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MO DAU

1. Ly do chon deé tai

Trong linh vuc co hoc luong tir, ky hiéu Dirac hay ki hiéu bra-ket 1a biéu
dién chuin dung dé moé ta trang thai lugng tir. Ki hiéu nay duogc gidi thiéu boi
nha toan hoc Paul Dirac nam 1939. Ngay nay ki hiéu Dirac dugc ding phé bién
trong co hoc luong tir. N6 thuan tién hon & chd 1a tinh doc lap trong biéu dién
troru tuong cua ddi tuong ma no6 ki hiéu, cong thém tinh linh hoat khi tao ra
nhiing biéu dién dic thu (toa d0, xung lugng, ham riéng) mot cach dé dang, hoic
khong phu thudc qua nhiéu vao khong gian tuyén tinh c6 lién quan.

Pbi v6i cac bai toan nguyén tir don gian nhat 13 nguyén tir Hydro viéc tim
ra ham song va cac mirc ning luong bang phuong phéap dai sé va giai tich ciling
can mot khéi lugng tinh toan phirc tap va cong phu. Khi nguyén tir chuyén dong
trong truong dién tu thi do sy phurc tap cua toan tr Hamiton trong phuong trinh
Schrodinger nén khong thé giai quyét bang phuong phap dai sé hay giai tich
thong thuong. Mot trong nhitng phuong phap manh va pho bién c6 thé ké dén 1a
phuong phép 1y thuyét nhiéu loan. Y tuong chinh cta 1y thuyét nhiéu loan la
tach Hamiltonian cta bai toan thanh hai thanh phan: mot phan c6 thé xac dinh
dugc nghiém chinh xéac, phan con lai 13 “nhiéu loan” s& déng gop vao két qua
thong qua cac b6 chinh. Do chinh x4c cua bai toan thé hién & bac cua cac bd
chinh.

Viéc tng dung 1y thuyét nhiéu loan cho cac bai toan nguyén tir & cac bd
chinh bac cao hay cac trang thai kich thich 16n con duoc it nghién ctru. Ching
t6i ap dung t6i uu phuong phap toan tir va ki hiéu Dirac trong 1y thuyét nhiéu
loan dé tinh toan cac bd chinh trén co s& d6 tinh toan chinh xac va ngin gon cac
mirc nang luong cia nguyén tir khi chuyén dong trong trudng ngoai & cac trang
thai kich thich 16n hon...

Xuat phap tir nhitng doi hoi cap thiét néu trén, chung toi lya chon dé tai:
Ly thuyét nhiéu loan va mét s6 irng dung cho bai toan nguyén tir”.

2. Tong quan tinh hinh nghién ciru thude linh vuc cia dé tai



Trong cac gido trinh:“Co hoc luong tir” - Pham Quy Tuw, P Pinh Thanh;
“Gido trinh co hoc lugng t” — Phan Dinh Kién; “Gio trinh co hoc luong to” —
Nguyén Duy Hung..., 1y thuyét nhidu loan da dugc tiép can bang biéu dién
Schrodinger. Pay 12 mot phuong phép truyén théng gitp ta nhin rd duoc su phu
thudc cua trang thai lugng tir theo khong gian tuyén tinh (ham song va céc toan
tir biéu dién céac bién sd dong luc phu thude vao cac toa do khong gian va thoi
gian). Tir d6 viéc tinh toan dya trén cac phuong phap dai sd va giai tich duoc ap
dung. Nhung céach tiép can nay din dén cach bién d6i dai dong, nhitng cong thic
dd so va khoi luong tinh toan khéng 16. Do d6 céac bo chinh vé nang luong va
ham séng & cac bac gin dung cao hon (16n hon 2) khéng dugce dé cap. Mot sb
nghién ctru gan dy nhét vé 1y thuyét nhiu loan va bai toan nguyén tir & trong
nudc hién nay nhu luan vin thac sy “Ly thuyét nhiu loan va mot s6 ing dung”
— Pham Thi Thanh Huyén nim 2016 ciing da xay dung lai Iy thuyét nhidu loan
dua trén co hoc song Schrodinger. B6 chinh béc cao (bac ba) vé nang lugng va
mdt sd bai toan nhu: hiéu chinh nang luong & trang thai co ban dao dong tir diéu
hoa; niang lugng va ham song trong phép gan ding bac nhit cta hat chuyén
dong trong truong xuyén tam hay giéng thé da duoc trinh bay...

Trong dé tai ndy chung t6i mudn tiép can 1y thuyét nhidu loan bing
phuong phap toan tir va ki hiéu bra - ket nham don gian ho4 cong thirc va giam
b6t khéi lwong tinh toan khi tinh todn cac gan dung bac cao — bac ba tro 1én. Bén
canh d6 viéc str dung phuong phap nay dé giai bai toan chuyén dong ctia nguyén
tor Hydro trong truong dién tir nhu hiéu ing Stark, hiéu mg Zeeman hay bai
toan nguyén tir Heli s& kha dé dang va thuén tién hon.

3. Muc tiéu nghién ciru

Nghién ctru 1i thuyét nhiéu loan ing dung giai mot s6 bai toan cho nguyén
tr trong co hoc lugng tu.

4. Pbi twong va pham vi nghién ciru

4.1. Poi twong nghién ciru
- Phuong trinh Schrodinger.

- Ly thuyét nhiéu loan.



4.2. Pham vi nghién ctru

- Phuong trinh Schrodinger cho nguyén tur.

- Ly thuyét nhidu loan dimg: cic bd chinh vé ning luong va ham song.
5. Cach tiép can va phwong phap nghién ciru

5.1. Cach tiép can

- Van dung ki hiéu Dirac va céc cong cu tinh toan cua giai tich nhu tich phan
suy rong, tich phan dé nghién

5.2. Phwong phap nghién ciru
- Nghién ctru Iy thuyét: Nghién ciru tai lidu, phan tich, tong hop.

6. Péng gép mai cia dé tai
- Pong gop 16n nhat cua dé tai 1a 1am rd dugce qué trinh van dung ki hiéu Dirac
vao phuong phap 1y thuyét nhidu loan tir d6 Gng dung dé giai cac bai toan
nguyén tir chuyén dong trong trudng ngoai véi do chinh xac cao.

7. Két cau ciia dé tai

Ngoai ph?m mé& dau, két luan, danh muc tai liéu tham khéo, Dé tai gém co
hai chuong:

1. Chuong 1: Co s& ly thuyét. Dé tai da trinh bay mot cach logic va hé
théng phuong trinh Schrodinger cho nguyén tir, phuong phap 1y thuyét nhiéu
loan bang cach van dung t6i wu ki hiéu Ket — bra.

2. Chwong 2: Ung dung ly thuyét nhiéu loan cho nguyén tir. Dé tai da
lam 10 duogc viéc van dung ly thuyét nhiéu loan dé tinh toan chinh xac va rd rang
cac murc nang lugng bi tach ra khi nguyén tir dat trong truong ngoai cling nhu

murc nang luong ¢ trang thai co ban cuia nguyén tir Heli.



Chuong 1
CO SO LY THUYET
1.1. PHUONG TRINH SCHRODINGER.

Phuong trinh Schrodinger 18 m{t phuong trinh co ban cua vat 1y lugng
tir mo ta sy bién d6i trang thai luong tir cia mét hé vat ly theo thoi gian, thay thé
cho cac dinh luat Newton va bién doi Galileo trong vat 1y c¢6 dién. Phuong trinh
Schrodinger 1a nén tang ctia vat 1y luong tir va chi phéi tit ca cac hién tuong cia
thé gidi vi mo. Nghiém ciia phuong trinh Schrodinger khong chi mé ta cac hé
nguyén tir (nguyén tir, phan tir, hat nhan, dién tir va cac hat co ban khac) ma ca
cac hé vi mé, tham chi co thé 1a toan bd vil tru. Phuong trinh nay duoc dat theo
tén cua nha vat 1y nguoi Ao E. Schrodinger, ngudi da 1an dau tién thiét 1ap no

vao nam 1926 [1-5].

ihM:Hw(r,t) (1.1)

Trong do: + H 1a toan tr Hamilton cua hé gom toan tir dong nang chuyén dong

2
va thé nang tuong tac H = —S—Vz +V (r,1) (1.2)
m

+ l//(r,t) l1a ham séng mo ta trang thai cua hé.

