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TOM TAT

Phé ndng heong ciia nguyén to Rubidi (Rb) va Stronti (Sr) duwot tinh todn bang cach si dung
phuwong phap Hartree-Fock twong doi tinh va phuong phdp twong tac cau hinh. Nhing phirong
ph&p nay diroc két hop véi I thuyét nhiéu logn dé xay dung ham séng nhiéu electron cho nhing
electron ngoai vé va bao gom su fuong quan 16i-vé. Ching toi ciing so sanh cac két qud véi gid tri
thuc nghiém dé kiém soér dg chinh xac ciia phuwong phép tinh.

Tir khéa: phd ning lugng, phuong phap Hartree-Fock tuong déi tinh, twong tac ciu hinh.
ABSTRACT

The method of calculations of the spectra of elements Rubidium and Strontium

Energy levels of elements Rubidium (Rb) and Strontium (Sr) are calculated using the
relativistic Hartree-Fock method and the configuration interaction technique. These are combined
with the perturbation theory to construct the many-electron wave function for valence electrons
and to include core-valence correlations. We also compare the results to experimental data to
control the accuracy of the calculations.

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

1. Giéithigu

Nghién ctru vé& nguyén té nang hay tinh todn cac mirc ning luong cua cac nguyén té
dang 1a hudng nghién ciu tha vi dwoc nhiéu sy quan tam caa cac nha khoa hoc. Cho dén
nay, ¢ nhiéu nghién ciu thyc nghiém lién quan dén viéc do dac cac mirc ning luong ciing
nhu khéo sat tinh chat hoa hoc ciia cac nguyén té ning [1], [2]. Tuy nhién, céc tinh toan Ii
thuyét ma dac biét 1a tinh todn voi do chinh xac cao cac murc ning lwong doi hoi nhidu nd
luc, trong d6 ¢6 viéc tim hiéu cac phuong phép tinh.

Vi sy tim hiéu ciia nhém chiing t6i, thi két qua tinh toan tét nhit cho nhitng nguyén
t6 c6 mot electron ngoai cling d4 dat duoc bang cach sir dung phuong phap Hartree-Fock
twong ddi tinh (RHF) két hop véi nhitng hiéu chinh bac cao nhu da trinh bay ¢ [3]-[7]. O
day, chlng toi 4p dung phuong phap nay dé tinh toan phd ning luong cho nguyén té
Rubidi (Rb) va ion Stronti (Sr).
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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 nhidu nguyén t6 c6 hai electron & ngoai cung [5]-[10]. Nguyén té Stronti (Sr) la
mot vi du nita dugc ap dung dé kiém ching do chinh xac caa phép tinh.

Trong bai béo nay, ching tdi s& trinh bay phuong phap Hartree-Fock tuong ddi tinh,
phuong phéap tuong tac ciu hinh két hop véi Ii thuyét nhidu loan cho hé nhiéu hat. Ching
t6i ciing trinh bay cac két qua tinh toan dugc, so sanh véi thuc nghiém, va dua ra két luan
vé nhirng két qua da dat duoc.

2. Phuong phap tinh phé niing lweng cho Rubidi
2.1. Phwong phap

Chang t6i tiép tuc &p dung phuong phap tinh phd ning luong d4 duoc sir dung trong
cac cong trinh [3]-[7] dé tinh phé niang luong cho nguyén t5 Rubidi (Rb) va ion Stronti
(Sr*). Sau d6, két qua s& dugc so sanh voi cac gia tri thuc nghiém dé kiém ching do tin cay
cua phuong phap.

