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TOM TAT

Trong bai béo nay, ching toi trinh bay phé nang lwong cua nguyén té Kali va Canxi véi dg
chinh xdc khd cao. Phuwong phdp Hartree-Fock twong doi tinh két hop véi nhiing hiéu chinh da
dwroc bao gom trong tat ca cac bdc ciia tuong tic Coulomb sir dung gidn do Feynman va phuong
phép thé. Bén canh a6, phwong phép Ii thuyét nhiéu logn cho hé nhiéu hat duoc két hop Véi tuwong
tac cau hinh @é xay dung ham séng nhiéu electron cho nhiing electron ngoai vé va bao gom si
twong quan [0i-vo.

Tir khoa: phéd ning luong, phuong phap Hartree-Fock tuong déi tinh, twong tac cau hinh.
ABSTRACT

The relativistic Hartree-Fock method
and calculations of the spectra of elements Kali and Canxi

High-precision calculations of the energy levels of elements K and Ca are presented in this
article. Dominating correlation corrections beyond the relativistic Hartree-Fock method are
included to all orders in the Coulomb interaction using the Feynman diagram technique and the
correlation potential method. Beside, the configuration interaction technique is combined with the
many-body perturbation theory to construct the many-electron wave function for valence electrons
and to include core-valence correlations.

Keywords: energy levels, relativistic Hartree-Fock, configuration interaction.

1.  Giéithigu

Nghién ctru céc tinh chat hoa hoc hay tinh todn cac muc ning luong cia cac nguyén
t6 1a mot trong nhitng hudng dugc nhiéu sy quan tdm caa cac nha khoa hoc. Su tinh todn
VGi d6 chinh xac cao cac mirc nang luong doi hoi nhiéu nd lyc, trong d6 c6 viéc tim hiéu
phuong phap tinh.
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Két qua tinh toan t6t nhit cho nhitng nguyén té c6 mot electron ngoai clng d4 dat
dugc bang cach sir dung phuong phap Hartree-Fock tuong d6i tinh (RHF) két hop véi
nhirng hiéu chinh d& duoc bao gom trong tat ca cac bac caa twong tic Coulomb sir dung
gian d6 Feynman va phuong phap thé [2, 5, 7]. O day, ching t6i 4p dung phuong phap nay
dé tinh toan phé ning luong cho nguyén té Kali (K) va ion Canxi (Ca+) véi mot electron &
ngoai cung.

Li thuyét nhiéu loan cho hé nhiéu hat (MBPT) két hop véi phuong phap tuong tac
cau hinh dé bao géom nhitng tuong quan 18i-vo tré nén rat hiéu qua cho sy tinh toan chinh
xac cho nhiéu nguyén t c6 hai hoac ba electron ¢ ngoai cuing [3, 4, 6, 7]. Nguyén té Canxi
(Ca) c6 hai electron ¢ ngoai cling duoc ap dung dé kiém ching do chinh xac caa phép tinh.

Trong bai bao nay, chung tdi sé trinh bay phuong phap Hartree-Fock tuong ddi tinh
(RHF), phuong phap tuong tac cau hinh két hop voi Ii thuyét nhidu loan cho hé nhiéu hat
(MNPT), va trinh bay céc két qua tinh toan dwoc clng véi viéc so sanh véi thuc nghiém.
Cudi cuing, chling tdi s& dua ra két luan vé nhiing két qua da dat duoc.

2. Phuong phap tinh phd niing lweng va két qua cho nguyén té K va ion Ca+
2.1. Phwong phap

Chang tdi 4p dung phuong phép tinh phd ning lugng cho cac nguyén té trong cac
cong trinh [2, 5, 7] dé tinh phd ning lwong cho nguyén t6 K. Sau do, két qua s& dugc so
sanh vai cac gia tri thuc nghiém dé kiém chirng do tin cay ciia phuong phap.