Khi hé Iugng tir ¢ trang thai dung — trang thai ma toan tir Hamilton cta hé
khong phuy thudc tuong minh vao thoi gian thi phuong trinh Schrodinger trd

thanh:

~

Hy (r)=Ew/(r) (1.3)

Hay: {—g—mvz +\/A(r)}y(r) =Ey (r) (1.4)

Pbi v4i bat cr mot hé luong tir ndo: ion, nguyén tir, phan tir... 101 giai
phuong trinh Schrodinger cho hé phai bao gom dong thoi hai két qua: ham riéng
w(r)va tri riéng nang lugng E tmg véi ham riéng d6 ciia H. Vé nguyén tic,
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phuong trinh Schrodinger 12 mot phuong trinh vi phan tuyén tinh cap hai chi
giai dugc chinh xac ddi véi mot sd it hé luong tir, cac trudng hop hé luong tir ¢6
nhiéu electron chi giai duogc gan dung.

1.1.1. Phwong trinh Schrodinger cho nguyén tir Hydro

Nguyén tir Hydro va céc ion tuong tu - nguyén tor c6 mot electron 1a mat
hé gém mot hat nhan tich dién duong véi dién tich +Ze va mdt electron tich dién
—e chuyén dong quanh hat nhan. Mot ion twong ty Hydro 1a mot ion bao gém
mdt hat nhan va chi c6 mét electron, hat nhan c6 thé c6 hai hay nhiéu proton.
Céac ion He*, ion Li%... 1a cac ion tuwong ty Hydro [1-4]. Dé théng nhat trong
toan bd qua trinh tinh toan, cac bai toan xay dung cho nguyén tir Hydro va cac
ion tuong ty hay nguyén tir Heli va cac ion twong tu thi chung toi goi ngan gon
1a bai toan cho nguyén tir Hydro hay bai toan cho nguyén tir Heli v6i chu ¥ rang
cac két qua thu dugc mang tinh tong quat hoan toan ap dung duoc cho nguyén tir
va cac ion tuong tu no.

Nguyén tir Hydro 13 mot hé gém ) o
hai hat chuyén dong xung quanh tim

khéi luong cua ching twong duong voi

chuyén dong cua mot hat co khdi (o)
, mp n me ‘ of mass
lugng rat gon H=— Hat nay  Hinh 1.1: Mé hinh nguyén tir Hydro
p'le

duoc xac dinh boi ban kinh vecto I 1a vecto Xac
dinh vi tri cta electron so véi hat nhan (Hinh 1.1).
Khi d6 biéu thirc thé ning Coulomb cho nguyén tir Hydro 1a:
Ze* 1
V(ir)=——-— 1.5
( ) Arg, r (1.9

Do d6 Hamilton ctia hé gdm dong ning chuyén dong va thé ning tuong tac
h? v Ze* 1
21 Arey 1

(1.6)

Tur (1.4) phuong trinh Schrodinger cho hé c6 mgt electron nay la:
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. h? Ze* 1
H(// = El// hay (—sz — 472.5 r_]l/l = El// (17)
0

Phuong trinh Schrodinger cho nguyén tir Hydro da dugc giai chinh xac [1
- 4, 8]. Loi giai chinh x4c nay 1a mot mé hinh 1y tudng cho viéc kiém chimg
hiéu qua cua cac phuong phap gan dung giai phuong trinh Schrodinger cho bai
toan nguyén tr hay cu thé hon 1a phuong phap 1y thuyét nhiéu loan st dung
trong nghién ctru nay. Loi giai phwong trinh (1.7) thu duoc biéu thirc nang luong
ctia nguyén tr Hydro phu thudc vao sb nguyén n duoc goi 1a sd lugng tir chinh
va ham séng phu thudc vao bo sb luong tir n, I, m . Voi | 1a s6 lugng tir quy dao |
=0,1,2,..,n-1vamlasdluongtetetm=-1,-1+1,...,0,...,1 -1, 1. Hay cu
thé hon:

+ Nang lugng cua electron trong nguyén tir Hydro:

2 \? 2 2
Eﬁ:—[ mE(Ze ”izz L € 2°_ 136% (ev)  (L8)

2h?\ 4rze, ) |n 2a 4, N n?
2
v6i a la ban kinh Bohr:a = 47&902 =0,529.10""m (1.9)
m.e

+ Céc ham séng mo ta trang thai cia electron trong nguyén tir Hydro phu thudc

vao bd s6 lugng ta n, |, m: =y, (r,0,0) =R, (r)Y,"(6,¢) [8-10]:

Bang 1.1: Ciac ham séng mo ta trang thai ing véin =1, 2, 3 ciia nguyén tir Hydro

n | m Trang thai | Hamsong v,
% oz
1 o |o |1 %00:%@) e s
3
1 (zYe(, zr) -
2 O O 25 l//200 :E(EJ (1_2_aJe 2a




0 2po V10 \/1—7[(%) re 2""COS@
1
+1 | 2psn Worn \/1_”(2) re E singe*"
% Zr
0 0 3s W30 = 81\}3—(%) [27 18— Z(Zarj )e 3a
JT
1 [2(zVe zr (zrY ) -=
0 3po Va0 a\/;(g 6;—(? e %acosd
1 1 (zZVe ze (ze V) E L
+1 | 3pu Wi = (— 6——(— e singe™
81/r \ a a \a
3
% zr
0 |3do Vo = 1%(%} (;) e % (3cos’0 -1)
A%
2 |£1 | 3da l//szﬂ=m(gj (;J e E sin fcos O™
% 2 zr
+2 3d+2 V342 :#(Ej (er e I sin He—z""
- r\a a

1.1.2. Phwong trinh Schrodinger cho nguyén tir nhiéu electron.

Nguyén tir nhiéu electron
don gian nhat 1a nguyén tir Heli.
Nguyén tir Heli co hai electron véi
hé toa d§ duoc xac dinh boi hai
bén kinh vecto r, va r,(Hinh 1.2).
Goc cua hé toa d6 duge cb dinh tai

hat nhan. Ciling nhu nguyén tu

a)

center
of mass

Hinh 1.2: M6 hinh nguyén tir Heli [8]

Hydro, hat nhan cia cidc nguyén tr nhi€u electron nang hon nhi€u so véi

electron nén hat nhan duogc coi 1a tdm cua khoi lugng. Viéc dua goc cua hé toa

d6 tai hat nhan cho phép loai trir chuyén dong tinh tién cta tam khdi luong khi
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giai bai toan. Toan tir Hamilton cho nguyén tir Hydro déng vai tro 13 diém tham
chiéu dé viét toan tir Hamilton cho cac nguyén ttr ¢6 nhiéu hon mot electron. Bit
dau voi hinh thite chung giéng nhu d str dung cho nguyén tir Hydro, Hamilton
ctia nguyén tir Heli gdm dong ning chuyén dong cho mdi electron va thé ning
Coulomb tuong tac ctia mdi electron tich dién 4m véi hat nhan mang dién tich
duong va thé ning tuong tac 1an nhau cta timg cip electron tich dién am.
Hamilton ctia nguyén tir Heli la [1-4]:
h 2

H =—Z(Vf+V§)+V(rl)+v(r2)+v(r12) (1.10)
trong do v (1) =2 Lov ()= 2 Loy ()=t @)
Y Az, ? 4re, T, 20 A, |r1 - r2|

Dua trén 101 giai cho bai toan nguyén tir Hydro, chung ta s€ dy doan dugc
rang 10i giai chinh xac cho phuong trinh Schrodinger nhiéu electron trong
phuong trinh (1.3) s& bao gom mdt ho cac ham song nhiéu electron, mdi loai c¢6
mot gia tri nang lugng riéng. Cac ham soéng va nang lugng nay s€ mo ta trang
thai co ban va trang thai kich thich cia nguyén tir nhiéu electron, gidng nhu cac
ham séng Hydro va nang lugng lién két cua chiing mo ta trang thai co ban va
trang thai kich thich ctia nguyén tir Hydro.Viéc cac electron tuong tac thong qua
luc day Coulomb ctia chiing c¢6 nghia 1a mot ham song chinh xac cho hé nhiéu
electron s€ 1a mot ham duy nhét phu thudc déng thoi vao toa do cla tat ca céc
electron w(r,,r,,...).

Tuy phan thé ning trong Hamilton cta nguyén ttr chi phu thudc vao ban
kinh vecto nhung viéc tim ra mot 101 gidi chinh xac cho phuong trinh
Schrodinger cho céc nguyén tir va phan tir nhiéu electron ngay ca khi chi c6 hai
electron 1a rat kho khan. C4c gan dung co ban nhat d6i véi viéc tim ra 10i giai
chinh xac 1a viét ham soéng nhiéu electron 1a mot san pham don gian cta céc
ham séng don electron va ldy niang luong clia nguyén tir ¢ trang thai dugc mo ta
bai ham soéng do6 14 tong nang lugng ctia mdi electron riéng ré. Bang cach lam

nhu viy, chiung t6i d3 bién d6i mot nguyén tir nhidu electron thanh mot tap hop



cac electron riéng 1é ndm trong cic quy dao riéng 1& do d6 c6 thé xac dinh dugc
cac dic tinh va ning luong cia chiing. Cac tinh toan cu thé s& dugc ching toi
trinh by & phan sau cua dé tai.

