Spin cua electron va nguyén ly Pauli

Ngay 12 thang 1 nam 2010

Tém tit noi dung

Thong thudng, mot electron dude dic trung béi nam s6 lugng ti
1a n,1,my, s v m,. Ching ta da tim hiéu kha ki ba s6 lugng tit dau.
Trong phan nay, ching ta sé khio sat hai s6 lugng tit lien quan dén
spin ctia electron 1a s, m,. T d6, ching ta rit ra mot nguyén 1i rat
quan trong cho cac hé vi moé nhiéu hat dé la nguyen li Pauli.

1 Spin cua electron

Khai niém spin va mé-men tw cua electron duge dua ra béi Goudsmith
va Uhlenbeck vao nam 1925 nham dé giai thich sy tach cac vach pho phat
xa cua nguyén tit. Theo do:

Mai electron c6 mot mo-men géc riéng duge goi la mo-men géc spin hay
don gian la spin S va mot mo-men tu Mg vdi do lon cua ching dugc zdac
dinh boi

1 h
= —h; Mg| = 1

Theo nha vat 1i ngusi Phap A. M. Ampere, cac dien tich khi chuyén dong
sé sinh ra tu truong. Dya vao do, George Uhlenbeck va Samuel Goudsmit
nhan thay ring chi c6 mot loai chuyén dong dic biét ctia electron méi tao
ra dugc nhiing tinh chat tit phit hop véi cac s6 lieu do duge tir thic nghiem
dé 1a chuyén dong tu quay, hay con goi la spin. Hai ong da viét mot bai bao
ngan, véi két luan "céc electron vita quay vita tir quay." Theo d6, cac electron
luon ludén quay véi mot toc do ¢d dinh va khong bao gio thay ddi. Spin cia
electron khong phai 1a mot trang thai chuyén dong nhat thoi nhu déi véi
nhitng vat quen thudoc ma vi mot nguyén nhan ndo dé khién cho ching tu
quay. Spin ctia electron 14 mot tinh chat noi tai, ¢d hitu gibng nhu khoéi lugng
va dién tich ctia n6. Néu mot electron khong c6 spin thi né khong con 1a mot
electron ntta.




Nhu da biét, trong co hoc lugng tit, méi thuoce tinh vat 1y sé dudge mo
ta boi mot toan tit Hermitian tuong ting. Tuong tu cac toan t1t mo-men goc
orbital L?, L,, Ly, L., ching ta c6 cac toan tif mo-men goc spin cho mot hat
la S%,S,,5,,S,. Toan ti S? 1a binh phuong do 16n mo-men goc spin tong
clla mot hat; S, 1a toan tit cho thanh phan z ctia mo-men goc spin. Ta c6

q2 Q2 , Q2 , Q2
ST=5,+5,+5; (2)
Cac toan tit mo-men goéc spin cling tuan theo cac qui luat giao hodn nhu

cac toan tir mo-men géc orbital, nghia la

S.,5,] =ihS.; 15,5, =ihSy;  [S.,S,] = ihS, (3)

52,5, = [$%, 5, = [S%,5.] =0 (4)
Dua vao phuong phéap toan ti bac thang cho mo6-men goc, ta xéc dinh

ducc cac dac tri ctia S? nhu sau

S?=s(s+1)A*  (s=0, ,2,..) (5)

va cac dac tri cia §Z 1a
S, = mgsh (msg=—s,—s+1,...,s—1,s) (6)

S6 luong t1t s dude goi 1a spin clia mot hat. Vé mat 1y thuyét, s ¢6 thé nhan
cac gia tri nguyén va ban nguyén bat ki nhung trong thyc té, cic electron

chi nhan mot gia tri s duy nhat 1a s = 5 Moi loai hat vi mo sé nhan mot

1
gia tri s rieng. Vi dy, electron, proton va neutron c6 spin s = —; photon va
2

deuteron (hat nhan 2H) c6 spin s = 1. Nhitng hat véi spin nguyén dugc goi
la boson; cac hat v6i spin ban nguyén duge goi la fermion.
Nhu vay, do 16n clia mo-men goc spin tong clia mot electron 1a

S:\/s(s+1)h:\/%(%+1)h=%\/§h (7)

1
Twong ting vé6i s = > chiing ta c6 hai gia tri mg

1
m51 - +§7 m82 = _5



s ~ 1 1
Do do, ¢6 thé c6 hai dac tri cua S, 1a +§h va _ih' Ching ta ki hiéu cac
dic ham spin cua electron tuong tng véi cac dac tri nay la a va 3
a = a(ms); B = B(ms) (8)

Nghia la cidc dac ham spin 1a nhitng ham theo s6 lugng ti spin m,. Nhu vay,
ta co