Budc dau, ching tdi sir dung phuong phap RHF dé tinh bo quy dao mot electron,
phuong trinh cé dang:

hwo =W, (1)
& day, h, =cap+(p-1)mc? —ZTeZJrV N (2) 1a Hamiltonian Hartree-Fock tuong ddi tinh,

voi VNt =V, +V_ . la téng cua thé Hartree-Fock (HF) truc tiép va trao doi. N 1a sb

dir exch
electron, N-1 12 sb electron trong I8i va Ze 1a dién tich hat nhan.
Toan tir thé twong quan (CP) S duoc x&y dung sao cho gid tri trung binh cua céc

electron hda tri tring voi hiéu chinh tuong quan dbi véi nang lugng de =(a|Z|a). Li

thuyét nhidu loan cho hé nhiéu hat mé réng cho = bit dau tir gin ding bac 2 trong tuong
tac Coulomb; chiing t6i dua vao ki hiéu @ dac trung cho sy twong quan CP bac hai. Sau
do, thé twong quan bac hai nay duoc cong voi 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 .

Trong d0, (a) va (b) dugc tinh bang ki thuat gian d6 Feynman. D4i véi gian do trao
d6i, ching ta str dung cac hé sb trong sé hang bac hai ¢é md phong nhiing anh huong cua
che chan. Nhiing thira s6 nay la: f,=0,62, f =060, f,=085, f,=089, f, =095,

f. =097, fs =1, chi sd dudi biéu thi tinh da cuc cua tuong tac Coulomb. Nhitng hé sb
nay da dugc udce tinh tir sy tinh todn chinh xac cua bd chinh bac cao. Chudi cua thé tuong
quan (c) dugc xét don thudn bing cach thém £ vao thé HF. Ning luong, ciing véi su
tuong quan dugc thém vao loi giai cia phuong trinh cho céc electron hda tri.
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(h, +2)y, =y, ®
2.1. Két qud cho Rb va Sr*

Chung tbi da tinh todn c&c mirc nang lugng cho nhirng trang thai Si2, pu2, Pare, dae,
dsi2 va cac két qua dugc trinh bay trong Bang 1 va Bang 2. Chlng t6i trinh bay cot RHF
Vi két qua tinh bang phuong phap gan dung Hartree-Fock twong ddi tinh. Bén canh do,
cot 2@ va = 1a két qua khi chung t6i két hop phuong phap gin ding RHF Véi sy tuong
quan bac 2 va bac cao cua twong tic Coulomb. CAc chi s trong ddu ngodc don chi ti 18
phan trim do sai 1éch ciia gia tri tuong ng véi cot so voi thue nghiém. Céc dir liéu ¢ cot
thuc nghiém duoc lay tir [11].

Nhitng két qua ¢ cot RHF 4p dung cho Rb va Sr* ¢6 do sai léch kha cao so véi thuc
nghiém. D& két qua chinh xac hon chung t6i dua vao thé tuong quan béc hai (cot @), nho
d6 két qua véi sai s chi tir 0,07 % dén 1,56 % so v6i thuc nghiém. D¢ sai 1éch cao nhit 1a
1,56 % o trang thai 5s1/2 (Rb) va thip nhat 12 0,07 % & trang thai 7s1 (Sr*).

Két qua khi chung t6i tinh dén twong quan cho tat ca cac bac 3 thi do chinh x4c so
Vv6i thue nghiém duoc ting 18n véi sai s6 tir 0,02% dén 0,53%. Cu thé 1a d6 sai léch cao
nhat 0,53% & trang thai 6s12 (Rb) va thdp nhat 12 0,02% & trang thai 5ps2 (Rb). Nhimg cau
hinh con lai c6 do sai 1éch so v6i thuc nghiém ciing rat nho, didu d6 cho thiy rang sy dong
gop cua tuong quan bac cao dem lai két qua voi do chinh xéac 16m.

Bdng 1. Cac mirc nang hrong cho céc trang thai cua Rb. Cac gid trj trong ddu ngodc don
chi ti 1é phan tram dé sai léch giga gia tri tinh todn so véi thuc nghiém.