Budce dau ching tdi s dung phuong phap RHF dé tinh bo quy dao mot electron.
Phuong trinh c6 dang:

hy, =&, 1)

VoI ﬁo la Hamiltonian Hartree-Fock twong déi tinh:
- ,  Z¢? N-1
h, =cap+(p-)mc " ——+V ", @)
r

& day, VNt =V, +V__ la tong cua thé Hartree-Fock (HF) truc tiép va trao d6i. N 1a s6

dir exch

electron, N-1 12 sb electron trong I8i va Ze 1a dién tich hat nhan.
Toén tir thé twong quan (CP) £ dugc xay dung sao cho gia tri trung binh cua céc
electron héa tri tring voi hiéu chinh twong quan déi véi ning lugng Je =(a|Z|a). Li

thuyét nhidu loan cho hé nhiéu hat mé rong cho = bét dau tir gin dung béc 2 trong tuong
tac Coulomb; chung t6i dua vao ki hiéu =@ dic trung cho sy twong quan CP bac hai. Sau
d6 thé twong quan bac hai nay duoc cong véi ba gian d6 bac cao d6 1a: (a) che chin twong
tac Coulomb, (b) twong tac 16 trong-hat trong toan tir phan cuc va (c) chudi cua thé tuong
quan X.



TAP CHi KHOA HQC - Trwong DHSP TPHCM Dinh Thi Hanh va tgk

Dic biét, (a) va (b) duoc xét trong gian do tryc tiép nhd st dung Ki thuat gian db
Feynman. D4i véi gian do trao doi, chiing ta sir dung cac hé sb trong sé hang bac hai dé
mo phong nhirng anh huéng caa che chan. Nhing thira s6 nay la: f, =0,62, f,=0,60,
f,=085, f,=089, f, =095, f, =097, f,=1, chi s6 dudi biéu thi tinh da cyc cia
twong tac Coulomb. Nhiing hé s6 nay d& duoc wdc tinh tir sy tinh toan chinh xéac cua bd
chinh bac cao. Chudi cua thé twong quan (c) duoc xét don thudn bang cach thém S vao thé
HF. Nang lugng, cung Vi su tuong quan dugc thém vao loi giai ctia phuong trinh cho céc
electron héa tri.

(h+2)y, =¢.v, ©)
2.1. Kétqud

Chung tdi da tinh toan cdc muc nang lugng cho nhiing trang thai s, pi2 , pa2 va cac
két qua duoc trinh bay trong Bang 1. Chung tdi trinh bay cot RHF voi két qua tinh bang
phuong phép gin ding Hartree-Fock twong di tinh. Bén canh do, cot =@ 13 két qua khi
chiing t6i két hop phuong phap gan ding RHF Vvdi sy tuong quan (chi tinh dén bac 2 caa
twong tac Coulomb). Cot sai s6 chi ti ¢ phan trim do sai léch giira gia tri tinh toan Ii thuyét
S0 V&i V6i thuc nghiém. Céc dir liéu & cot thyc nghiém dugc lay tir [8].

Dbi voi nguyén td K, phuong phép gin ding Hartree-Fock tuong d6i tinh cho ta do
sai léch kha cao tir 2,18 % dén 8,18 % so véi thuc nghiém. Pé két qua chinh xac hon
ching t6i dua vao thé twong quan bac hai, nho d6 két qua véi sai sd chi tir 0,07 % dén
0,94% s0 Véi thuc nghiém. Cu thé hon, do sai Iéch cao nhét 1 0,94 % & trang thai 4s va
thap nhit 12 0,07 % ¢ trang thai 6pa/2.

Déi voi Ca*, phuong phap gan dung Hartree-Fock twong ddi tinh cho ta do sai léch
tir 1,78 % dén 4,72 % so voi thuc nghiém. Khi dua vao thé tuong quan bac hai, do sai léch
nay giam dang ké chi con tir 0,01 % dén 0,68 %.

