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1. Gi6i thiéu van dé

Ngay nay, voi ly thuyét luong tir cho nguyén tir, ta biét ban chét ciu trac cua
bang phan loai tudn hoan (BPLTH) lién quan dén cau tric cua dién tir. Trong
nguyén tir, cac dién tir chi c6 thé ton tai & cac trang thai lién két véi nang lugng gian
doan, dic trung boi bd bon s6 luong tir (n,1,m,s). Su sip xép cac dién tir VAo cac
muc ning luong tuan theo nguyén ly cdm Pauli va nguyén ly ning luong cuc tiéu
[1-2]. Do tinh chat héa hoc cta nguyén tir phu thudc vao sé lugng va trang thai cua
dién tir 16p ngodi cung cho nén thw ty cao thap ning luong cla cac trang thii mang
tinh quyét dinh.

Madelung dua ra quy tic thuc nghiém [2], theo d6 ning lugng cac trang thai
cao dan theo chiéu ting cua (n+1) va véi gia tri ¢d dinh (n+1) nd sé ting theo chiéu
taing caa (n). CUNng Vi quy tic Hund cho sip xép cac trang thai spin, quy tic
Madelung cho phép chiing ta sip xép ciu hinh dién tir cho toan bo cac nguyén td
hoa hoc dugc biét. Tuy nhién quy tic nay cho dén nay khong cé ly thuyét giai thich
tron ven va van cOn 19 trudng hop ngoai 6. Thir tu sap xép cac trang thai luong tir
ctia dién tir theo cac chi sd & trén cho dén hién nay van con la vin dé mo va dang
dugc quan tdm nghién ctru [3-5].

Phan 16n cac cong trinh hién nay thién vé nghién ctu tinh chat dbi xtmg cua
cac hé cac nguyén té [4] va nhom dong luc SU(2)xSO(4,2) duoc cho 1a thich hop
nhét cho viéc xay dung ‘hat nguyén t&’. Trong céng trinh [5], gido su Komarov dua
ra mot Hamiltonian voi ddi xtimg SO(4,2) md ta ‘hat nguyén t&” voi cac chi s6 luong
tir 1a nhdm ba (n,l,m). Viéc nghién ctru dinh lwong Hamiltonian ndy hara hen ung
dung n6 cho mét giai thich tron ven sap xép dién tir trong cac nguy@n té hoéa hoc. Dé
dat muc dich d0, ching ta cin c6 ham song va ning luong ciia nguyén tir bat ky.
Chung t6i thir sir dung phuong phap Hartree-Fock (HF) két hop véi ly thuyét phiém
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ham mat d6 (DFT) dé tim céc orbital va ning luong tuong tng cho 54 nguyén té hoa
hoc & ¢au BPLTH. Két qua duoc so sanh v&i nang lugng cong bd boi vién NIST [6]
cho thdy phuong phép str dung rat 6n dinh. Ngoai ra cac sé liéu thu duoc phl hop
véi thyc nghiém, nghia 13 sap xép dién tir vao c4c muc ning luong hoan toan phu
hop véi quy tic Madelung va Hund cling cac ngoai 18.

2. Phuong phap Hartree-Fock két hop véi phiém ham mat do

Phuong phap Hartree-Fock duya trén gan dung mot dién tir véi gia thiét rang
c6 thé xét riéng lé timg dién tir trong nguyén tir va ¢6 thé xem nhu nd chuyén dong
trong truong hat nhan va truong tu hop [2]. Phuong trinh Schrodinger cho ting dién
tor duoc dua vé phuong trinh Hartree-Fock cho ham séng mot hat [2]. Hé cac
phuong trinh Hartree-Fock cd thé giai bang phuwong phap vong lip cho dén gia tri
hoi ty, tuy nhién do g?m ding mdt dién tir tu than da tiém an trong phuong trinh cho
nén két qua chi dén mot gia tri gan dung. Pac biét 1a twong tac trao doi clia dién tir
chi mang tinh trung binh con hiéu (mg twong quan 1a bo qua hoan toan. Bé c6 dugc
bd chinh thé hién tuong tac trao d6i - twong quan gitra dién tir - dién tir ta s& sir
dung phiém ham mat do [2,7].