Pon vi: cm?
Trang théi RHF $@ S0 Thyc nghi¢m
[11]
5512 30571 34217 (156)  33.566 (0,37) 33.601
612 12884  13.624(049)  13.487 (0,52) 13.558
7su2 7120 7400 (0,27) 7348 (0,43) 7380
Spuz 19.932  21.253(0,67)  21.120 (0,04) 21,112
6pu2 9633 10.003 (0,27) 9965 (0,11) 9976
Tpuz 5706 5866 (0,17) 5849 (0,12) 5856
5par. 19.750  21.003(0,62)  20.879 (0,02) 20,874
6psr 9569 9923 (0,25) 9887 (0,11) 9898
7par 5676 5829 (0,14) 5814 (0,12) 5821
Ad 13100 14494 (1,11)  14.324(0,08) 14.335
52 7405 8045 (0,69) 7971 (0,24) 7990
62 4705 5026 (0,44) 4991 (0,26) 5004
4, 13113 14488 (1,06)  14.323(0,09) 14.336
52 7411 8039 (0,64) 7967 (0,26) 7988
62 4708 5023 (0,42) 4988 (0,28) 5002
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Bdng 2. Cac mirc ning heong cho cac trang thai ciia Sr+. Cac gia trj trong ddu ngodc don
chi ti 1é phan tram dé sai léch giira gid tri tinh todn so véi thuc nghiém.

Pon vi: cm?
Trang thai RHF 32 $(=) Thuc nghiém [11]
5s1» 84.042 89.915(1,07)  88.819 (0,16) 88.965
651> 39.906 41.318 (0,22)  41.036 (0,47) 41.228
7su2 23.442 24.019 (0,07)  23.902 (0,41) 24.001
5pe 62.512 65.665 (0,63)  65.295 (0,07) 65.250
6P 32.302 33.246 (0,15)  33.125(0,21) 33.195
Tpue 19.870 20.295 (0,04)  20.239 (0,23) 20.286
5par 61.828 64.829 (0,59)  64.481 (0,05) 64.448
6par 32.044 32.951(0,13)  32.838 (0,21) 32.907
Tpar 19.745 20.155(0,03)  20.102 (0,22) 20.148
4day 67.385 75.393 (1,32)  74.474(0,09) 74.409
5d312 34.247 35.679 (0,00)  35.514 (0,46) 35.679
60312 20.835 21.418 (0,11)  21.350 (0,43) 21.442
4ds» 67.242 75.059 (1,25)  74.177 (0,06) 74.129
5ds12 34.177 35.586 (0,02)  35.427 (0,46) 35.592
60512 20.800 21.376 (0,12)  21.310(0,43) 21.402

3. Phuong phap tinh phé niing lweng cho Stronti
3.1. Phwong phap

O day, chlng tdi s& trinh bay su két hop phuwong phap tuong tac cau hinh (Cl) véi li
thuyét nhiéu loan cho hé nhiéu hat [5]-[10] dé tinh ph6 ning luong cho nguyén té Stronti

(Sr). Su tinh toan duoc thyc hién trong gan dung V"% [12]. Cac két qua da duoc so sanh
VGi c&c gia tri thuc nghiém.
Hamiltonian hi¢u dung cua ClI cho nguyén tir trung hoa co hai electron hoa tri co

dang:

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

(4)

véi h la toan tir cia mot electron hoa tri va h, la toan tu cua hai electron hoa tri. Toan tir

h, 1a tong cua toan tr RHF va X, :

leﬁo"'il,

trong do, ﬁo Ia Hamiltonian Hartree-Fock tuong ddi tinh:

~ 2
h, = cap + (B —-1)mc? _ZE Ly
r

(5)

(6)

va X, 1atoan tir thé twong quan dic trung cho tuong tac caa cac electron hoa trj véi 16i.
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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 su che chin twong tac Coulomb giita cac

electron hoa tri boi cac electron bén trong 16i.
~ e2 ~
h, = +2,(n 1) . @)
h-r
Ham s6ng hai electron cho nhitng electron héa tri c6 dang tong quat nhu sau:

\II=ZCi‘Di (r.1,), (8

trong do, @, dugc xdy dung tur trang thai co ban cua electron hoa tri da tinh trong thé
V N-2

@, (1.5) = [va (0w (8) va ()va ()] ©
2
0 day, v, laham riéng cua Hamiltonian Hartree-Fock (6).