Tir nhitng két qua da dat dugc, chung t6i tiép tuc ap dung gan dung Breit dugc tinh
ton trong thé Breit-Hartree-Fock va bé chinh dién dong luc hoc lwong tir (QED), két qua
d4 cho dbi voi cac trang thai 4s, 6s thi do sai 16ch dé giam 0,02% so véi chi tinh @, Tuy
nhién, d6i v6i cac trang thai con lai thi sw dong gop nay la khong dang ké.
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Bdng 1. CAc mire nang lhrong cho cac trang thai cia K 1 va Ca II. Cét sai so chi ti Ié
phan tram dg sai léch giira gid tri tinh toan so véi thuc nghiém. Pon vi: cm?

Ngtuﬁ),/en Trang thai RHF 3@ Saisé (%)  Thuc nghiém
K 4s 32.370 35.348 0,94 35.010
5s 13.407 14.022 0,26 13.983
6s 7338 7570 0,13 7559
4p1p 21.006 22.110 0,38 22.025
Sp12 10.012 10.323 0,14 10.309
6p1s 5881 6015 0,08 6011
4pap 20.959 22.049 0,37 21.967
opas 9996 10.304 0,14 10.290
6pss2 5874 6007 0,07 6002
Cat+ 4s 91.440 96.429 0,68 95.752
5s 42.428 43.626 0,08 43.585
6s 24.589 25.075 0,01 25.074
4p1p 68.037 70.845 0,39 70.560
op1e 34.406 35.238 0,04 35.219
6p1s 20.894 21.264 0,02 21.267
4pap 67.837 70.610 0,38 70.338
Spsr2 34.333 35.157 0,04 35.141
6pss2 20.859 21.226 0,02 21.231

3. Phuong phap tinh phd niing lweng va két qua cho nguyén té Ca
3.1. Phwong phap

O day, chlng tdi s& trinh bay su két hop phuwong phap tuong tac cau hinh (Cl) véi li
thuyét nhidu loan cho hé nhiéu hat (MBPT) [3, 4, 6, 7] dé tinh ph6 niang lugng cho nguyén
t6 Ca. Su tinh toan dwoc thuc hién trong gan dang V"2 [1]. Sau d6 két qua dugc so sanh
VGi cac gia tri thuc nghiém va duoc bién luan. Cac budc tinh toan da duoc trinh bay ¢ [3,
4, 6, 7], & day chiing t6i chi nhac lai mot cach vén tat nhirng chi tiét chinh.

Hamiltonian hi¢u dung cua CI cho nguyén tir trung hoa c6 hai electron hoa tri co
dang:

H =h(r)+h(r,) +h, (K1), (1)

trong do, h, la toan tar cia mot electron hoa tri va h, 1a toan tir cua hai electron hoa tri.
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Toén tir h, 14 tdng ciia toan tr RHF va X, :

h=h+2,, (2)
VoI ﬁo la Hamiltonian Hartree-Fock twong dbi tinh:
N 2 Ze* N-2
h, =cap+(p-)mc” ———+V (3)
r

va il |2 toén tir thé tuong quan dic trung cho tuong tac ciia cac electron hoa tri véi 16i.

Sy tuong tac giira cac electron hoa tri duoc tinh bang tong ciia twong tic Coulomb va
toan tir thé twong quan ﬁz , thé nay dic trung cho sy che chin twong tac Coulomb giita cac
electron hoa tri boi cac electron bén trong 16i.

~ e2
hy=——
-1,
Ham s6ng hai electron cho nhitng electron héa tri c6 dang tong quat nhu sau:

\y:Zcid)i (r.1,), )

+3,(r.1). @

trong d6, @, duwoc xay dung tu trang thai co ban cua electron hoa tri da tinh trong thé

VN—2

qx(rl,rz)=%[wa(rl)wb(rz)—wb(rl)wa(rzﬂ , (6)

voi w, la ham riéng caa Hamiltonian Hartree-Fock (3).