Phiém ham mat do duoc dé cap dén 1an dau trong md hinh Thomas-Fermi
nam 1927, tiép tuc phat trién trong 1y thuyét Kohn-Hohenberg nim 1964, nhung
phai dén khi Kohn va Sham dwa ra phwong trinh mang tén minh thi DFT méi tro
thanh phuong phép tinh toan manh. Nang lugng ciia nguyén tir ¢ trang thai co ban 1a
mot phiém ham theo ham mat do dién t nhu sau:

E,[p]=T[p]+= jjdrd*""‘”p‘ PO, [ar U(F)p(F) 4. [p]

trong d6 ngoai thanh phin dong ning, thé ning twong tic voi hat nhan, thé ning
tuong tac day dién tir-dién tir, thanh phan ning lugng twong quan va trao doi giita
cac dién tr E _[p] dong vai tr0 quan trong va tinh toan dugc no 1la mot trong nhiing
thé manh cta DFT.

Trong cong trinh nay ching ta s& stir dung phuong phap HF két hop v6i DFT
dé tinh thanh phan nang luong trao ddi va twong quan nho vao phiém ham lai hoa
B3LYP (Becke three-parameter hybrid functional combined with Lee-Yang-Parr
correlation functional) [7]. Lac nay ning lugng trao ddi va twong quan c6 dang:
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SR = L2 + 0, (B — EL™) +a, (™ EL™) +a, (B2 - EX)

voi a,=0.20, a, =0.72 va a. =0.81 la ba thong s6 thuc nghiém; ES®* va ES® la
cac phiém ham tinh theo phuong phap trudng hiéu chinh (Generalized Gradient
Approximation, viét tit 14 GGA) c6 lién quan véi phiém ham trao d6i Becke 88 va
phiém ham tuong quan Lee-Yang-Parr (LYP); EXF 14 phiém ham trao d6i Hartree-
Fock; EL*, EX™ va E.™lan luot 14 c4c phiém ham twong quan - trao dbi, phiém
ham trao doi va phiém ham tuong quan tinh theo phuong phap LDA [7].

Su két hop giita HF va DFT cho ta két qua tuong ddi chinh xdc ma van tiét
kiém thoi gian tinh toan. Dé thyc hién phuong phap trén, ching ti sir dung phan
mém Gaussian 03W (version 6.0). Muc d6 chinh x4c cua két qua tinh toan phu
thudc khéng nhiing vao phuong phap tinh ma con vao hé ham co s& (basis set) dugc
chon. Gaussian tinh toan rat nhanh nho s dung cic ham co sé dang Gauss:
fronn, (62 Y2 2317) = XMy 2 1Y) trong @6 ny,n,,n, la cac s6 nguyén con n 1a tham
s6 duong. So v&i bd co s¢ 14 ham séng hydro, rat gan véi cac orbital nguyén ti, thi
ham Gauss khong duogc tu nhién bang, tuy nhién véi mot to hop tuyén tinh cac ham
gauss cho ta mot bo co s6 mo ta twong ddi chinh xéac orbital nguyén tir. Quan trong
|4 tinh todn vai cac ham Gauss tiét kiém tai nguyén ctua may rat nhiéu lan. V&i bo co
s& cang 16n thoi gian tinh todn cang ting 1én, tuy nhién véi cic nguyén tir nhidu dién
tir ta can chon bo co s du rong bao triim céc orbital cia no.

Chung t6i d4 thir str dung cac bd ham co sé khac nhau tir don gian dén phuc
tap. Két qua cho thay twong mg v&i phuong phap B3LYP, bo co sé phil hop cho cac
nguyén t6 nam & ddu BPLTH (tir H dén Ni) 1a 6-31G(d), cho céc nguyén t tiép theo
cua chu ky 4 (tir Ag dén Kr) 1a 6-31+G(d) va cho cac nguyén té thudc chu ky 5 (tir
Rb dén Xe) 14 DGDZVP. Ching tdi tién hanh tinh toan cho dén nguyén té thu 54
(Xe) va thu duge cau hinh dién tir phi hop v6i thuc nghiém. Ngoai ra nhu trong
bang sb liéu sau diy cho thay ning luong thu duoc phl hop véi cac tinh toan cia
vién NIST [6]. Trong pham vi bai bo, bang s6 liéu chi dua ra ning lugng toan phan
ctia mot s nguyén tir dé so sanh do chinh xac ciia phuong phap, con ning luong ciia
dién tir trén ting van dao chung t6i dua ra cho cac truong hop phan tich riéng &
phan sau.

