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PHUONG PHAP TOAN TU FK
CHO BAI TOAN NGUYEN TU HYDRO
TRONG TU TRUONG VOI CUONG PO BAT KIi

LY DUY NHAT', HUYNH NGUYEN THANH TRUC”,
NGUYEN VAN HOA™, NGUYEN PHUONG DUY ANH™™, LE VAN HOANG™™

TOM TAT

Bdng cach sir dung phép bién doi Laplace chiing téi dp dung dwoc phwong phép todn
tr FK dé tinh nang Iu"ong va ham song cho nguyén tir hydro trong twr tru“ong voi cuong do
bdt ki. Dimg so do vong Idp dé tinh cdc bé chinh bdc cao va so sanh cdc két qud voi két
quda cua cdc tac gia khac. Voi trang thai co ban va cdc trang thdi kich thich bdac thap chudi
cdc bo chinh hoi tu cho nghiém chinh xac bang so.

Tir khoa: phuong phap toan tur FK, phuong trinh Schrodinger, nguyén tr hydro, tir
truong.

ABSTRACT
The FK operator method for the problem of a hydrogen atom in a magnetic field
of arbitrary intensity

By using the Laplace transformation we apply the FK operator method for
calculating energies and wavefunctions of a hydrogen atom in a magnetic field of arbitrary
intensity. The high-order corrections are calculated by this method with an iterative
scheme and compared to the others. In the case of original and low-excited states,
convergent correction series allow us to obtain exact numerical solutions.

Keywords: FK operator method, Schrodinger equation, hydrogen atom, magnetic field.

1. Mé dau

Ké tir naim 1896, khi Zeeman phat hién ra sy tich quang phd vach ciia nguyén tir
trong tur truong, pho nang luong ciia nguyén tir c6 sy hién dién cua tir truong da thu hut
sy quan tam cua rat nhiéu nha khoa hoc [8], [7]. Bai toan nay, lién quan mat thiét den
viéc nghién ctru ciu trac va phd nguyén tir trong tir truong manh & cac sao lun trang,
sao neutron [7]. Bai toan nguyén tir hydro trong tir truong c6 thé duoc giai bang nhiéu
phuong phap gan dung nhu: phuong phap nhiéu loan, bién phén [5], gan dang Hartree-
Fock [8]. Pic biét phuong phap toan tir, duoc dwa ra dau tién vao nim 1982 boi mot
nhém céc gido su ¢ truong dai hoc Belarus [4] va ing dung thanh cong cho mdt nhom
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rong rai cac bai toan, cho phép giai phuong trinh Schrodinger cho hé phi nhiéu loan.
Chinh vi vay, viéc van dung phuong phap nay cho bai toan nguyén tir hydro trong tur
truong v4i cudong do bat ki 1a quan trong va c6 ¥ nghia khoa hoc. Bai toan nay da dugc
nghién ctru bang phuong phap toan tir FK nhung chi cho bo chinh dén bac 2 [2], hay
khao sat nghiém chinh xac bang sb cho trang thai co ban. [1]

Trong cong trinh nay, ching toi s& sir dung phép bién ddi Laplace thay vi phép
bién ddi khong gian Kustaanheimo-Stiefel [2] dé co thé ap dung phuong phép toan tir
FK. Ning luong va ham séng dugce tinh cho trang thai co ban va mét sé trang thai kich
thich dau tién.

2. Xay dung bo ham co sé&
Ta dinh nghia cac toan tr

R o 1 o ~ w 1 o
a,=,—|x,+—— |, a =,—|x,———|, (1)
N2l waox, ! 2 7 wox,

thoa mén cac hé thirc giao hoan: [&j,&;] =0 (2)

trong 46 j,k=1, 2, 3 twong ung véi 3 truc Ox, Oy, Oz; @ 14 tham sé thuc duong. Dé
tién su dung ta ki hi¢u:

A=a’+a,, A =a7+a7, N=a/a,+a;a,+1, 3)

213 =4, A4'=4", N,=ala,.

Dé dang kiém chimg cac giao hoan tir sau:

[21,21@ —4N, [21, N] =24, [1\7, /ﬂ =24 @)

Ta dat thém cac toan tu:

aly, =4 +id;, 4y, = a7 —ia;, 4, =4, —id,, 4, =a, +ia,, [, =i(a;a,-a7a,) (5)
thoa man cac h¢ thirc giao hoan:

A oA T a4 At
[a12+7a12+:|_2v I:a12+’a12:| 0, I:alz va12+] 0, |:a12+7 ] “Aipys |:a12 a3} a,_.(6)

O day, l; = —ixai + iyag chinh 1 toan tir hinh chiéu mé-men dong luong quy dao
4 X

1én truc Oz, ham riéng ctia nd co6 thé xay dung duogc:

[£m)

1 A
=5 g () 10) ™

v6i m=0,1,2,... 1a s6 nguyén khong am.