S =+zha; 8.0 =—5hp 9)
Vi [§2, :S’;] = 0 nen S? ¢6 chung dic ham véi S,; nghia la

) 3 2 a2 3 2

Soz:zhoz; Sﬁzé—lhﬁ (10)

Diéu kién chuan héa ctia ham séng ® véi cac bién s6 lién tuc 1 tich phan

2
/‘(I)‘ dr =1

Tuy nhién , vi bien my ctia ddac ham spin chi nhan hai gia tri roi rat la +§

2
toan phan ‘@‘ bang don vi

1 N 2 P
va —3 nén dieu kién chuan hoéa cia cac dac ham spin 1a

S fatma| =1 Y2|som)

Cac dac ham « va 3 truc giao v6i nhau vi ching la nhitng ddac ham chung
cua toan tu Hermitian S, v6i cac dac tri khac nhau

S a*(my)Blmy) = 0 (12)

T (11)

Nhu vay, dé théa man (11) va (12), ta c6 thé lay

1 1
—-)=1 ——)=0
1 1
—) =0; ——)=1
Trang thai ing véi s = 3 Ms =5 duge goi la spin-up; trang thai ing véi
1 1
§=5,Ms=—35 dugce goi la spin-down.
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Ham séng hoan chinh ctia mot hat gom thanh phan khong gian (orbital)
va yéu t6 spin duge biéu dién nhu sau

®(g, t,ms) (13)

Diéu kign dé chuan hoa ®(q,t,m,) 1a

mZ [ etat.m.)

Nhu vay, ching ta thiy ham séng ctia mot electron khong nhitng phu
thudc vao cac thanh phan toa do x,y,z ma con phu thudc vao trang thai
spin ciia n6. Do d6, ta c6 thé xem ham séng clia mot electron la tich ciia
ham toa do va ham spin

2
dr =1 (14)

U(z,y, 2)g(ms) (15)
v6i g(ms) la mot trong hai ham a hodc [, phu thudc vao m, = 5 hay
1 2 id z
Ms = =33 hoac tong quat hon la ham to hgp tuyen tinh
X = Catt + Cpf3 (16)

trong d6 ¢, va ¢z 12 nhitng hiing s6. Diéu kien chuan héa x cho ta
[eal® +esl* =1 (17)

Toén tit Hamiltonian khong anh hudng lén ham spin nén ching ta c6

[ v(a.y, 2)9(m.)| = 9m)H [v(x,y,2)] = E[v(x.y, 2)9(m)| (18

Nghia la cac gia tri nang lugng khong thay déi khi chiing ta cong them yéu
t6 spin vao. Tuy nhién, thay vi mot trang thai ¢(x,y, z), ching ta c¢6 dén
hai trang thai ¢ (z,y, 2)a va ¥ (z,y, z)3. Nhu vay, néu xét dén yéu t6 spin
thi bac suy bién ctia mot electron ¢ mic nang luong n sé la 2n? thay vi n?.
Vi dy, 6 trang thai co ban, nguyén tit hydro dugec mo ta bdéi hai ham soéng

@b(a) = ¢1009(m31) = Y100
w(ﬁ) = wloog(msg) = 1003

Trang thai thit nhat tng véi electron c6 spin-up; trang thai thit hai la spin-
down. Mot ham séng day dt nhu trén duge goi 1a mot spin-orbital.
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2 Su khoéng phan biét cac hat dong nhat

Trong thé gidi vi mo, néu cac hat trong ciing mot hé c6 cac thuoc tinh nhu
khéi luong hay dien tich khac nhau, ching ta cé thé dé dang phan biét dugc
chiing. Tuy nhién, khi hai hat hoan toan giéng nhau, ching ta khong thé dua
vao sit di chuyén dé phan biét ching nhu déi véi cac hat vi mo. Béi vi theo
nguyén 1y bat dinh ching ta khong thé xac dinh duge mot cach chinh xac
duong di cua cac hat vi mo.

Xét mot hé gom hai electron duge mo ta bdi ham séng

U =9(ar, ) (19)

Trong do, ¢; va g9 la toa do va trang thai spin cta electron 1 va electron 2

q1 = T1,Y1, 21, My,

q2 = T2,Y2, 22, Ms,

Xac suat tim thay electron 1 trong khu vuc thé tich vo6 cuing nhé dV; va
electron 2 trong khu vuc thé tich vo cting nhé dVs 1a

P = ‘w(QD ) QdVlde =" (q1, @2)¥(q1, g2)dV1idVy (20)

Néu bd qua tuong tac gitta hai electron, ta c6 thé viét ham soéng ¥(qi, o)
duéi dang tich ctia hai ham séng mot electron. Khi d6, ham mat do xac suat
clia hai electron bang tich ctia hai ham mat do xac suat mot electron

