TOU TPpOYLAKOU.

> TN ypadkn napdaoctaocn tng ywviaknc cuvaptnong A(0,¢) oe oxéon HE TIg
O0POULPLKEG YWVLOKEG CUVTETAYHEVEG O, d. To SLAYPOLLA OLUTO CUOXETIIETAL LE TO
OXN KO TOU TPOXLAKOU.

H ypadiki mapaoctaon Twv NAEKTPOVIAKWY VEGWV (CUVOPTACEWYV TTUKVOTNTOLC
rBavotntac) | ¥ /2 nepthapBavet:
> TN ypadKn napaoctaon tov R%(r) mpog r

> 1t ypadlkn napaotacn tng cuvaptnong A%(0, ¢) npog 6-¢



dv ar . ‘Evag 110 ouvn0IouEéVOg TPOTTOG
* — €EETAONG TNG KATAVOMNG TOU
NAEKTPOVIOKOU VEQPOUG gival va
r BcwWPROOUNE OTI TO ATOPO CUYKPOTEITAI
a1TO «@PAOIOUGY, OTTWG Eival TO KPEMMUODL.
H mlavoTnta va Bpedei To nAekTpodvio
oTO PAOI6 OyKOoU dV eCWTEPIKAG AKTIVAG

r Kol EEWTEPIKNG aKTivag r+dr givai:

R2dV =R2d(41rr3/3) = R241rrdr

O 6ykog @Aolou Traxoug dr givai:
dV = d(4mrr?/3) = 4mrrdr



pa@IK TAPpAoTAON TWV OKTIVIKWY oUVapPTATEWYV R(r), R3(r) kai Tng
ouvAapTNONG OKTIVIKAG TIBaveTnTag 41r?R?2 yia TpoxI10Ko 1s
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KBavTikoi ApiOuoi

Mo va tpokOYP L NAEKTPOVLKO VEDOC LE TAPASEKTO HEYEDOG, oXALA Kal
NEOCAVATOALOMO Ba npemeL va 50000V OWOTEG TLUEG EVEPYELAG OTNV €lowon

Schrodinger.

OL A0S EKTEG TLUEG EVEPYELAC TWV NAEKTPOVIWYV SivovTal armd Toug GUVOUVAOHOUG TWV

TPWWV KBavtikwv aptduwv, n, | ko ml.

Ow kBavtikoi aptduoi, n, | kot m,mpokUITOUV Ano T AUoELS Twv e§lowcewv R, O ko @,
ovTioToLXO, WG CUVETIELQ TWV QAT CEWY TOU TIPETIEL VAL LKOLVOTIOLOUV Ol

KUMLOTOOUVAPTHOELG, WOTE VAL ELVaL AIOSEKTEC.

g oy ) ¥ LRt 8w Bk
il 10 ¥=0
\ 72 S )} \r 77#4986’( ae)ﬂrzmﬂe o> )+ h?

f Y !

R(r) o(6) P(p)




KUpiog KBavTikog aplOpog (n)

Emutpentég tipég:n=1,2,3, ... ©

KaBopilel:
v’ 10 HéyeBoc¢ Tou nAektpoviakol védoug
V' KOT@ PLEYAAO HEPOC, TNV EVEPYEL TOU TPOXLAKOU

v tn ot fdda otnV omoia Kveiton to NAEKTPOVLIO

‘000 peyaAvtepn €ival N TR TOU N TOCO TILO AMOUOLKPUOUEVO OLTTO TOV TUpRvVa

glvat, Katd HEco 0p0o, TO NAEKTPOVLAKO VEDOG.

otiBada: tpoyiakda pe ibto n

TpOoxlaKA oTiBadac n : n?