1.2. LY THUYET NHIEU LOAN

Trong co hoc luong tu, 1y thuyét nhiéu loan 1a mot tip hop cac chudi gﬁn
ding lién quan truc tiép dén nhiéu loan toan hoc dé mo ta mot hé lugng tur phure
tap theo cach don gian hon. Y tudng 13 bat dau véi mot hé luong tir don gian,
trong d6 mot 101 giai toan hoc da dugc biét dén va thém mot Hamilton "nhiéu
loan" bo sung thé hién su nhiéu loan yéu gay ra cho hé. Néu “nhiéu” 1a khdng
qua 16n, cac dai luong vat 1y lién quan dén hé nhiéu loan (vi du: mlrc nang luong
va trang thai riéng ctia nd) c6 thé dugc biéu thi dudi dang "bo chinh" ddi véi cac
hé don gian. Nhimg b6 chinh nay 1a rat nhé va c6 thé duoc tinh bang cac
phuong phép gan ding nhu chudi tiém can. Do d6, hé vi md phuc tap co thé
dugc nghién ciru dua trén kién thirc vé cai don gian hon. Trong thuc té, 1y thuyét
nay mé ta mot hé phuc tap chua duogc giai quyét bang cach sir dung mot hé don
gian hon, di duoc giai quyét [1-7].

Ly thuyét nhiéu loan 13 mot cong cu quan trong dé mo ta cac hé lugng tir
thuc, vi rat khé tim ra cac giai phap chinh xac cho phuong trinh Schrodinger véi
Hamilton c¢6 d6 phuc tap vira phai. Phuong trinh Schrodinger ma ching ta biét
cac 101 giai chinh x4c nhu nguyén tir Hydro, dao dong diéu hoa luong tir va hat
trong hé thé 12 qua 1y tuong dé mo ta day du hau hét cac trang thai ctia hé vi mo.
Str dung 1y thuyét nhidu loan, chiing ta c6 thé stir dung cac két qua da biét cua
nhimg Hamilton don gian ndy dé tao ra cac 10i giai cho mot loat cac hé lugng tir
phirc tap hon. Ly thuyét gay nhidu dugc ap dung néu bai toan hién tai khong thé
giai quyét chinh xac, nhung c6 thé duoc hinh thanh bang cach thém mot thuat
ngir "nhiéu" vao mo ta todn hoc cia bai toan dé c6 thé tim 15 giai chinh Xac.

Vi du, bﬁng cach thém mot thé nhiéu loan vao mé hinh co hoc luong tir
ctia nguyén tr Hydro, c6 thé tinh duoc nhitng thay d6i nho trong cic vach quang
pho cta Hydro do sy hién dién cua dién truong (hiéu tng Stark) hay tir trudng

(hi€u tng Zeeman) ...



1.2.1. Nhiéu loan dirng khong suy bién
Bit ddu voi phuong trinh Schrodinger cho hé luwong tir khong bi nhiéu
loan va khong phu thude vao thoi gian:
Hy? = B,y (1.13)
Ki tu trén (0) dé dac trung cho céc dai luong ciia hé khong bi nhiéu loan.

Cac ham riéng w° ctia Hamilton Khong bi nhiéu loan H® thoa man diéu kién
tryc giao va chuan hoa <1//°‘1//:> =5, . Bay gio dua vao mot nhiéu loan cho

Hamilton. Dat H' 1a mot Hamilton dai dién cho mot nhiéu loan vat Iy yéu,

chang han nhu thé ning tuwong tac duoc tao ra boi mot trudng bén ngoai va ¢ 1a

mot tham s6 nho tuy ¥ 0 < &< 1 khi ¢6 Hamilton toan phan ciia hé 1a:
H=H’+eH' (1.14)

Cac muc ning luong va trang thai riéng cia Hamilton bi nhiéu loan maot
1an nira dugc dua ra boi phuong trinh Schrodinger:

(I—AIo +¢H ')l//n =E v, (1.15)

Muc dich la biéu diénE,_ va y vé nang lugng va ham song cua Hamilton
khéng nhiéu loan thdng qua cac bd chinh. Néu nhiéu loan 13 du yéu, c6 thé viét
chting nhu 1a mét chudi Iy thira cta &

E,=E°+¢E' +&°E° +&°E° +...
no n1 2 n2 3 n3 (1'16)
W.=yW tey +EW Y+
Cackitutrén 0, 1, 2... dé dic trung cho bac cua nhiéu loan.

Vi nhiéu loan 13 yéu, cic muc niang luong va ham trang thai khong sai
1éch qua nhiéu so véi cac gia tri khong bi nhiéu loan ctia chung va cac gia tri nay
s& tr& nén nho hon khi chung ta xét dén céc luy thira cao hon cua &,

Thay thé viéc mo rong chudi lity thira vao phuong trinh Schrodinger
(1.15), chtng ta thu dugc:

(HO+ el ) (w0 + oy +ey? 4%+ (117)

(E:’ + gEi +(92En2 + 83E:’ + )(1//3 + 8!//? + gzwnz +83l//n3 +)
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Khai trién phuong trinh ndy va so sanh cac hé sd cua mdi lity thira ¢ dan dén
mot chudi cac phuong trinh vo han.
I:I°W0+5(H0y/ +H 1//) (Hol// +H 1//)+g3(I:|°1//3+I:I'wn2)+

=E%° +&(E%' +E'W°) + (Et// +ENY HEWC)+ (1.18)
+& (E°w3+Ell// +El// +E )
Phuong trinh bac khong don gian 1a phuong trinh Schrodinger cho hé khong bi

nhiéu loan. Phuong trinh bac nhat, bac hai, bac ba,... 1a:

(50)... HOWSIE:I//HO

(6‘1)... FIOW: +H 'l//f = E:l//i + E;t//f

(52)... I-Alolyn2 +H 'wi = E:wnz + E;l//i + E;y/:) (1.19)
(83)...I:|0y/:’+l:l'l// —E W +En1,// +E l// +E® l//

1.2.1.1. Bé chinh bdc 1 ciia néing lwong va ham séng

Phuong trinh Schrodinger cho gan diing bac nhat:
H Owi +H '1,//:J = E:wi + E;w:’ (1.20a)

Dua ki hiéu Ket | ) vao phuong trinh trén ta dugc:

%y )+ Hjpt) =Eoly) + Eolw?) (1.20b)
Nhan v& bén trai cua (1.20b) véi <1//f | ta dwoc:
(w?| Rt ) + (W [Hpt ) =E, (w°|w") + E (v |p°) (1.21)

Vi toan tir khong nhiéu loan Hamilton H® 13 ecmit nén:
(W R°lw?) = (A%l )=, (v ) (1.22)

va cac ham riéng cua toan tr khong nhiéu loan Hamilton H 0 d3 duogc chuan

hoa(y°|y®) =1 nén:

0=E,—(y°|H'|y’) (1.23)
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Vay bo chinh gan ding bac nhét vé ning lugng 1a:
E, =(y°|H|w°) (1.24)

Pay chi don gian 1a gia tri trung binh ciia Hamilton nhiéu loan trong khi

hé luong tir dang & trang thai khéng bi nhidu loan. Két qua nay c6 thé duoc dién
giai theo cach sau: gia str nhiéu loan dugc ap dung, nhung ta giit cho hé & trang

thai luong tu

wy) d6 1a mot trang thai lugng tir hop 1¢ mic di khong con 1a
ngudn gdc nang lwong. Sy nhidu loan 1am cho ning lugng trung binh cla trang

thai nay ting lén mot lu:(_)’ng<z,//,:J

H | w? > . Tuy nhién, sy thay d6i ning luong thuc
su khac nhau, boi vi ham séng ciia hé khi bi nhidu loan khong hoan toan giong

nhu

ve)-
Tiép theo chung tdi thiét 1ap bo chinh gan diing bac nhat vé ham song:
H %7 +H 'y = EQyl + Elyy

—>(H°-E )y =—H 'y} + Eyy €2

Khai trién ham séng ' theo cac ham w2yt = Y Civa (1.26)

véi C! 1a hé sO khai trién ham séng trong gan dang bac nhat. Thé (1.26) vao
(1.25) thu duogc:

(H°-E2)> Chwo=—H'w’+Ew’
—)ZCl(I-AI ) =—H" w +Enl//
=Y Co(En—Esyp =—H'v’+Ep’ (1.27)

Nhén vé bén trai cta (1.27) voi <1//|f ‘ta dugc:
> Ch (B —En)(we|wa)=—(wi|H"