2 2

)w((h,(h) 2 = lw(fh) (21)

¥(g2)

Vi hai electron 1a nhitng hat hoan toan giéng nhau nén xac suat tim thay
electron 1 trong khu vic dV; va elctron 2 trong khu viuc dV, phai bang xéc
suat tim thay electron 2 trong khu vire dV; va elctron 1 trong khu vie dVs

2 2
‘?/1(%7612) = ‘w((hyfh) (22)

Tu do, ta co
U(q1, @2) = £Y(q2, q1) (23)
Néu ¥(q1,q2) = ¥(q2,q1), ta néi ham séng déi xing (symmetric) ting
v6i sy hoan vi hai electron. Nguoc lai, néu ¥(q1, g2) = —%(q2, q1), ta néi ham

séng phdn ridng (antisymmetric) ting véi sy hoan vi hai electron. Nhu vay,
bén canh yéu cau don tri, lien tuc va kha tich binh phuong, ham séng cia
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hée nhiéu electron can phai déi xiing hodac phan xtng khi hoan vi hai electron
bat ki. Sau day, chiing ta khao sat ki hon van de nay.

Goi Py, 1a toan tit trao doi, né hoan vi tat ca céc toa do va spin ctia hat
thit nhat véi cac toa do va spin ciia hat thit hai. Déi v6i hé hai hat, ta c6

Piotp(q1, a2) = (a2, 1) (24)

Vi dy, déi v6i he gom electron 1 & orbital 1s v6i spin-up va electron 2 &
orbital 2s véi spin-down, ta c6

Py [180)04(1)28(2)@2)} = Ls@yo2)2s(1) B (25)
T (24), ta ¢6
Py [Pu?ﬁ((h, QQ)} = Pio(q2, q1) (26)
= Pyi(q1, ) = ¥(q1. ) (27)
Nhu vay R
P =1 (28)

Gol w; va ¢; 1a cac dic ham va dac tri cua Pia
Plgwi = C;W; (29)

Ta c6 N N
Pwii = CiPuwi (30)

Vi ﬁfQ = 1 va Ppow; = cw;, ta suy ra
Wy = c?wi (31>
=c =1 = ¢ = +1 (32)

Néu w, 1a ddc ham cia P, véi dac tri +1, ta c6

1312W+(CI1, ¢) = (+1)wi(q1, ¢) (33)

hay
wi (g2, 1) = wi(q1, 42) (34)

Mot ham c6 tinh chat khong thay doi khi hoan vi toa do va spin ctia hat thi
nhat véi hat thi hai, giéng nhu ham w., thi duge goi 1a ham déi xing. Doi
véi truong hgp ¢; = —1, ta ¢6

w_(q2,q1) = —w_(q1, q2) (35)
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Ham w_ nhu trén dugce goi la ham phdn xing.
D6i v6i he gom n hat gidng nhau duge mo ta béi

V=0(q1, Gy Gy n) (36)

thi toan ti trao doi ﬁij duge xac dinh nhu sau

ﬁijw<qla'"7%7"'7Qj7-"qn) :w<q17-"7Qj7"'7Qi7-"qn) (37)

Cac dac tri cua }Ajij cling giong nhu cac dic tri clia ﬁlg 1a +1 va —1.
Vi céc hat gidéng nhau khong thé phan biét duge nén hai ham séng

¢(q17'"7Qi7"'7Qj7"'QTL) Vaqu)(qlv'"ana"'7Q’ia"'Qn)

phai tuong tng v6i mot trang thai ctia hé. Theo nguyén 1i chong chat, hai
ham séng ting véi mot trang thai lien hé véi nhau qua hing s6 ¢ nhu sau

¢(q17"'an7"'aQi7"'qn):C¢(q17'"’Q’ia"'a%w"qn)
Do do6

ij(qlw"7Qi7"'7Qj7"'QR):Cw(qlw-'aqw"'7‘]]’7‘“%1) (38)

Phuong trinh trén cho thay ¢ la dic ham cta ]3Z-j v6i dic tri la c. Vi Igij chi
c6 hai dic tri 14 +1 vA —1 nén ham séng ctia mot hé nhiéu hat giéng nhau
phai 1a ham déi xting hoac ham phan xitng ting véi st hoan vi hai hat giéng
nhau tuy y. Thyc té cac electron chi nhan ham phan xting la ham séng. T
do, co hoc luong tit c6 thém mot dinh dé nita: Ham song cia mot hé nhiéu
electron phdi phdn zing khi hodn vi hai electron bat ki. Dinh dé nay dugc goi
la nguyén ly Pauli, theo tén nha vat ly Wolfgang Pauli.