Ta c6 thé xay dung mot bd ham co s¢ (du, truc giao va chuan hoa) c6 hinh chiéu
mo-men dong luong quy dao xac dinh nhu sau:
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m! .
i — A+}’l1 A+712 i , 8
|ﬂ17’lza m> \/22;1, (an) (m+nl)' 3 m> )

v6i dinh nghia s6 lugng tir chinh: n=n, +n, +m.
3.  Phuwong phap toan tir cho bai toan nguyén tir hydro trong tir truong

Phuong trinh Schrodinger cua nguyén tir hydro trong tur truong theo hé don vi
nguyeén tu:

H|p,)=E,|p,), n=0,1,2,3, .. 9)

R o* o0* VA I ~ 1 5/, 2

H= =t — |ty + =y (X" + 10
2(6)(: ayZ aZZJ 'x2+y2+22 27/3 87/ ( y ) ( )

trong d6 Z 1a dién tich. Biéu dién H qua céc toan tir sinh, huy:

ﬁ:——(A++A N+A*+A N) 7l+7/—2(A++A+N)
4

16w 1)
2wz o - t[A++A+Nje [ AN j
T

Trong do thanh phan thé ning c6 thé dua vé dang chuin nhd phép bién doi Laplace va
chuoi Taylor:

+00 +00 +00 +00

7 (_1)j+t+h+k
Y +y 42 ;;;;2”1*’”’”]'!1'!}11/{1

400 j+i+h+k—E

o N 2
Trong phuong phap toan tir, hamiltonian (11) dugc tach thanh hai thanh phﬁn:
H=H,+V, (12)

trong do: toan tur H , 12 toan tir trung hoa co chira cac thanh phan trung hoa: toan tir N

va hai toan tr ,21, A" c6 b mil bang nhau. Khi H , tac dung 1én mot trang thai s€ khong

lam thay dbi trang thai do, ma tran cua toan tu H o, 1a mot ma tran chéo; toadn tur V la

toan tir khong trung hoa co chira cac thanh phan khong trung hoa: hai toan tir 121, Ao
s6 mii khac nhau, khi tic dung 1én mot trang thai s& lam thay d6i trang thai dang xét va
ma tran cua toan tir V ¢ cac thanh phan nam trén duong chéo chinh bang khong. Cu
thé toan tir A, o €O dang:
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. . . 2 +o0 400 ~—2j-2h
H=2N+28,+Z0 + Z
47 4 2 160) Jr 555!
+o0 tj+i+h+k—% Lo (1+1) Lo (1+) (13)
neinen — o NI(l) = SNsIn(l+e) ~a
X J.dtm/l '/A3 e 2 e 2 AS
0

va toan tor V' c6 dang:

-4 A) -2 ds a4 4)- L

l6w j=01i#j h= Okih]'l'h'k'
i+h+k +o0 ]+z+h+k 1
1Y 2 LRn(1ee) L8, m(14e) ~ .
x| — j dt A Afhe 2 e ? A4k
o) ]+z+h+k
(14)

Ham son dugc biéu dién qua bo ham dua, truc giao, chuin héa (8):
g |®, q

¢nl,)zz,tm>:|nl’n2’im>+ z z Ckl,kl|kl,k2,im> (15)

Iy =0,k %, ky=0,k, #n,

Pé gidi phuong trinh Schrodinger (8) chung toi dung so d6 vong lip, trong d6
ham song gan dtng trng voi vong 1ap (s) s€ 1a:

ny+s ny+s

Orrain) =|memitm)r 33O

=0,k #ny ky=0,k,#n,

k, ky, m) (16)

g v6i nang luong gan dung bac (s): £ Pem thé vao phuong trinh Schrodinger

ny,ny,tm®

va dong nhit cac trang thai ta thu duoc:

n+s ny+s

(s) — (s)
Enl,nz tm Hnl,nz + Z Z Ckl k" onyny sk ky 0
ke =0,k #ny ky=0,k,#n,

+00 +00

()
I/nl RS + Z Z Ckl ky Vkl ka3
(s) _ ky =0,k #n; ky=0,ky#n,
= : (17)
ny,ny . tm - 1,0

Trong cong thic so d6 vong lap (17) chung toi str dung ki hiéu cac yéu té ma
tran:

H, = jtm|H | jy jotm), Vo =(k .k tm|V i, iy, 2m).