= > Cr(En—En)dum =—(wi|H"

we)+Er(wi|wr)

we)+Edy (1.28)
Khi k = m ta duogc:
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n=—mn

Co(Es—Ey)=Eidy, —(walH"

V)
Khi m = n ta thu dwgc bo chinh gan diing bac nhat vé nang lugng E! nhu (1.24),
khi m #n ta dugc:

> Ch(ES ED)=—{pa A"

we)

—-C T E (1.29)
Do vay
0l g .
! —Z%W ZZEHTV/ (1.30)
dday H, = <l//r?1 | H |1//r?> 1a yéu t6 ma tran ctia Hamilton nhiéu loan
Viy nang luong va ham sOng cia hé luong tir & gan ding bac nhat la:
E,=Ey+¢E) =E7 +2(y°|H|y°) (1.31)

Vo =V + «9ZE0 Eowm (1.32)

1.2.1.2. Bé chinh bdc 2 ciia néing lwong va ham song.

Phuong trinh Schrodinger cho gan dting bac hai

HO? +H'y, = Ewl + B + Exyy (1.33)
Khai trién ham séng w’ va ! theo cac ham y?° :
2=> Cown vay,=> Cuy, (1.34)

v6i C?2 1a hé s6 khai trién ham séng trong gan dung bac hai. Thé (1.34) vao
(1.33) ta duoc:

OZle//m +H Zmem E ZCme +E Zmem +E,y;

—>ZC$(H Wi = Enwm)+ H'Y Ciyn=E, 2 Covn +E v,

> Ci(En—E, Jwn+H Y Clwn=E, Y Cown+Ewr  (135)
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Nhén vé bén tréi cua (1.35) voi <t//l? ‘ta duoc:

ZCZ( E, ) (v l//m>+ZCl CALRZE ZCm (e lwe)+EL (v |w?)
zcri( m n) km +ZCr1n km _ZCmEn5km +En5kn (136)
Néu k=m — &, =1 tir (1.36) ta duogc:

(Ek" - E;’)Ck%Zc;H;m ~C!E. +E.5, (1.37)

Khi k=n—6,, =1 ta thu dugc biéu thirc cho bd chinh bac 2 cua nang luong:
E, =(v2[Rp) (1.38)

V6i bd chinh bac mot ciia ham séng ! duoc tinh & (1.30) ta dugc:

<w2\|:|'\wf>=z<w H “//O><‘” v, >‘Z< Jwe)

m=n En - Em m#n E - Em
(1.39)

E. =

L2
H

mn

—SE =)

E —E,
Khi k#n— ¢, =0 tathu dugc biéu thirc ctia hé s6 khai trién cho bo chinh bac
2 ctia ham song:

(Ec-En)ei ==X Culw![Hlwe)+Cilyo|Aw!)

—>(E: - E:)Ck2 =—> CiH +CiH,,

G2 EOH_kmEO *Ci EOH_nnEO
m k n k n
—-C/=->C, EOH—kmEO +C, EOH—nnEO
m k n k n
H H, H H.
—)C2 mn__"km + kn "nn (140)
Heelee) & oa)
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Dicu nay c6 nghia la phuong phéap nay ap dung t6t khi cac yéu t6 ma tran
cua toan tur nhicu loan l1a nhd so véi khoang cach gitra cdc mi€n nang luong cua
hé khong nhiéu loan.

Vay ning luong va ham s6ng cua hé & gan dung bac hai Ia:

v,

.)

En=Ef+gEi+52E§:Er?+g< ‘H ‘l// >+gzz<

E —E.
H
—E’+eH, Hon
te +¢9H§E ey
W“H;E owm

(1.41)

+SZZ Z 0 HgﬂnHkn; 0 + l_:anﬂ: 2 r?1
m=n k:&n(En—Em)(En—Ek) (En_Ek)
1.2.1.3. Bé chinh bdc cao ciia niing luwong.
Bang cach lam tuong tu ta xac dinh duoc bd chinh bac 3 cua ning lugng nhu
Sau:

I:IOW:’+I:I'1// Ew +E1,// +Ev// +Enl// (1.42)

Nhan vé bén trai cta voi <y/° ‘ ta duoc:

WolRe )+ (v

0

vi)=Ea(wivl)+ By

+E,{wlvl) + By

I_"I '

2>+

0 ‘//0>

n n

(1.43)

Chu ¥ t6i tinh chat ecmit cua toan tir Haminton H° va tinh chuan hoa ciia cac

ham y° ta dugc:

Wi [R w2 =B (wlpl) + B (Wl w?)+ B (vl
—>E, =(y°|H|y?) (1.44)

Tuong tu ta c6 cac bo chinh bac cao ctia nang lugng
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v') (1.45)

Nhu vay cac bo chinh bic cao hoan toan tim duge khi biét cac bo chinh
bac thép hon cta n6. B9 chinh x4c ctia nghiém s& phu thudc vao bac cua bod
chinh.

1.2.2. Nhiéu loan dirng c6 suy bién

Bay gid ching ta hiy phat trién 1y thuyét nhiéu loan dé xac dinh phd ning
lugng va cac ham séng ciia mdt hé cé cac trang thai bi nhiu loan va dang suy
bién. Su suy bién xay ra khi co nhiéu hon mot trang thai co thé c6 ctia mot hé ¢o
cing mot gia tri nang luong. Néu thyc hién phép do ning luong cia mot trong
nhing trang thai suy bién nay, va sau d6 do nang luong cua trang thai suy bién
khac, mac du ca hai déu 1a trang thai phan biét, ta s& chi nhan duoc két qua
tuong tu. Nhu vay s& khong thé phan biét dugc hai trang thai nay va theo tinh
toan hai trang thai s& xuat hién giéng hét nhau [1-5].

Mit khac, khi c¢6 suy bién 1y thuyét nhidu loan ma ching ta da nghién ctru
trudc day s& khong str dung duoc. Dé thay diéu nay, chung ta chi can nhin vao
b chinh bac hai ctia ning luong:

E,=E’+¢E; +&°E;

<l//0 H
0 2 m
yi)re mz E —E.

I:I 1

Vo),

n

q v.)

=E° +5<1//S

Néu hai trang thai riéng ciia Haminton H,la ‘(//°> va ‘z//:>cé cung tri riéng ning

o o, . 1
lugng hay E, =E_thi /—— >
En - Em
Gia sir rang trang thai co ban cia HO co f trang thai suy bién (suy bién
bac f) tirc 14 tri riéng E° tuong tng véi f ham song ' . Néu mot thé ning

nhiéu loan dugc dua vao dé pha huy tinh doi xting cho phép suy bién nay, trang

0

thai co ban E’ s& phan tach thanh f mirc ning lwong riéng biétE,, , mdi mirc
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con ndy twong ng v&i mot ham séng o . Mot trong nhitng muc dich chinh ctia
Iy thuyét nhidu loan dirng c6 suy bién 1a cho phép chung ta tinh toan nhitng mirc
ning luong moi nay, ching da tré nén khac biét do anh huéng cta nhiéu loan.
Nhu trong truong hop khong suy bién, ching ta bit dau bang ciach md rong cac
ham séng khong bi nhiéu loan.

Ttr (1.20) phuong trinh Schrodinger trong gan ding bac nhit c¢6 dang:

Hot + Hy? =Byt + B!

Nhén thdy mdi ham song y° 1a t0 hop tuyén tinh cac ham séng w,, cia

toan tor Hamilton H°:
Vo =D 80V (1.46)
k

Thé (1.46) vao ta co:

H OWi +H 'zank‘;”r?k = E:l//i + E;Zankl//r?k (1.47)
K K

Nhan vé bén tri cta (1.47) vé6i (v

, ] #n ta duoc:

(ws Fl°t//i>+<wr?,- H ';ankl//r?k>= E, (wolv')+ ESZk:ank (walws)

Vi toan tir Hamilton la toan tir ecmit nén:

(valA%2 ) =(Rowylv!) =E (vav)
Do vay:

Zk‘,ank <l//r?, H 'wﬁk> = Zk:ank E, (wslwa)

>y, (<V/§, H e )~ E (v wfi)) =0

k

;(H}k _E;é‘jk)ank =0 (1.48)

O day H}k :<l//r(1)j H Il//r?k> va o, :<lr//r?j ';”r?k> (1.49)

Pay 1a hé phuong trinh tuyén tinh c6 thé viét dudi dang tudng minh:
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(Hlll_E:)anl-l_ Hy.a,, +ot Hpay =0