Hé sd ¢, cling nhu ning hrong cia hai electron duoc tim ra tir két qua bai toan tri
riéng ctia ma tran

(H"-E)Xx =0, (10)
voi H " =<<Di|ﬂ9ﬁ|<bj> va X ={c,,C,,...,C,}.

3.2. Két qud cho Sr

Chiing t6i d& trinh bay két qua tinh toan cta cho nguyén td ning Sr trong Bang 3.
Trong d6, cot CI voi két qua tinh bang phuong phap twong tac cau hinh CI két hop véi
MBPT, cot =@ 1a két qua khi chiing i c6 tinh dén thé trong quan béc hai, cot = thé hién
két qua khi xét dén twong quan bac cao.

D6i v6i nguyén t6 nang Sr, phuong phap tuong tac cau hinh Cl cho ta do sai léch kha
cao tir 3,4% dén 11,7% so voi thyc nghiém. Khi xét dén thé tuong quan bac hai thi két qua
d4 duoc cai thién, do sai léch giam di. Vi du nhu do sai 1éch cao nhét 1a 3,3% & céc trang
thai 5s5p va thap nhat 1a 1,1% tng véi trang thai 5s6s (J=0) khi so sanh v&i thyc nghiém.

Cudi cuing, khi chiing t6i tinh dén tuong quan bac cao thi @6 chinh x4c khé cao so véi
thuc nghiém. Cu thé, do sai 1éch cao nhat 12 2,5% & trang thai 5s4d (J=1, J=2) va thip nhét
14 0,4% & nhirng trang thai 5s5p.
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Bdng 3. Cac mirc ning lhwong cho c&c cdu hinh cia Sr. C4c chi sé trong ddu ngodc don
chi ti 1é phan tram dé sai léch giia gia tri tinh todn so véi thuc nghiém.

Pon vi: cm?
Tt?ér: ’ ri?]z J cl x® 2 ngh-li-efehr:.1r C[11]
5s? g 0 0 0 0 0
5s5p  3p° 0 12.680 (11,4) 14792 (3,3)  14.264 (0,4) 14.318
5s5p 3p° 1 12.834 (11,5) 14.983(3,3)  14.450 (0,4) 14.504
5s5p 3P0 2 13.158 (11,7) 15387 (3,3)  14.843 (0,4) 14.899
4d5s  3p 1 18.890 (4,0) 17.916 (1,3)  17.709 (2,5) 18.159
4d5s 3D 2 18.907 (3,8) 17.987(1,3)  17.770 (2,5) 18.219
4d5s 3D 3 18.936 (3,4) 18.107 (1,2)  17.875(2.4) 18.319
5s6s  °S 1 26.434 (8,9) 29.404(1,3)  28.906 (0,5) 29.039
5s6s 'S 0 28.015 (8,4) 30928 (1,1)  30.423 (0,6) 30.592
5s6p  3p° 0 31.126 (8,1) 34.274(12)  33.690 (0,5) 33.853
5s6p  3p° 1 31.148 (8,0) 34286 (1,2)  33.698 (0,5) 33.868

4. Kétluan

Chiing toi d4 trinh bay phuong phéap va cac két qua tinh toan phd ning lugng cho cac
nguyén t6 Rb, ion Sr+ va nguyén té Sr véi d6 sai léch khoang 1% so véi thuc nghiém. Két
qua tinh todn nay c6 thé cé ich cho thyc nghiém va viéc nghién cau tinh chat hoa hoc cua

c&c nguyén té nay.

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

< Lo&i cam on: Nghién ctru nay duoc tai trg béi Trirong Pai hoc Sw pham TP Hé Chi Minh
qua dé tai cp Trwong véi ma sé CS 2017.19.52.
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