Agutepeuwyv N alipouBlakog KRavTiKeg apiduog (/)

Ermutpentég tipég:1=0, 1, 2, 3, ...(n-1)

KaBopilel:
v 10 GXAA TOU NAEKTPOVLOKOU VEDOUC
v TNV EVEPYELA TOU TPOXLOKOU OTO TTOAUNAEKTPOVLKA ATOOL

v tn unooTtifada otnv onoia Kweito to NAEKTPOVLO

| TPOXIOKO bs pld f\

urmooTiada: Tpoxiaka ue idio |

Tpoxiaka uvmroorifadag I : 21+1

s: sharp

p: principal

d: diffuse

f: fundamental

AQipouBiakég KBavTikég apiOuég/ 0 1 2 3

TPOXIOKO s p d f

apIOuOC TpoxIakwy (2/ +1) 1 3 5 7




MayvnTik6g KBavTIKOG apiBuog (m,)

Emutpentég Tipeg: m, = -, (-1+1), ..., 0, ..., (I-1), +l

KaBopilel:

v TOV NPOoaVATOAGHO TOU NAEKTPOVIKOU VEDOUC

HayvnTikog KRovtikog apudc, +1

m

TPOYLOKE p Px Pz Py

HoyvnTikog KRovtikog  apBpdc,

my

tpoyoké d d’y | dy d;’ d, dyy




MayvnTikog KBavTIKOG aplOuog Tou spin (m,)

Emuwtpentég tipég: m =-1/2, +1/2

aveédpTNTOC QMO TIG TIUEC TWV AAAWV KBavTikwV aptIuwv.

lNeipaua Stern-Gerlach yia tnv amrode&ién rou
spin:

Aéoun aréuwyv e povnpes NAEKTpovio (1r.x.
aAKaAiwyv) TTEPVA Ao uia AETTT) oxXICUN KAl OTh
OUVEXEIA ATTO JAYyVNTIKO TTEdIO, OTTOTE
Sraxwpileral o€ OUO EMINEPOUC OETEC.

H utia avrioroixei o aroua U apioTEPOCTPOPO
spin nAekTpoviwyv Kai n aAAn og 6£§1I60TPOPO.



KBavTikég apiBuog spin (s)

spin: eyyevn¢ otpo@opun evog FeueAlwdouc cwuatidiov

/ beppdovia 5  nuuaképato spin

pmoloviaa — ~  aKEpalo spin

OepeAlwdn ocwpatidla

spin e =1/2

Deppovia: matter - Fermi—Dirac statistics — apxn Pauli (nAektpovia)

Mrniolovia: force carrier - Bose—Einstein statistics (pwtovia)

H UAn aroteAcital ano @epuiovia tov aAAnAosmidpouv ue Suvaueis tov
UETAWEPOVTAL Ao pnolovia

m\

Spin Quantum Number (m,)

m, indicates the orientation of the electron spin

=+ —=>"Spin-up”  m.= —% => "Spin-down”

1
2

m, yia 10 NAEKTPOVIO:
-1/2, +1/2



ApiBpoc 2UVONKGC
TPOXIOKWY | apifpdc

m;
@ o€ Kabe TPOYIUKWY OF
uTTo- pia oTifada
: 2

ni|l Tpoyiako

-2,-1,0,+1, +2
(-3,-2,-1,0,+1,+2, +3 |

fom] an O




ATOMIKA TPOXIAKA

Ta ATOHIKG TPOXIOKA €ival CUVAPTACEIC TWV BECEWV TOU NAEKTpOVviou
Kal otav dev UTTAPXEI NAEKTPOVIO, AUTA UTTAPXOUV DUVNTIKA.

Meprypdag@ovTtal TTARPWC amd Toug 3 KRavTikoug apibupoug, n, 7, m,

Kal avaAoyd HE TIC TIMEC QUTWV TALIVOHOUVTAI WG £ENG:

O OTOMIKA TPOXIOKA TTOU £XouV ToV id10 KBavTiko apiBuod n
atroteAouv oTiffada,

O COTOMIKA TPOXIOKA TTOU £XOoUV ToV id10 n Kal Tov id1o / atroTeAoUV
utTooTIRAada.

O ap1BuoC TWV ATOHIKWY TPOXIOKWY TTOU £XOUV ToV id10 KUpIO
KBavTiké apiBuo n icouTal Je n2.