Hudy  +(Hz=E)ag+.+ Hya, =0

(1.50)
Hlflanl + H'fzanz +"'+(H‘ff_Erll)anf:O
Hé phuong trinh trén ¢6 nghiém khi dinh thtic ctia hé bang khong:
H,—E, H, .. H
H'21 HéZ_En Héf :0 (151)
H., H., .Hi —E,
Giai phuong trinh trén ta duoc f nghiém ddi véi E- tir d6 tim duogc:
En= Er? + Eil
E,=E’+E
E, = Ej +Ey i i (1.52)

Ey = Er? + Erl1f
Hay:
Khoéng c6 nhiéu loan C6 nhiéu loan
‘//r?l E. v r?l
£o v, 0 E, ¥n
Wr?f E. ‘//r?f

Nhu vay trong chuwong nay ching t6i da ap dung t6i vu phuwong phap toan
tir va ki hiéu Dirac dé tim cac bo chinh béac 1, bac 2 va bac 3 cia Iy thuyét nhiéu
loan. Bén canh d6 ma tran hiéu chinh muc niang luong & trang thai suy bién ciing
dugc thiét 1ap. Phuong phap nay 13 ngin gon va rat thuan tién khi ap dung cho

bai todn nguyén tir & chuong 2.
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Chuong 2

UNG DUNG LY THUYET NHIEU LOAN CHO NGUYEN TU

Trong chuong nay, ching ta s& ap dung 1y thuyét nhidu loan cho trudng
hop thuc té co ban va don gian nhat d6 1a nguyén tr Hydro va cac ion twong tur
trong trudong ngoai. Piéu ndy s& cho phép chiing ta hiéu cu trc tinh té cta cac
vach quang pho cua nguyén tir Hydro, sy tich mutrc nang luong trong hiéu tng
Stark, hiéu ng Zeeman... Ngoai ra con c6 thé tinh duoc mirc nang luong & trang
thai co ban ctia nguyén tir hai electron — Heli.

2.1. BAI TOAN NHIEU LOAN CHO NGUYEN TU HYDRO KHI PAT
TRONG TRUONG NGOAL

Céc electron trong nguyén tir dugc dac trung bdi mot tap hop cac gia tri
ning luong & céc trang thai khac nhau. Khi bj kich thich boi qua trinh dét nong
hodc ban pha electron trong dng phong dién... nguyén tir dugc kich thich dén
mot muc trén trang thai co ban. Khi tro vé trang thai nang luong thap hon, nd
phat ra mot photon c6 nang luong twong ung vadi su chénh 1éch nang luong gitra
hai mirc nay. Photon nay tng v&i mot phd roi rac, phan anh ban chat lugng tir
cua cac muc nang luong. Vi sy ¢6 mat cia truong ngoai nhu dién truong hay
tir trudng, nhitng muc ning luong nay bi tach ra thanh nhiéu mic ning luong
khac nhau. Bang 1y thuyét nhiéu loan hoan toan tinh toan dugc cac mirc ning
luong bi tach ra nay.

2.1.1. Nguyén tir Hydro trong dién trwong.

Su phan tach cac vach quang phd cua mot nguyén tir v6i su ¢6 mit cla
mot dién truong bén ngoai dugce goi 1a hiéu tng Stark. Hi€u ung Stark lan dau
tién dugc nha vat 1y nguoi Bac J. Stark cht y vao nam 1913, va 1a do sy phan
tach mot phan su suy bién n? ciia cac nguyén tir mot electron. Ong di quan sat
su phan tach cua cac day Balmer trong dién truong ¢d 100.000 V/em [1-4,9,10].
Trong bai toan nay, ching tdi sir dung 1y thuyét nhifu loan dé 1am rd qua trinh
tinh toan cac muirc nang luong bi chia tdch khi Hamilton ctia nguyén tor mot

electron trong dién trudng & khong doi, dong nhét, chi theo huéng z.
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Khi dat nguyén tr Hydro vao dién trudng déu co cuong do yéu
& (§ <10°V/ Cm) va gid su dién truong hudng theo truc z thi Hamilton ctua hé co
dang:
h? _, Ze

H=——V?-
2m Are,r

—elz (2.1)

Trong dé H'= —e&£z 13 Hamilton nhiéu loan.
Theo (1.8) cac mirc ning luong khong nhiéu loan cua nguyén tor Hydro phu
thudc vao sb luong tir chinh n:

0 Z°
E) =136V (2.2)

nén do suy bién tong quat ctia cac mirc ning luong nay 1a n2. Do d6 sb cac yéu
t6 ma tran trong phuong trinh (1.51) 14 n?. Bang hién thi dudi ddy tuong tGng véi

hiéu ung Stark trong nguyén tor Hydro trong truong hop n = 2, 3, 4,

Bang 2.1: Tong cac phin tir ma tran trong hi¢u ing Stark trong nguyén tir Hydro

khin=2,3,4.
n I m Ma tran | Tong cac phan tir
2 10;1 0; £1 4x4 16
3 10;1;2 0; £1; +2 9x9 81
4 10;1;2;3 |0;+£1;+2;+3 16x16 256

Céc phan tir ma tran (1.51) duoc tinh theo (1.49) va biéu dién ham song

qua céc s6 lwong tit nén (1.49) tré thanh: H, = <n|m‘|4 [n 'm'> . (2.3)

Hay:

<n|m‘I—AI "nl 'm'> = <n|m|—ez§z|n| 'm'> = —egj R, (r)r3Rn,.(r)dr.jY,;Y,.m.sin AcosHd Q
0 Q

(2.4)

Do tinh d61 xting ciia ham séng v, va truong ngoai H' nén cac phan tu
ctiia ma tran (1.49) sé:
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(i)

Triét tieu khi m = m’;

(i) Trittieukhil’ =1+ 1I;

(iii.) Gibng nhau trong truong hop m va—m.

(2.5)

Khi nguyén t&r Hydro ¢ trang thai co ban n = 1 nang lugng khong bi suy

bién. Xét sy tach muc ning lugng thir hai va tht ba cua nguyén tir va bai toan

chi xét dén bd chinh bac nhét cho niang luong.

2.1.1.1. Hiéu wng Stark véin =2

Khi n = 2, mtc ning lugng EJcd do suy bién 1a n? =

tuong Ung la:

4 cac ham séng

1) =|211),|2) =[21-1),|3) =|210),|4) =|200)

Céac muc nang luong bi tach ra dugc tinh theo phuong trinh:

Hy, -
Ha
Ha,
Ha

1

E,

H,,
H,, —
Ha,
H.,

1

E,

Hiy
Has
Ha, -
Has

1

E,

H,,

Hz‘14_

Theo (2.5) cac yéu t ctiia ma tran (2.6) la:

ma tran khac bang khong nén (2.6) trd thanh:

1

—E,
0
0
0

0

_E2

0
0

0

0
~E,

Has

_E2

Céc yéu t6 ctia ma tran (2.7) duoc tinh:

Hé4 = :<3|H|4>
1
‘efz—ma (1‘

Al

Zna8a

r
2a

21

=0 (2.6)

H,, =H,; #0 con cac y€u to

(2.7)

—)e”zare”zacose(rcos 6)r?sin@drdod ¢

- 2z
j fr/ar4dr.[coszesin 6?d0_[ d¢
0 0



— ‘”ar“drﬂcosz@d -cosé
27za8a -!( J -([ ( )

Sl

:e_ig _[e*”ar“dr—ij.e*”art‘dr
8a" 3|y 2a

0

Str dung két qua cua tich phan Poisson ta duoc

8 1 oy
H, =H 41a°> — —513° |=—-3ae 2.8
=M= o410 - stat | ~aaez 28

Nhu vay cic yéu to ctia ma tran (2.7) la: H,, = H,, =—3ae& con cac yéu

t6 ma tran khac bang khong. Thé vao phuong trinh (2.7) thu duoc
E, =E),E,, =Ej +3e£a,E,, = E; —3efa (2.9)

Két qua 1a do c6 nhiéu loan mot vach E, suy bién boi 4 da tach thanh ba
vach.