Bang 1: Cau hinh dién tir va ning lwong todn phan cic nguyén td
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Z Nguyén Két qua Gaussian Két qua NIST [6]
10 Céau hinh Etot Céau hinh Etot

4 Nb [Kr] 4d" 55" -3755.105770 | [Kr] 5s 4d° -3751.295618
1

4 Mo | [Kr] 4d> 55" -3977.068008 | [Kr] 4d° 55" -3973.162595
2

4 Tc [Kr] 4d° 55° -4167.273092 | [Kr] 4d° 55° -4202.325611
3

4 Ru [Kr] 4d” 55" -4442.703222 | [Kr] 4d” 55" -4439.044607
4

4 Rh [Kr] 4d° 55" -4687.580845 | [Kr] 4d° 55" -4683.334925
5

4 Pd [Kr] 4d™ 55° -4939.688359 | [Kr] 4d™ 55° -4935.368046
6

4 Ag [Kr] 4d™ 55 -5199.469522 | [Kr] 4d™ 55 -5195.037351
;

4 Cd [Kr] 4d™ 55° -5466.935839 | [Kr] 4d™ 55° -5462.390982
8

4 In [Kr] 4d™05s°5pt | -5741.937869 | [Kr] 4d™ 5s°5p" -5737.313809
9

5 Sn [Kr] 4d™° 5s°5p” | -6024.708110 | [Kr] 4d™ 5s”5p” -6019.972345
0

5 Sb [Kr] 4d05s°5p° | -6315.266088 | [Kr] 4d™ 5s”5p° -6310.419326
1

5 Te [Kr] 4d®5s°5p* | -6613.605480 | [Kr] 4d™ 5s°5p* -6608.650476
2

5 [ [Kr] 4d®5s°5p° | -6919.837981 | [Kr] 4d™ 5s”5p° -6914.777857
3

5 Xe [Kr]4d™05s°5p° | -7234.024231 | [Kr] 4d™ 5s”5p° -7228.856107
4

3. Kiém chirng quy tic sap xép dién tir Aufbau

V6i két qua tinh toan bang Gaussian nhu d4 ndi dén trong phan 2, chiing ta ¢
thé str dung Gausview [7] dé xem hinh V& cic van dao ciing nhu trang thai spin
(up/down) ciia dién tir trén van dao d6. Vi 54 nguyén t6 da tinh toan ching t6i thay
cau hinh dién tir hoan toan phl hop véi két qua thuc nghiém quan sat ké ca céac
truong hop dic biét. Dé minh hoa, trong phan ndy ching t6i trinh bay sb liéu cho
mét sb trudng hop riéng bao gom: (i) xét nguyén tir Vanadi (V) cho quy tic Hund;
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(i) xét ba nguyén tir lién tiép 1a Vanadi (V), Crém (Cr) va Mangan (Mn) cho quy tic
Madelung.

Quy tic Hund sip xép spin: Xét nguyén té6 Vanadi (Z=23) trang thai spin boi 12 S
= 4. V& nguy@n tac co6 thé c6 cac cau hinh spin nhu sau:

[Ar] 3d5 4s°
I O N B

34’ 450
Ar] 3d* 4s!
D M N N R N
34+ 45!
[Ar] 3d3 4s2
(r o[ [ J[a]
343 4s?

Két qua tinh toan bang Gaussian cho Vanadi voi phuong phap B3LYP va bo co s
6-31G(d) nhu bang sd liu 2.

Bang 2: Ning luong lién két ctia cac dién tir trén van dao ciia nguyén tir V

Phan Iép Spin T Spin
1s° -196.87991 -196.87939
257 -22.28040 -22.24268
2p, -18.78108 -18.74935
2px -18.78108 -18.74935
2p, -18.78108 -18.74935
3s7 -2.69622 -2.57692
3px -1.72733 -1.60130
3p, -1.72733 -1.60130
3py -1.72733 -1.60130
3d,, -0.26621
3d,y -0.26621

3d, -0.26621
45 -0.18998 -0.17313

Két qua nay chi twong tmg véi cAu hinh dién tir [Ar] 3d° 4s°. Diéu ndy ching
to trong cling mot phan 16p 3d, quy tic Hund da c6 sy chon lya phai dién dién tir sao
cho tat ca cac spin dién tir sip xép theo cling mot huéng. Cac trudng hop mot van
dao 3d co day du hai dién tir v&i spin dbi song nhung van dao 4s khong duoc lap day
da khéng duoc chon Iya.
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Twong ty nhu vay, kiém tra cau hinh dién tir cia ca 54 nguyén t chung ta
thdy rang khong c6 truong hop ngoai 1€, trong cling mot phan 16p, cac dién tir sap
xép vao cac van dao sao cho tong spin nguyén tir 1a 16n nhat (quy tic Hund).