Nhitng nghién cttu ctia Pauli cho thay ham séng ctia hé gom nhiéu hat
giéng nhau c6 spin ban nguyén (cdc hat fermion) 1a ham phéan xtng; ham
séng ciia hé gom nhiéu hat giéng nhau c6 spin nguyén (cac hat boson) 1a
ham d6i xting. Ta c6 yéu cau clia ham phan xing

V(a1 g2, 03, - @) = =002, q1, 03, - -+, Gn) (39)
Gia st electron 1 va electron 2 ¢6 cuing toa do va spin; nghia la
T = T3; Y1 = Y2; 21 = %25 Mgy = Mgy
hay ¢; = g2. Do d6, phuong trinh (39) tré thanh

¢<QIaQ17q37"'7Qn) _¢(Q1,Q1,Q37...,qn)
2¢(Q17q17Q37'~-7QH) =0
w(Qlaql7q37"'7Qn) =0



Phuong trinh trén cho thay xac suit dé tim thay hai electron vé6i cling spin
(gia tri m, giéng nhau) tai cting mot diém trong khong gian 1a bang zero. Vi
1 1a ham lién tuc nén diéu nay ciing c6 nghia la xac suat dé hai electron c¢6
cling spin tién lai gan nhau 1a rat bé. Nhu vay, yéu cau ham séng phan xiing
buoc hai electron ciing spin khong thé ¢ gan nhau. Vi du, hai electron trong
nguyén tit He, néu mot electron dang & gan hat nhan thi electron con lai c¢6
khuynh huéng ¢ xa hat nhan tai thai diem dé. Ching ta doi khi goi khu vite
xung quanh mot electron 1a hé Coulomb (Coulomb hole) vi trong khu vic
nay xac suat tim thay electron khac 1a rat nho.

3 Nguyén ti Heli

Sau day, ching ta sé khao siat nguyén ti He & trang thai co ban va mot s6
trang thai kich thich trén quan diém ciia nguyeén 1y Pauli, nghia 1 c6 xét dén
yéu t6 spin ctia electron. Trong phép gan dung thap nhat, ham séng orbital
cua He 6 trang thai co ban la tich cta hai ham séng 1s

w(l,Q) = 15(1)18(2) (40)

Day 1a ham ddi xiing tng v6i sy hoan vi hai electron. Nguyén li Pauli yéu
cau ham séng toan phan ciia nguyén t1t nhiéu electron phai phan xing (do6i
dau) khi hoan vi hai electron bat ki. Dé c6 ham séng spin-orbital phan xing,
ta phai két hgp ham orbital d6i xting trén véi mot ham spin phén xing.

Chung ta ding ki hiéu a; dé chi trang thai spin-up ctia electron i; 3; dé
chi trang théi spin-down ctia electron i. Nhu vay, v6i hé hai electron, c6 thé
¢6 4 dac ham spin nhu sau

amae;  Bobes  awbe;y Booe

Ta thay ham thi ba va ham thi tu di vi pham tinh khong phan biét cac hat
dong nhat con ham thit nhat va thi hai thi khong. Hon nita, néu thic hien
su hoan vi electron 1 v6i electron 2, ta thay hai ham dau déi xing; trong
khi d6 hai ham sau khong d6i xtng ciing khong phan xtng. Do d6, ching
khong dugce chap nhan vi ching ta can ham spin phan xing. Dé giai quyét
kho6 khin nay, ta stt dung ham spin to hop tuyén tinh sau

1
7z (04(1)5(2) + ﬁ(l)a(2)> (41)

la hing s6 chuan héa. Trong hai ham spin trén thi

1
7 (0«1)5(2) + 5(1)%2))
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1a ham d6i xitng. That vay, néu hoan vi electron thit nhat véi electron thi
hai, ta c6

-1 1
Py [E (04(1)5(2) + 5@)04(2)” G <O‘(2>5<1> T 5(2)0‘(1)>
1

= 7 (0«1)5(2) + ﬁ(l)%))

Dac tri ciia ﬁm trong truong hgp nay la +1. Ngugce lai
1

7 (0«1)5(2) - 5(1)()«2))
la ham phan xting

Sl 1

Prz [E (%)5(2) - ﬁu)a(z))] = 5 <a<2>ﬁ(1> - au)ﬁ@))

1
= A (0«1)5(2) - 5(1)(1(2))

vi dac tri ctua ﬁlg trong truong hgp nay la —1. Tém lai, bén dac ham spin
cho hai electron la

1 1
e Pofe 7 (0«1)5(2) + 5(1)%)) 7 (0«1)5(2) - ﬁm%))