2.1.1.2. Hi¢u wng Stark véi n =3

Tiép theo xét sy phan tach mirc ning luong tht ba ctia nguyén tir Hydro.
Mirc ning lugng EJ c6 do boi suy bién n® = 9 nén cac ham soéng twong Gng:

1 -[a22) [2)-[e2-2) )= a21) )= e ) e,
6)=[31-1),[7)=|320),|8) =|310),|9) =[300)

Theo (2.5) phuong trinh (1.51) tré thanh:

-E; O 0 0 0 0 0 0 0
0 -E O 0 0 0 0 0 0
0 0 -E A 0 0 0 0 0
0 0 A -Ei O 0 0 0 0
0 0 0 0 -E; B 0 0 0 |=0 (211)
0 0 0 0 B -E O 0 0
0 0 0 0 0 0 -E; C 0
0 0 0 0 0 0 C -Ei D
0 0 0 0 0 0 0 D -E;

Theo (1.49) cac yéu t6 clia ma tran dugc tinh:
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2

= (4|H3) = (311]H [321) - —egz ! ]:RisszYﬁYﬂrzsin odrdad¢

R A B

e 2z
><£c03295in2 6d (coso) ! e e"dg

o0 3 T
e | (1— Lj re (LJ e *"*dr [ cos’0(1-cos’d)d (cos )
0

3z 6a) \a
l6esa| 6! 1 71! 9
—_ = =efa (2.12)
8 L(z/sf 6 (2/3)8] 2
Tuong tu ta c6: B= %ega , C=33eca, D=3/6eca (2.13)

Nhu vay duéi tac dung cua dién truong déu, mirc ning luong suy bién bac

9 tach thanh 5 muc nang lugng

9
E:E§,E:E§i§e§a,E:E§i9e§a (2.14)
=9aes
1_9
E = A ae&
E;
n=3 E'=0
1__9
E = A ae&
E' = Qae&
E' =3ael
E?
- 1
n=2 Ef:::::: E-=0
E' = -3aeé
Khong co Trong dién
nhiéu loan truong &

Hinh 2.1: Hi¢u @ng Stark cho nguyén tir Hydro véin=2 van=3
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Nhu vay sau khi xem xét hiéu tmg Stark v6i n = 2 va n = 3 nhan thay khi
nguyén tir Hydro dit trong dién trudng ngoai su suy bién cac murc ning luong da
giam xudng (Hinh 2.1). Nhiéu loan da khong khir hoan toan su suy bién. Cac
muc ning luong bi tach ra do nhiéu loan ti 1& voi do 16n cua cuong do dién
truong £nén goi 12 hiéu tng Stark tuyén tinh.

2.1.2. Nguyén tir Hidro trong tir truong

Trudce khi xét phd cua nguyén tir Hydro trong tir truong ngoai ching toi
xét dén sy anh huong hiéu tng twong dbi tinh va tuwong tic spin — quy dao dén
ciu trac pho ctia nguyén tor Hydro. Hay &p dung 1y thuyét nhiéu loan dé tinh

to&n ciu truc tinh té cua nguyén tir Hydro.
2.1.2.1. Céu triic tinh té ciia nguyén tir Hydro

Khi cht y dén hiéu tng twong dbi tinh thi hat electron c6 khéi lugng nghi
m chuyén dong véi van tdc v c6 ning luong va dong lugng duge biéu dién nhu

sau[7,9,10]:

v (2.15)

Méi lién hé giita ching 1a: E =./p?c® + m*c* (2.16)

Khi d6 toan tor dong nang cua electron:

n 2
T =E-m,c? = p’c® +mic’ —mc? =mc? 1+(L] -1 (2.17)

m,C

Khai trién theo chudi luy thira thu duoc:

A 2 A 4 A D A4
fome?| 2 2| I P}y o P (2.18)
2{mc) 8\mgc 2m, 8mgc

S6 hang dau tién ctia chudi chinh 1a dong nang trong vét 1y c6 dién. SO hang thir

hai 12 gan dng bac thap nhat — bac 1 cua toan tir dong ning khi xét dén hiéu
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g tuong d6i tinh. Chling tdi xem xét anh hudng cua loai hiéu chinh nay dén

murc nang lugng cia nguyén tir Hydro.

Nhu vay Hamilton ctia nguyén tir Hydro khi xét dén gan dung bac 1 cua hiéu
g tuong d6i tinh la:

A4
H=H,+H' v6iH ':—8 p3 ~ (2.19) 1a Hamilton nhiéu loan
m:c

e

Theo 1y thuyét nhiéu loan bo chinh gan dung bac nhat vé ning luong:

A4
E} = (nlm| H i) = —(nim| D |nim)
e (2.20)

ﬁz‘nlm>

1 .
=g ("I

e

Mat khac ta co:
H,|nIm) = E?|nim)
A2

Hay: (% +\7}|nlm>: E? |nIm)

e

— p?|nim) = 2m(E,? —\7)|n|m)

Do do6:
E::_8m1C2 (nim|(E2 -V}’ |nim)
:_8m102 (nim](E°) = 2E +V|nim)
1 : ze 1 (ze? ) 1
=———(nIm|(E7)" +2E; —+( } ~|nIm)
8m,c Arey v \4mey ) 1

2 2 \?
o (B e (R 2| (2
8m,cC Are, \r dre, ) \r

(2.21)
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O day:(r*) :Tr2+k R, ()| dr (2.22)
0

AN Y A 1
Dovay.<r>—n2ava<r2> (I+%)n3a2 [5,10] (2.23)

Thé vao (2.21) ta co:

2 2 \?
B = | (E7) + 2B 2 +[Ze j .
4rs, n’a | 4rs, (|+ A

__(Er?)z 4n_
oame?| 1+ (2.24)

2

€
Arehe 137

)n3’a2

13 hang s6 tinh té.

Hay: B =% | " 3| (2.25)véi o =
n°| | 4

5

C6 thé so sanh nang luong cta nguyén tir Hydro khi khong nhiéu loan va
nang luong khi xét dén gan dung bac nhat khi hiéu chinh do hiéu tng tuong ddi

tinh nhu sau:

2
, E
Nhéan thay: E? ~ a’m.c’va E; ~ ( n)2 =a'mc?. Do dé:

1 4 2
E, _amc 1 0 (2.26)

T =0 =—F~=x
E°  o’mc? 137,036°

Nhu vay 1y thuyét nhiéu loan hoan toan ap dung tét trong truong hop nay.
Vay ning luong cua nguyén tir Hydro khi xét dén sy hiéu chinh hiéu tmg tuwong
doi la:

(£2)

4n
En,m:E,?+E}:E,?—2m C2[|+y—3J+... (2.27)
¢ 2
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Tiép theo chung toi xét sy anh huong cua tuong tac spin — quy dao 1én
cdu tric pho cta nguyén tir. Tuong tac spin — quy dao hay tuong tac giira spin va
momen dong luong quy dao (orbital) ctia electron. Electron chuyén dong quanh
hat nhan dugc xem nhu mot dong dién va sinh ra tur truong c¢6 cam tng tir lién

hé véi vecto momen quy dao II_ nhu sau [8,10]:

e L

"
B=
4rmg, mcor’

(2.28)

Néu xét trong hé quy chiéu gan vai electron thi chinh electron chiu tac dung cua
mot tir truong B gay boi chuyén dong cua hat nhan quay quanh nd. Tur truong

nay tac dung Ién mémen tur riéng cua electron khi d6 Hamilton tuong tac spin —

quy dao c6 dang:
Ho— Bt L &p (2.29)
s0 = "Hs 87e, mzc’r’ ' '
Vo1 fig1a mOémen tu spin fg = _L4 (2.30)
m

Khi electron c6 ca momen quy dao va momen spin thi mémen dong luong toan

phan J =L +S Céc phuong trinh tri riéng cua cac toan tir L,S va J 13 [1-4]:

CIn,ls, j,m;)=1(1+1)h?|n,1s, j,m;)

S?|nL,s, j,m;)=s(s+1)h*|n,l,s, j,m;) (2.31)
32|nLs, j.m)=j(j+1)h?|nls, j.m,)

J,|n1s, j.m;)=mph]|n,Ls, j,m,)

Trong d6: + s 1a s6 luong tir spin, ddi véi electron s = %

+ j 1a s6 lugng tir momen dong luong toan phan, j =1 + s
+ m; 14 s6 luong tir hinh chiéu ciia momen dong lugng toan phan lén

trucz, mj=-j.—j+1,...,0,...,]—1,]

Binh phuong hai vé caa J=L+S va chuyén vé ta dugc:
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22 2 &2
s.ﬁ:% (2.32)

2

Tri riéng cua toan tir S.L 14 h?[j(j +1)-1(1+1) - s(s +1)]

Hamilton tuong tac spin — quy dao duoc viét lai:

2 12 2 &2
I:IelJLS

_ 2.33
* 8rzg, 2m’c? re (2:33)

Theo 1y thuyét nhifu loan bd chinh gan ding bac nhit vé ning luong trong
truong hop nay dugc tinh:

e € 1 J2-?-¢?
* 87g, 2m*c? ré

_ ¢’ L[J—(j+1)_|(|+1)—s(s+1)]h2<%>

8re, 2m>c’
Ceh? j(j+D) -1 +1) - s(s+1) <i>

167, mZc? re

1 1 ,

Theo (2.22) ta duoc: <—3> = Do d6:
r*/ 1 +1)(| +%)n3a3

e _ &h° j(i+)-10+D-s(+D) 1

© 167z, mZc’ AL
E°) n| j(j+)-1(1+2)-3
Hay: Eq, :( ) [ A} (2.34)

m,c? I(] +1)(| +%)