O péyioTOoC ApPIBUOC NAEKTPOVIWY TTOU PTTOPEI VA UTTAPXEI O€ KABE
oTifada 1couTal pye 2n2.



oLPLOMAC IOV SNAWVEL TNV EVEPYELAKN OTAOUN

KUPLOG KBAVTLKOC aplOpoc n

VPO TTOU SNAWVEL TOV TUTTO TOU Tpo)LakoU ()
g =0 —> s =1 — p
=2 — d =3 — f
ApLOpag (6€iktng) mou SnAwvel to nAROOG TwvV i @
€ OTOL CUYKEKPLUEVA TPOXLOKA




Neplypaete cuVOMTIKA TIC BAOLKEC SLadopEC HETAEL TOU ATOMLKOU tpoTuTtou Bohr kot

TOU UAoKUpatikoU tpotUmou tou Schrodinger.

2. H eniluon tng e€iowong Schrodinger anattel tnv elcaywyn Twv KBAVIIKWV aplOpwv:
A.n,l

B. n, | katm,

Ir.n, I, mxowm,

A. povo tou alipovBiakou /.

3. Mola amno o ToPAKATW GUVOAQ KBOVTILKWVY aplOpwv dev elval EMLTPENTO;
A.n=3,I=2, m=-2, m=+%
’ ’ | ’ S
B.n=4,I=4, m=-4, m=+%
’ » / » s
r. n =5’ I= 4’ ml= -3’ ms= -yz

A.n=3,I=0,m,=-1, m=+)



4. Na avaypadoUv ot TLHEG OAWV TWV KBOVTIKWVY apLlOpwV yLa Eva NAEKTPOVLO TTOU
Bpiloketal o tpoxLlako 5g. Na e€nynoste ylati dev eiva Suvatov va Exoupe 3f kau 4g
TPOXLOKAL.

5. Mowog givat o péylotoc aplOuog nAektpoviwyv nov pnopei va tonodetnbsei: a) otn
otfada pe n =4, B) otnv vnootfada p, y) o€ Eva ATOMHO OOV N LEYAAUTEPN TLUN
TOU KUpPLOU KBavtikou aptBuov sivat n = 4;

6. O cupuBoALopSG d,? AOKAAUTITEL TLG TLMEG:

A. tou dgutepeliovtoc KBavtikoU aptOpou,

B. Tou payvntikoU KBoavtikol aplOpou,

I'. Tou KUPLOU Kol Tou SeuTEPEVOVTOC KBavTikoU aplOpou,

A. Tou allpouOLaKoU Kalt Tou payvntikou KBavtikou aptOuov.

7. Nw¢ cupBoAileton Eva TpoxLaKO HE TOUG KBavtikoug aptBpuoug n=4, 1=2 kat m=0.
Mouot eivan ot 3 KBavtikol aplOpol mov avtioToLyoUv o€ Eva TPOXLAKO 5p.

MNdéoa TpoxLoKA £XOUV TLG TLHEC N=5 Ka I=2



8. Otav o kUpLog KPOVTIKOG aplOMOg eival 3, TOLEC TLUEG MIOPOUV va MAPOUV

KBavtikot aptBpoi |l kot m;;

9. Noéoa s, p, d tpoxtakd dtabétel o pAoldc M evog atopov.

10. Nooca tpoxtakad 2s, 2d, 3f, 4p kai 5d popouv va utAPXOUV O€ Eva ATOLLO;

Na dikooAoyrnoete.



ZuvapTNoNn aKTWIKAG miBavotntag 4nr’R(r)?
n mdavotnta va Bpedei To e o€ anootTaon r ano Tov KpHva

4R

“\_\1___

I I |
10 15 20

Distance » from the nucleus/atomic units

Radial distribution functions, 47r" R(r)", for the 1s, 25 and 35 atomic orbitals of the hydrogen atom.

** H miBavatnta evpeong e otov upnva eivat 0

+» KaBe ocuvaptnon £xXeL TOUAAXLOTOV EVOL LEYLOTO

+¢* To MEYLOTO OVTLOTOLXEL OTNV AGOTAON OO TOV MUPRVA OTov eivat miBavotepo va Bpebel To e
¢ Ita onueia omou pndeviletal n cuvaptnon (rz0) dev unapyxel nit@avotnta va Bpebei to e
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