Trong bén ham spin cho hai electron, ba ham dau déi xting khi hoan vi
hai electron. Do d6, trong phép gan ding thap nhat, ham séng phan xing
ctia He & trang thai co ban bao gom yéu t6 spin c6 dang

1
PO — 18(1)15(2) X —(&(1)6(2) - 6(1)04(2)> (42)

V2

Ta thay, ham ®© tren 1a phan xtng khi hoan vi electron 1 véi electron 2,
dtng nhu yéu cau ctia nguyén li Pauli

Prp [150)18(2) (%)ﬁ@) —ﬂ(nf%(z))] = Lsplsq (0«2)5(1) —5@)04(1))
= —lsplse (0«1)5(2) - 5(1)%))

Khi nguyén tit He & trang thai kich thich v6i mot electron & orbital 1s
va mot electron & orbital 2s thi ham séng orbital chinh xéc bac zero la

77/)(0)(1, 2) = 18(1)28(2) @D(O)(Q, 1) = 18(2)28(1) (43)



Tuy nhién, hai ham nay thi khong déi xiing ciing khong phan xtng khi hoan
vi hai electron. Vi vay, n6 khong thé két hgp véi mot trong bén ham spin clia
hai electron dé cho ta ham spin-orbital phan xing. Trong truéng hgp nay, ta
phai xay dung ham orbital c6 tinh d6i xiing (hodc phan xting) bang cach to
hop tuyén tinh

¢ =1 V(1,2) + (2, 1) (44)
Diéu kién chuan héa ¢ la tong binh phuong cac hé sé khai trién bang don vi
A +c=1 (45)

Mt khac, vi cac electron la nhitng hat dong nhat nén ti lé déng goép cia
»O(1,2) va 1 (2,1) vao trang thai chong chat (44) phai bing nhau. Do dé,
ta co

A =c3 (46)
Nhu vay, ta c6 hai ham t6 hop tuyén tinh
1
o= E <18(1)25(2) + 18(2)25(1)) (47)
Trong do6, ham
1
QSI — E (18(1)28(2) + 18(2)28(1)> (48)

d6i xting v6i st hoan vi hai electron nén sé dugce két hop véi ham spin phan
xiing, cho ta ham spin-orbital phan xtng

1 1
7 (1S<1>25<2) + 1S<2>23(1>> 7 (%)5(2) - 5(1)%))
Ngugce lai, ham
1
Py = E<18(1)25(2) — 18(2)28(1))

phan xting v6i sy hoan vi hai electron nén sé duge két hgp véi ba ham spin
d6i xiing, cho ta cidc ham spin-orbital phan xiing

1
7 (15<1>28(2> - 1S<2>25(1>) Q)
1
7 (15<1>28<2> - 15(2)28(1>>5<1)5(2>
1 1
7 <1$<1>28<2> - 15(2>28<1>) NG <a(1)5(2) + ﬁu)a(z))
Tuong ty, khi mot electron G orbital 1s va mot electron & orbital 2p,., ta cling
c6 bon ham spin-orbital phan xting. Nhu vay, nguyén tit He 6 trang thai kich
thich v6i cau hinh electron 1s'2p! ¢6 12 trang thai vi phan 16p p c6 dén ba

orbital 2p,, 2p, va 2p,.
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4 Nguyén ly loai tru Pauli
D6i v6i nguyeén tit c6 hai elctron nhu He, ham séng bac zero dude xay dung

dira vao hai ham séng 1s clia nguyeén tit giong hydro

Ui = 1sa)lse)

Gia st ham soéng bac zero 6 trang thai co ban ctia nguyeén ti ¢6 nhiéu hon
hai electron cling duge xay dung theo phuong phap nhu trén. Vi du, ham
song véi nguyeén tit ¢ 3 electron nhu Li, ta co

U = 1sy1se)1s) (49)

Ning lugng gan dung bac zero

BO g1 (Z 26/2) 27 x £~ 97 % (13,606 eV) = —367.4
S = —— = — - = — € - - €
Li 12\ 2q, 2a, ’ ’

Trong phép gan dung bac nhat, ta cé

By, = (o By (50)
vol R 6/2 6/2 6/2
Hy=—+—+— 51
L T12 23 13 ( )
Do do6

6/2

23

e/2

0
E}/z = < (Li) 12

0 0
0+ (4

(0>> < O
i + il
L L 13

(0>>
L1

Mait khac, ta co

2
(9)> = /// 13 yLs(2)1s )>: (13()13(2)13 )dvldvgdvs
12
= 18 yLs e Is1y1s(2) )dvidu, 1s s dus
2 9 (1) 3)