Hé s6 C, clng nhu nang lugng cua hai electron dugc tim ra tur két qua bai toén tri
riéng ctia ma tran

(H"-E)X =0, @)

o day, H" (@R @) va X ={6,Cprrenrnnn 6,
3.2. Kétqud
Két qua tinh toan cua ching t6i cho Ca duoc trinh bay trong Bang 2. Ching t6i trinh
bay cot Cl véi két qua tinh bang phuong phap CI két hop véi MBPT. Bén canh do, cot =@
la két qua khi chiing t6i ¢6 tinh dén thé tuong quan bac hai, cot = thé hien két qua khi xét
dén tuong quan bac cao. Cac chi sé trong diu ngodc don chi ti 1& phan trim d6 sai léch
gira gié tri tinh toan so vai thuc nghiém. Cac dit liéu & cot thyc nghiém duoc lay tir [8].
Nhu ching ta thiy trong Bang 2, két qua khi tinh bang phuong phap CI thi do sai
léch kha cao so voi thuc nghiém (tir 6,39% dén 12,00%). Khi xét dén thé twong quan bac
hai thi két qua d& duoc cai thién, d6 sai 1éch giam di. Vi du nhu ¢ trang thai 4s5p (J=0), do

9
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sai léch thip nhat 12 0,59% va cao nhat 1a 1,5% ung véi trang thai 4s3d (J=3). Ngoai ra,
khi chung t6i tinh dén tuong quan cho tat ca cac bac thi do chinh xac so véi thuc nghiém
dugc ting 1én. Pic biét cho hai cdu hinh 4s5s (J=0) va 4s5p (J=0), su sai léch chi con lan
luot 12 0,32% va 0,40%. Tuy nhién, ciu hinh 4s4p, do sai léch van cao 1a 2,38%. Nhiing

cau hinh con lai d6 sai léch vao khoang 1%.

Bdng 2. Cac mirc ndng lwong cho cac cau hinh cia Ca. Cac chi sé trong ddu ngodc
don chi ti 1é phan tram do sai léch gia gid tri tinh todn so vdi thuc nghiém. Pon vi: cm™,

Tt::;':g :I:‘]‘; 3 ci 30 $ Thyc nghigm
1 1s 0 0 0 0 0
asp 3P0 0 13833 (9,57) 15470 (2,02) 15340 (1,19) 15158
as4p 3P0 1 13878 (9,59) 15525 (2,03) 15483 (1,76) 15210
as4p 3P0 2 13971 (9,63) 15635 (2,04) 15685 (2,38) 15316
sdds 3D 23109 (12,00) 19682 (332) 20518 (0,89) 20335
sdds 3D 2 23110 (11,94) 19700 (3,24) 20455 (0,52) 20349
sdds 3D 3 23111 (11,85) 19728 (3,25) 20533 (0,79) 20371
a5 %51 29341 (7,49) 31796 (0,81) 31794 (0,80) 31539
155 %S0 31128 (7,09) 33549 (0,69) 33425 (0,32) 33317
4s5p  3pO 0 34361 (6,36) 36767 (0,59) 36696 (0,40) 36548
as5p 3p0 1 34369 (6,36) 36774 (0,60) 36994 (1,19) 36555

4. Kétluan

Chiing toi d4 trinh bay phuong phéap va cac két qua tinh toan phd ning lugng cho cac
nguyén té K, ion Ca+ va nguyén t6 Ca véi do sai léch khoang 1%. Két qua tinh toan nay c6
thé ¢6 ich cho thyc nghiém va viéc nghién cau tinh chat hda hoc cua cac nguyén té nay.

% Tuyén bé vé quyén loi: CAc tac gid xac nhén hoan toan khéng c6 xung dét vé quyén loi.

< Loi cam on:

Nghién ctu nay duoc tai tro béi Truong Pai hoc Sw pham TP H6 Chi Minh qua dé tai cép
Truong, ma sé CS 2016.19.07.
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