Pé thuan tién cho viée so sanh két qua voi két qua tinh todn cua cac tac gia khac,
chung t6i tinh nang lugng lién két theo cong thurc:

I =y—2E,. (18)
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4. Kétqua

St dung so @ vong lap va lap trinh tinh toan trén ngdn ngit Fortran 90 thu duoc
nang luong £ va nang luong lién két I, cua nguyén tir hydro trong tir trrong ngoai
¢ cuong do bat ki d6i vi mirc ning luong co ban va cac mic kich thich dau tién, trinh
bay trong cac bang 1, bang 2, va bang 3. Trong cac bang c6 dua ra két qua cua cac tac
gia khac dé so sanh.

Bing 1. Két qua tinh todn cho trang thdi Is, ( ‘ g00’0’0> ) cua nguyén tir hydro

trong tur truong ngoai

/4 Egp Loy, Tai licu [8] | Taili¢u [S] | Tai li¢u [6]
0 -0.49999 | 1.00000 - - -
0.01 | -0.49953 | 1.00996 - - 1.009950
0.02 | -0.49942 | 1.01884 1.0198 - 1.019800
0.04 | -0.49913 | 1.03826 1.0392 - 1.039201
0.1 | -0.49705 | 1.09410 1.0951 1.09505296 | 1.095053
0.2 | -0.48995 | 1.17990 1.1808 - 1.180763
0.4 | -0.46423 | 1.32846 1.3293 - 1.329211
-0.33091 | 1.66182 1.6624 1.662332 1.662338
2 -0.02203 | 2.04406 2.0445 - 2.044428
4 0.71936 | 2.56128 2.5616 - 2.561596
10 3.25231 | 3.49538 3.4956 3.4948 3.495594
20 7.78469 | 4.43062 4.4308 - 4.430797

Bing 2. Két qua tinh todn cho trang thdi 2p_; ( ‘ ¢0’0’71> ) cua nguyén twr hydro
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trong tur truong ngoai

7| Ean Ion-y Ta[‘sl]‘@“ Ta[‘;]“-"“

0 | -0.124999 | 0.249998 - -
0.01 | -0.129692 | 0.269384 - -
0.02 | -0.133800 | 0.287600 0.2876 -
0.04 | -0.140447 | 0.320894 0.3209 -
0.1 | -0.150884 | 0.401768 0.4017 0.4017
0.2 | -0.150521 | 0.501042 0.5010 -
0.4 |-0.121443 | 0.642886 0.6427 -

1 0.043548 | 0.912904 0.9132 0.9132
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2 0.400402 | 1.199196 1.1992 -
4 1.211878 | 1.576244 1.5756 -
10 | 3.876025 | 2.247950 2.2507 2.2508
20 | 8.535024 | 2.292995 2.9303 -

Bing 3. Két qua tinh todn cho mirc ndng lwong kich thich thir nhat

cua nguyén twr hydro trong tir truong ngoai

7 Ey, Ey Ey, Eyy
0 -0.124999 | -0.124999 | -0.124999 | -0.124999
0.01 [-0.119692 |-0.124701 | -0.124679 | -0.129692
0.02 | -0.113800 | -0.123833 | -0.123748 | -0.133800
0.04 | -0.100447 | -0.120573 | -0.120248 | -0.140447
0.1 |-0.050884 |-0.101552 | -0.099828 | -0.150884
0.2 0.049479 | -0.052584 | -0.047259 | -0.150521
0.4 0.278557 | 0.072918 | 0.087472 | -0.121443
1 1.043548 | 0.525028 | 0.572829 | 0.043548
2 2.386491 | 1.344621 | 1.452690 | 0.400402
4 5.211878 | 3.119443 | 3.358025 | 1.211878
10 13.87603 | 8.626688 | 9.270247 | 3.876025
20 28.53502 | 18.01812 | 19.35229 | 8.535024

5. Két luian

Pay 1a nhimg két qua budc dau ung dung phuong phap toan tir cho bai toan
nguyén tir hydro trong tir truong voi cuong do bat ki. Nhiing két qua thu duoc cho thay
vé nguyén tic phuong phap toan tir cho ta két qua véi do chinh xac kha cao khong phu
thudc vao cuong do tur truong ngoai. Cac bd chinh ¢6 tdc d6 hoi tu cao. Chting t6i s€
tiép tuc tinh toan 1am chinh xac hoa thém céc s6 liéu thu duogc va phat trién thém & céac
mirc kich thich cao hon. Két qua s& trinh bay trong cong trinh tiép theo.

~ Ghi chi: Cong trinh nay la mot phan nghien ciru theo dé tai khoa hoc va cong nghé
cap co somd so CS.2011.19.54 do tac gia Nguyén Van Hoa lam chu nhiém dé tai.
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