/2
= <1S(1)18(2) — 15(1)15(2)> X <1S(3)‘18(3)>
18(1)18(2)>

OIS
<wLi T1

T12
/2

€
= <18<1>1S(2> —

T12
57 < e’ )
4 \2q
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<1S(3)

18(3)> =1
T do, ta tinh duge

57 1 e
E . = _<_> =1 1eV 2

Nhu vay nang lugng ctia Li & trang thai co ban trong phép gan dung bac
nhat nhu sau

B + B, = —367,4eV +153,1 eV = —214,3 eV
Néu ap dung phuong phap bién phan va ding ham thi 1a
qb = 18(1)18(2)18(3)

ta dugce

. 6/2
& = <18(1)1S(2)18(3)‘ (ng) + 3@) 18(1)18(2)18(3)>

— EW 4B, = 2143V

Theo noi dung ctia phuong phap bién phan, gia tri £ tinh dude dya vao ham
thit phai 16n hon ho#c bang gia tri ning lugng that ctia Li & trang thai co
ban. Thyc nghiém cho thay gia tri nang lugng that ctia Li & trang thai co
ban 1a —203,5 eV. Nghia 1a két qua tinh da vi pham nguyén li bién phan.
Do dé, chiing ta khong thé theo cach nhu trén dé xay dung ham séng cho
nhitng nguyén tit ¢6 nhiéu hon 2 electron.

Loi ctia ching ta nam & chd da khong tinh dén yéu td spin va nguyén
Ii Pauli. Ham séng gid st 1s)1s2)ls@) la ham doi xing khi hoan vi hai
electron bat ki. Dé c6 ham spin-orbital phan xtng ta phai nhan né véi mot
ham spin phan xtng. Tuy nhién, thiyc té ching ta khong thé xay dung dudc
mot ham spin phan xing cho 3 electron. Sau day chiung ta sé chiing minh
két luan nay.

Goi f, g, h la cac ham song dai dién cho electron 1, electron 2 va electron
3. Ching ta bat dau bang ham tich sau

Twge)he) (53)

Thuc hién phép hoan vi 2 electron bat ki trong s6 3 electron ta dugc thém 5
ham sau

f@9m)he); fegoha:  foge)he); fe90)he); f@9e)ha)
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Ham t6 hop tuyén tinh ctia 6 ham trén c6 dang

afmgehe + fiegnhe) + cafegeha + cafagshe
+ ¢ f3)90)h2) + e f93) Py (54)

Ta co
Pisfaygehe) = fegahe)

Do do6, dé (54) trd thanh mot dic ham cia ﬁlg v6i dac tri —1, theo yéu cau
ham phan xting, thi co = —c;. Tuong tuy, ta c6

Pisfaygehe) = f39@ha)

Py faygehe) = fo9ehe)
Pisf9@ha) = fe90)he)

Pisfaygshe) = f)96)ha)

nén c3 = —¢1, C4 = —C; VA C5 = —C3 = 1, g = —C4 = 1. Nhut vay, ham t6
hop tuyén tinh duge viét theo ¢; nhu sau

alfmgehe — fegnhe) — fegxha — fongehe)

+ fe9mhe + fogsha| (55)

Ching ta gia st cic ham f, g, h truc giao v6i nhau va hé sé ¢; dude chon
sao cho (55) chuan héa. Nhan (55) v6i ham lien hgp phiic ctia n6 rdi lay tich
phan toan phan ching ta sé thay tat ca tich phan ctia hai ham khac nhau
bang zero; tich phan ciia hai ham giéng hét nhau bang don vi

<f(i>9<j>h<k>‘f<i>9(j>h<k>> =1 (i=7=4k
= 0 (#ji#ki#k)

Tu do, ta co

<(55)](55)> —laPA+1 4141414+ 1) =6er? =1 (56)

= 1 =

Sl
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Nhu vay (55) tré thanh

1

76 [f wIhe — fegnhe — fegoha — fogshe

+ fe9mhe + fegsha| (58)

C6 thé viét phuong trinh (58) dusi dang dinh thiic nhu sau

1 jz(l) 90) Z(l) 50
— | f@ 92 he 29
V6 fe) 96 he

Khai trién dinh thic (59) ta sé thu duge phuong trinh (58).

Chiing ta sé dung (59) dé chiing minh 1 khong thé xay dung duge mot
ham spin phan xitng cho 3 electron. Néu f, g, h 1a cdc ddc ham spin cia
electron thi chiing chi c6 thé 1a ham « hodc 3. Néutaldy f = a,9 = 3,h = «,
thi (59) trd thanh

1 | aow gu) (1) .
—=| & P a 60
V8| aw B aw

Ta thay (60) c6 hai cot giong nhau nén gié tri ctia né bang zero. Vi vay, méc
du ¢6 tinh phén xing nhung (60) khong dugce chap nhan la ham spin vi né
bi triet tieu. Cho dut ching ta chon f, g, h nhu thé nao thi cling sé c6 it nhat
hai cot gibng nhau. Chinh vi vay, ching ta khong thé xay dyng dugc mot
ham spin phan xting cho 3 electron. Diéu nay c6 nghia 1a phai ¢ it nhat mot
electron nam ¢ miic nang lugng cao hon.