Hiéu chinh ning luong ctia nguyén tir Hydro khi xét dén hiéu tmg twong ddi tinh
va tuong tac spin — quy dao thu dugc biéu thirc hoan chinh cua cau trac tinh té

ctiia nguyén tir Hydro:

1 1 1
Efs = Er + Eso
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o (E)
Hay: E} = om

an ) (B nIG+D-10+D- 3 235
|+y e |(|+1)(|+%) |

Ma: j=1+ 17 nen:

S CITEIRN L o tie, (e )
*o2mc?l m,c? (j_%)(”%)

:ﬂ a0 g, 2 (ESY
2mecz[ 3 (J+y)J 2mc[

Hay:EL =E°% 2.36
y fs = =n 2{]4‘}/ J ( )

Vay ning luong ctia nguyén tir Hydro khi xét dén cdu tréc tinh té la:

S

2
EO
Enj=E§+E§S:E;’+( ”)2 34" (2.37)
2m.c j+1

e

13,6eV o’
—E, = n—[l []—I—}/ H (2.38)

Bang 2.3: Cac mirc niing lwong & cu tric tinh té cia Hydro ing véin=1,2,3

n | J =
SO
A
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EO 2 1 0 2

0 % E§=—9(mjc)z :_E(:: C)z

3 C3(E) 1 (EY
I v T
5 B 1(55)2__ 1 (E 2

’ A E31__§ mc’ 162 mc?

Nhaén thiy cdu trc tinh té ciia nguyén tir c6 xu hudng giam cac mirc ning
luong & céc trang thai xudng mot luong rat nho (hé sb hiéu chinh cda’® ~107*
vao khoang 0,01% ). Khi j cang nh¢ thi sy hiéu chinh nay cang 1én. Vi vay &
trang thai s (I = 0) c6 su hiéu chinh 16n nhat. O cac trang thai c¢6 | > 0 (trang thai

p, d...) chiung bi tach thanh hai muc nang luwgng khac nhau véi j=1+ % va

j=I —% (Hinh 2.2)

EO
n= 3 2 555:: _______
=7 :::::_\:; -------- j:%
\\\\:\\ j:%
- j=%
EO
n=2 2 seseeo
el i=%
- j=%
E?
n=1——"———--———_______
----------- =%

Hinh 2.2: Sy tach mitc niing hrong vng véin =1, 2, 3 & cau tric tinh té
ctia nguyén tir Hydro

2.1.2.2. Hi¢u vrng Zeeman

Nhitng thay ddi trong quang phd nguyén tir voi su hién dién cia tir trudng

lan dau tién dugc quan sat vao nam 1896 boi nha vat Iy nguoi Ha Lan, P.
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Zeeman. Khi nguyén tir dat trong tir trudng ngoai thi cac murc nang luong ctia nd
bi tach ra va dugc goi la hi€u ing Zeeman [1-4]. Sau day chung t61 s€ &p dung

Iy thuyét nhidu loan dé tinh sy tich mirc ning luong nay.

Khi dat nguyén tir trong tu truong thi Hamilton c6 dang:

+H, (2.39)

trong d6 H , 1a Hamilton nhiéu loan do tuong tac ctia nguyén tir v6i tir truong

B, H, =—4B,, £ lamdémen tir f1 = fi, + fi vGi:
/1, 12 momen tir quy dao &, = —zi [ (2.40)
m

Do dé:
N e i~ A\ a (I:+2§) .
HZ—%e(L+28)BeX—yBTBex (2.41)

. eh .
(A :%Ia manheton Bohr (2.42)

Su tach vach trong hi¢u trng Zeeman phu thudc vao cuong do cua tur truong
ngoai dat vao. Khi tir truong ngoai 13 yéu cd thé xem I-AI; 12 mot nhiéu loan nhd.
Theo 1y thuyét nhidu loan, bo chinh gan dung bac nhat cia ning lugng trong

hiéu ing Zeeman la:

v ot 1 Intim N A8 A /(4 0&

EZe_<nIij‘HZ n|jmj>— : B, (L +25) (2.43)
Mt it ﬁ+z§:j+s::<ﬁ+z§>:<j+§>:<[1+5_§]j>

J
Béncanh do, tir: L=J -S = [>=J%+82-25]
— 85 =132 4817 (2.44)
2
a h?

Trj rieng cua$J 1 [ J(j +D) + 55+~ 1(1+1)] (2.45)

Do do:
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. SAP iG+D-10+D+3, |
<L+ZS>:<(1 ?JJ> {1 T 4]<J>
:><I:+2§>:gj<j> (2.46)

JG+D-10+2)+3
2j(i+1)

Chon ttr truong hudng doc theo truc z ta duoc:

Véi g; =1+ (2.47) 13 hé s6 Lande [8,10]

h
E;e gj ex lung ex j (248)

Nang luong toan phan cua nguyén tir khi xét dén ciu trac tinh té va hiéu tng

Zeeman la:

13,6eV 052
E”yJ' - 2 1+ T +:uBgJ ex ] (249)
n J+}/

Ung voin = 1, 2, 3 niang lugng toan phan cta nguyén tir Hydro khi xét

dén cau truc tinh t€ va hi¢u ing Zeeman nhu sau:

Bang 4: Niing lugng toan phan ciia Hydro khi xét dén ciu tric tinh té va hiéu

ung Zeeman véin=1, 2, 3.

n I J mj gj Enj
aZ
- ~13,60V (1+ 2) - 1o,
1 0 % 2 o’
A 13,66V (L+ %) + 1By,
-Y _3,4eV (1+—a?)— 1B,
0o | Y 2 2 16
2 5 ,
JA ~3,4eV (L+ —a’) + 1B,
2 5 1
- 3,46V (1+—a?)— = ;B
2 B =ex
1 }/ y 16 3
2 3 5 ,. 1
A ~3,4eV (L+ )+ 1B,
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~3,4eV (1+ %az)—ZﬂBBex

1
-3,4eV (1+ —=a°) -
( 16 ) /uB ex

1
—3,4eV (1+ — +— B
( 16 ) 355

-3,4eV (1+ %az) +2u,B,

2

~1,51eV (1+ “T) — 11,B,,

2

~1,51eV (1+ “T) + 11,B,,

at. 1
-151eV(1+—)——u.B
( 4 ) 31uB ex

at. 1
-1,51eV(1+—)+—u.B
( 4 ) SzuB ex

aZ
~1.516V (L+) - 245B,,

B
2
2
- ~1,5eV 1+— _<
5 Y y 1+ 75) =5 sBe
2 Y 3 >
~1,51eV 1+ )+ 2 1B
2 ( 12) 3IUB ex
2
(04
3 L1V (L4 )+ 2B,
-3 —151eV(1+—)—§yB B,
-Y -1 51eV(1+—)—3yB B,
% % 5
2 Y 5 5
1,51V (@+Z )+ £ 4B,
2 ( 12) SIUB e
2
3 o 6
~1,52eV(A+ L)+ 2 1B
A ( 12) 5tuB ex

2
1,516V (1+ %) ~3u.B,,

a’. 9
-1,51eV (1+—) — =B,
( 36) 5:“8 e

a’. 3
-1,51eV 1+ —) —= 5B,
( 36) 5#5




a’, 3
~1,51eV(A+Z )+ 2 4B,
% L+ 5) + o
3 151evas %)+ 2
2 ! 36 5 B ~ex
2
% —1,516‘V(1+%)+3/JBBEX

Do d6 ta c¢6 cac mirc ning luong cuia nguyén tir Hydro khi xét dén céu

triic tinh t€ va hiéu ing Zeeman.