Tiép theo, ching ta xét f, g, h 1a cAc ham clia ca vi trf va spin. Ta chon

foy = 1swaq) (61)

Mot ham giéng nhu (61) dude goi 1a ham spin-orbital. N6 1a tich ctia ham
khong gian (orbital) mot electron véi ham spin mot electron. Néu chiing ta
chon
9o = 1s@aq

thi dinh thitc (59) c¢6 hai cot gibng nhau nén né bi trigt tieu, nghia la ham
séng bang zero. Day la truong hop dic biét clia nguyéen ly Pauli va dugc
goi 1a nguyén ly loai tri& Pauli: hai electron khong thé ndm trén ciing
maot spin-orbital. Mot cach phat biéu tuong tuong khac do la trong cing mot
nguyén tit, khong ton tai hai electron véi cac sd lugng tit giong nhau. Cac
electron dugce dac trung bdi nam s6 luong ti n, [, my, s, m,. Trong do6 s6 luong
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1
ti tha tu s = 3 v6i moi electron. Do dé, khi hai electron duge mo ta béi mot
ham orbital, nghia 1a khi cac s6 lugng t1t n, [, m; gidng nhau, thi s6 luong ti
thit nam m, phai khac nhau, c6 thé —|—§ cho electron 1 va —3 cho electron

2. Nhu vay, chiing ta chon electron 2 cé spin ngugc véi electron 1
96) = 1s@bBa

D6i véi ham spin-orbital b, ching ta khong thé chon 1a 183 hodc Lsgyaq
vi déu lam cho dinh thitc (59) bi triét tieu. Vi vay electron con lai phai nam
& orbital khac c6 mitc niang lugng cao hon. Miic nang hugng ké tiép, n = 2,
c6 bon orbital 2s, 2p,, 2p,, 2p,. Ching ¢6 nang lugng bang nhau, bi suy bién
bac bén. Tuy nhién, sy xuat hién ctia hieu ting chin va hieu tng day do su
hién dién ctia cac electron trong nguyén tit lam cho orbital 2s ¢6 nang lugng
hoi thap hon so véi nang lugng clia cac orbital 2p. Vi vay, 6 trang thai co
ban, Li ¢6 2 electron & orbital 1s véi spin nguge nhau va 1 electron & orbital
2s. Ham song chinh xéac bac zero clia Li c¢6 thé viét dudi dang dinh thiic

o 1| Poew sofy 2smaw
Li = /g Isgya) 1s@be) 25@@ (62)
13(3)a(3) 18(3)5(3) 23(2)04(3)

hoac
o 1| Poeo LsyBay  2sm0a
Vi = —=| Lseae) 1s@br) 25908 (63)
V6| 1 9
sEE) 1s@)06) 2520

Su doi chd hai cot bat ki déu lam cho dinh thtc trén doi dau. Noi cach khac,
ham séng théa man tinh phan xting khi hoan vi hai electron bat ki.

5 Cau hinh electron

Sy phan bo cac electron vao nhitng orbital trong mot nguyén tit duge goi 1a
cau hinh electron. Vi duy, cau hinh electron ctia He & trang théi co ban la

Lsayanyls) B

hodc don gian hon, ching ta khong phan biét hai electron va bo qua ki hieu
spin, ta viét 1s2. Tuong ti, cau hinh electron ciia Li & trang thai co ban 1a

Lo 1se Be25m0) () hoac  1s%2s!
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MBai electron trong mot nguyén tit duge dic trung béi nam s6 luong ti
do6 1a n,l,my, s, ms. Tuy nhién, vi sd lugng ti spin s = 2 v6i moi electron

nén ta chi can xét bon s6 luong tit n, [, my, m,. Doi véi nguyén tit He & trang
thai co ban, ta co

1
Electron1: n=1 =0 m;=0 ms=+—-

f

Electron 2: n=1 [=0 m; =0 ms:_§

Khi n = 2 thi [ nhan hai gia tri [ = 0 hoac [ = 1. Trong nguyén tit hydro,
nhitng trang thai cting s6 luong tit n c6 nang luong bang nhau. Tuy nhieén,
trong nhitng nguyén tit nhiéu electron, nhiing trang thai ciing s6 lugng ti n
nang luong khong nhat thiét phai bang nhau. Thong thudng, cac miic nang
lugng tang khi tong n + [ tang. Sau day la mot s6 vi du

n | n+(0 Trang thai
10 1 1s
2 0 2 2s
2 1 3 2p
3 0 3 3s
31 4 3p
4 0 4 4s
3 2 5 3d
4 1 5 4p
5 0 5 5s
4 2 6 4d
51 6 5p

Ching ta Iuu ¥, khi tong n + [ bing nhau thi trang thai ting véi n 16n hon
¢6 nang lugng cao hon.

Theo nguyén li Aufbau, cau hinh electron ciia mot nguyén tit § trang
thai co ban thu duge bang cach phan b cic electron vao nhiing orbital c6
nang luong tit thap dén cao két hgp véi nguyen 1i loai trit Pauli.

6 Dinh thic Slater
Mot dinh thitc ¢6 dang giéng nhu (62) hodc (63) duge goi la dinh thic
Slater. N6 1a mot phuong trinh mo t4 ham séng théa man diéu kien phan

xting cho nguyén ti nhiéu electron. Nhitng phan tit trén cling mot cot cia
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dinh thic Slater c6 spin-orbital giong nhau. Nhitng phan ti trén ctiing mot
dong lien quan dén cac thudc tinh clia cting mot electron.
Ham séng bac zero ciia nguyén tit He ¢ trang thai co ban la

1
O = 1sylse X E[@(l)ﬁ@) — By

1
= E(“(l)ﬁ(l)lS(z)ﬁ@) - 18<2>a<2>15(1>5<1>>

Phuong trinh trén ré rang tuong duong v6i dinh thite Slater sau
1

V2

Dé don gian, thay vi diing o va 3 dé chi cac ham spin, ching ta c¢6 thé

dat dau gach ngang trén ham khong gian ting véi spin 3. Vi du dinh thiic
trén c6 thé viét don gian hon nhu sau

Lsmaq) swBa ‘ (64)
Is@ae) 1s@)be)

L | Lsqy Isq
_ 2 65
V2| 1s@) 1se (65)
Stt dung ki hi¢u nhu tren, ta viét lai (62) nhu sau
L sy Isey 2sq)
— 18(2) 18(2) 28(2) (66)
\/6 18(3) 18(3) 28(3)

Thay vi phéi viét toan bo dinh thiic nhu trén, ta thuong viét mot cach ngan
gon hon nhu sau

! )1 T2 ‘ (67)
—|1s1s2s
V3!
D6i v6i nguyén tit véi bon electron & trang thai co ban, ham séng phan xing
bac zero hay dinh thitc Slater 1a

1 ‘ _
— 13152523‘ 68
N (68)
Ching ta thay v6i nguyen tit 2 electron thi s6 phan ti trong dinh thic
. . 1 1
Slater 13 22 = 4 va he s6 chuan héa 1a = ——; v6i nguyén ti 3 electron

a
5

thi s6 phan ti trong dinh thic Slater 1a 32 = 9 va hé s6 chuan héa la
1 1

Vi-2-3 6
dinh thtc Slater 1a n? va hé s6 chuan hoa 1a

1 1 (69)
1-2-3---  /n!

Nhu vay, v6i nguyen tit c6 n electron thi s6 phan tit trong
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Bai tap
1. Cho hai ham f(z;) = z? va g(z3) = €. V6i 2; = 1 va x5 = 2, chiing to
rang

f(@1)g(w2) + g(a1) f(22)

14 ham d6i xting. Ngugc lai

f(x1)g(x2) — g(x1) f(2)

la ham phan xing. Trong khi do6

f(z1)g(x2)

khong ddi xitng ciing khong phan xing.
2. Cho hai ham song

®(1,2) = %(% + @A)

B(2,1) = %(% . @A)

Chitng minh ring ®(1,2) va ®(2,1) tryc giao véi nhau néu &g va &4 chuan
hoa.
3. Hay xac dinh céc bo s6 luong ti n, 1, my, ms c6 thé co clia cac electron
trong nguyén tit He § trang thai kich thich v6i cau hinh electron 1s'2p!.
4. Tinh téng n + [ cho cac AO sau. Tt d6, sip xép ching theo thit tut ning
luong tang dan.

4f 5d bp 6s

5. Trong mot nguyén tit, c6 toi da bao nhiéu electron c6 cac sé lugng tit nhu
sau

a.n=31=2
b‘n:27l:17ml:_l7ms:_§
1
C.n:4,ms:——
2

d.n=5m =42
6. Viét dinh thic Slater cho ham soéng spin-orbtial phan xiing bac zero clia
mot nguyeén ti véi tam electron & trang théai co ban.
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