--=" mj:%
2P3 - T
- eeEEIITTT "%
———————————————————— mj:%
~~~~~~ mjz_%
2P]/2 -==zzzosTo----TTToTToTTC m; :%
mjz—%
25]/2 _______________________ m]=%
_________ mj__%
18% ________________________ mj:%
_________ ml:_%

Hinh 2.3: Hi¢u &rng Zeeman tng véin = 1, 2 ctia nguyén tir Hydro

Nhu vay trong hiéu tng Zeeman moi muc ning luong duoc tch thanh 2
+ 1 murc, twong ng voi cc gia tri co thé cua m;. Déi voi cac tir trudng yéu so
Vi tlr truong bén trong nguyén tir, su tich mic trén 1a kha nho so véi cau trac
tinh té cia nguyén ti.

2.2. BAI TOAN NHIEU LOAN CHO NGUYEN TU HELI
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Nguyén tir Heli gdm mot hat nhan dién tich +2e va hai electron [1-4].
Theo (1.10) va (1.11) Hamilton cta nguyén ti Heli 1a:
h? Zef1 Ze 1 e 1

——(V? 2 = _ —
2,u( 1+V2) Arg, 1, 4drs, r2+47r£0|r1—r2|

H (2.50)

S6 hang thir nhét 13 dong ning ciia hai electron. Ba sd hang sau lan luot 1a thé
nang tuwong tac tinh dién gitta hat nhan va electron thir nhét, hat nhan va electron
thur hai, va gitra hai electron.

Hamilton cho electron thir nhat:

~ h2 VZ Ze2 i

H=—V; - 2.51
o2u ' dme (&51)
2 2
cho electron thir hai: H, = —h—V§ L1 (2.52)
21 4re, 1,
; e’ 1
va Hamilton tuong tac gitra hai electron: H,, = ——+—+~ (2.53)
4re, |rl — r2|

Ta viét lai Haminton ctia nguyén ttr Heli thanh 3 phan:

F = A+, A = A+ H (254)

trong do I-AlO =H .+ I—AI2 1a tong Hamilton cua timg electron va thé ning tuong tac
gitra hai electron H .. dugc xem nhu 1a Hamilton nhiéu loan.

Bai toan lugng tir cho nguyén tir Heli tr¢ thanh bai toan cho hai nguyén tr
Hidro va phan thé ning twong tac giira hai electron I-AIee duoc co1 1a Hamilton
nhiéu loan déng gop vao 10i giai thdng qua cc bd chinh.

Phuong trinh Schrodinger cho nguyén tir Heli khi khong tinh dén thé nang

tuong tac giira hai electron: H vl = E, ' hay:

2 2 2 2
L e (2.55)
2m Arey 1, 2mM 4re, 1,

Trén co s& 10i giai chinh x4c cho bai todn nguyén tir Hydro nhan thdy ham

song w° mo ta trang thai ctia nguyén tir Heli 1a ham sd phu thudc vao toa do cua
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X. 1 J J N 13 LA ;o P , ,
mdi electron v, =y’ (rl, r2) =y’ (rl)l//r? (rz) va la két qua cua hai ham song cua

nguyén tir Hydro. O trang thai co ban n = 1 ham séng cia nguyén tir Heli c6
dang:
‘//o('ll’ 'Lz) = ‘//100(;1)‘//100(Irz)

. 23 —g(rl*'rz)
Hay: y,(r.1,) =——e (2.56)
a
Nang luong cua nguyén tir Heli ¢ trang thai co ban n = 1:
Z? Z?
:—13,61—2—13,61—2 (eV) (257)

Bay gio' chung t6i van dung 1y thuyét nhidu loan dé tinh phan hiéu chinh
nang lugng do Hamilton tuong tac gitra hai electron gay ra.

Theo (1.24) b6 chinh gan ding bac 1 vé niang luong:

Eil = <l//o (r, r2)> = J.dE.J.l//:(rl’ rz)l:leel/lo(rl’ rz)dll;z

rez® f—(r+r> e 1 7 Zawm g
= [dr[=5e ~e e,
Are, \r —rz\ﬂa

1172

2Z
—?(rl*'rz)

6
Z Id —HHdr
47[8 -] (2.58)
2241,)
Ta tinh |—je—|.r_r.TdF (2.59)

Véi tich phan nay khéng 1am mét tinh tong quét gia sir I"1 nam doc theo truc z va
chuyén tich phan vé toa d6 cau ta duoc:

dr, = r2dr,dQ =7 dr,sin0dod ¢

ror
L—n|= \/rf +1? —2r,r,c0s0

Tich phan (2.59) tr¢ thanh:
—2—(r1+r2) —Z*(EHZ )

2
I_I—‘ﬁrﬁdr _Ir dr, Ism@d@j\/r +r —2rrcos€d¢
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2
Nhén thdy j d¢ =27 nén
0

_L(WZ)
I_Zn.frzdrj\/r o —2rrcos¢98in0d9

,7“1”2)

= Zyzjrzdr j\/ d(—cos®)
r’

+r - 2rr,cosd

(r1+r2)

=2 2d

2rr

=2+/a+ X +const

d(—cos®)

—Cosd

Ta biét rang .[

dx
Ja+Xx

Do do:
O=71
z 1 r2+r?
I d(—cosf) =2, [~——=—cosf
0 r +r rlrz
2. —cosd 0=0
21,

2 2 2 2
r+r°+2nr re+r°-2nr,

2rr, 2rr,

Vi vay:
—%(ﬁ*rz) (I’l+l’2)

=[S df, =2 I —r.)d
— r, =27 N \/_(r+r L= 1|)dr

2Z
© —?(rl”z)

I =27Z'J.—rr 2 (1 +1,—|r—r,))dr

Nhén thay néu: >0, L+, —|n—r|=6+1, -1 +1,=2r,
L<h, L+0—|h—n|=h+6+r-1,=2r

Do d6 ta co:
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2
—(n+1)

Y A (r+1,—|r,—r,[)dr, +2n.[ i 7 (41, —|r—r,))dr
o hh . hh

(rl”z) 2z —(r+13)

—2;;_[ r; 2r,dr, +27zj r2rdr,

n l 2

27
—*(rl”z) 0 ( )
S+
_47zj 2dr2+47zJ‘e a " rdr,
h

24

arlrl 2z, 2z w27,

Je a “r2dr, + 47e 2 Ie a rdr

1 n

2Z
27

T2 43 2z, 2z, 2z,
— 478 4 _ 2% (a2+4ar1+8r12) taze 2| Re e (a+4r)
R |32 32 16

3 a ! _Erl
_na’e {1_ (1+ ZQH
8r, a

Ta thé tich phan | di tinh dugc nhu trén vao cong thirc tinh bo chinh gan dung
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Chu y téi (2.57) ta duoc nang lugng cua nguyén tir Heli ¢ trang thai co ban khi
c6 sy hiéu chinh ning luong do thé ning tuong tac giita hai electron gy ra la:

E,=-13,622-13,6Z° +%13,6 (2.61)

Déi v6i nguyén tir Heli Z = 2 ta c6:

E =-13,6.2° -13,6.2° + 57213, 6 =—75eV (2.62)

So sanh voi két qua thye nghiém E; =—78.795eV [8]. nhan thay két qua trén co
do chinh xac to1 5%.

Trén co s& 1y thuyét nhiu loan va 10i giai chinh x4c cua bai toan nguyén
tir Hydro, trong nghién ctru ndy ching t6i di 1am rd duoc qua trinh tinh toadn dé
dua ra két qua chinh xac cuia sy hiéu chinh murc nang lugng ciia bai toan nguyén
tir Hydro trong truong dién tir. Bén canh d6 1am 16 dugc qua trinh tinh todn nang

luong cua nguyén tor Heli ¢ trang thai co ban vé&i do chinh xac cao.
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KET LUAN
Qua qua trinh nghién ctru dé tai da dat duoc:

1. Trinh bay 1y thuyét nhidu loan mét cach hé thong, logic va ngin gon so vdi
cac gido trinh co hoc lugng tir hién hanh trong nudc bang cach st dung phuong
phap toan tir va ki hi€u Dirac. Trén co s¢ d6 bén canh viéc thiét lap biéu thuc
cho cac bd chinh bac 1 va bac 2 ching t6i di dua ra phuong phép dé xay dung
céc bd chinh bac cao hon nhu: bac 3, bac 4...
2. Ung dung 1y thuyét nhidu loan dé giai bai toan nguyén tir trong co hoc lugng
tur:
- Tinh dugc hiéu chinh nang lugng cua nguyén t&r Hydro khi dat trong dién tur
trudng ngoai ing véi cac trang thai luong trn=1, 2, 3.
- Tinh dugc ndng lugng ¢ trang thai co ban cuia nguyén tor Heli véoi d§ chinh xéc
Ccao.

Ly thuyét nhiéu loan di duoc ap dung cho cac hé thuc nhu nguyén tir
Hydro trong trudng ngoai, nguyén tir Heli nhung méi dimg lai & gan ding bac
nhat trong khi d6 phan co s¢ 1y thuyét da dua ra cong thiic cho cac gan ding bac

cao hon nhu bac hai, bac ba...Bén canh do ly thuyét nhiéu loan chi ap dung

~

Ar1?

trong truong hop “nhiéu” 1a kha nhé. Véi cac nhiu loan c6 cuong do 16n thi can
phai ap dung céc 1y thuyét khac nhu: phuong phap bién phan, gan dung Hatree
Fork, phuong phap toan tir FK...Nhitng han ché nay s& 1a muc tiéu dé chung toi

mo rong nghién clru trong cac cong trinh ti€p theo.
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