Quy tic Madelung qua vi du Vanadi, Crdom, Mangan

Quy tic Madelung cho ta biét cac dién tir sip xép vao cac phan Iép theo chiéu
tang (n+1) khi so sanh tir nguy@n té ndy sang nguyén t6 khac. Chinh vi vdy, chung ta
s& xét cau hinh dién tir ciia 3 nguyén t6 lién tiép V (Z=23), Cr (Z=24) va Mn (Z=25)
dé xem thir tu sip xép vao cac van dao. Cac muc niang luong dugc tinh bang B3LYP
Vi b co sé 6-31G(d) va so sanh véi sb ligu tinh toan theo phuong phap LSD cong
bd trén website caa cia vién NIST [7].

Bang 3: Cac muc nang lugng cia nguyén tir Vanadium, Z = 23

Nang lugng Két qua Gaussian Két qua NIST [6]
1% -196.87991, -196.87939 -195.20698, -195.20691
2¢ -22.28040, -22.24268 -21.81587, -21.77629
2p° -18.78108, -18.74935 -18.43142, -18.40093
3¢? -2.69622, -2.57692 -2.56019, -2.46107
3p° -1.72773, -1.60130 -1.64344, -1.54626
3d° -0.26621 -0.23446
4s° [0.18998 -0.17313 -0.18628, -0.16113

Bang 4: Cac muc nang lugng cua nguyén tir Manganese, Z = 25

Nang lugng Két qua Gaussian Két qua NIST [6]
1s° -235.48473, -235.48351 -233.65801, -233.6573
2¢ -27.37266, -27.28903 -26.86419, -26.78007
2p° -23.44416, -23.37470 -23.05464, -22.99035
3¢? -3.28830, -3.06208 -3.13032, -2.94845
3p° -2.15300, -1.91378 -2.04442, -1,86659
3d° -0.33027 -0.31532
4s° F0.20700] [-0.1815]] -0.20596, -0.16859

Tir cac s6 lidu trén bang 3, 4 ta c6 thé thay cau hinh dién tir ciia Vanadi va
Mangan thoéa dting quy tic Mandelung va lan lugt c6 dang nhu hinh v&. Nhin vao
cau hinh trén ta ciing thay r& quy tic Hund cho sip xép trang théi spin ciing duoc
tuan theo. Tuy nhién nhu trong bang 5, cic so liéu dua ra cho cau hinh dién tir clia
Crém ung vai spin boi S = 7, ta thdy xuat hién trudng hop ngoai 1¢.
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v [Ar] 3d® 45

I I O B B R
34° 4s?
Mn  [Ar] 3d° 4s2

I G O B B
3d° 452
Bang 5: Cac mic nang lugng ctia nguyén tu Crom, Z = 24

Nang lugng Két qua Gaussian Két qua NIST [6]

1s -215.45585, -215.45402 -213.83216, -213.83107
2s -24.45898, -24.39408 -24.09376, -24.02840
2p -20.74722, -20.69323 -20.49942, -20.44920
3s -2.73199, -2.53370 -2.67853, -2.52290
3p -1.69301, -1.68357, -1.53005
3d -0.14636

4s -0.14448 -0.16656

Két qua trén bang 5 phl hop khé t6t v6i s6 liéu cla vién NIST va cho ta cdu

hinh dién tir khong dung voi quy tic Madelung:
Cr [Ar] 4s! 3d°

T T T T T T
4s! 3d°

Pé hiéu rd hon vé truong hop ngoai 1¢ ndy ching t6i ¢6 gang tinh cho trudong
hop spin boi S=5 dé duoc cu hinh dién tir tudn theo quy tic Madelung [Ar] 3d° 4s%.
Tuy nhién két qua khong 6n dinh chimg to truong hop ngoai 1& so véi quy tic
Madelung la c6 co s¢. Cac truong hop ngoai 1¢ khac ciing dugce khao sat va B3LYP
cho két qua khang dinh phU hop véi thuc nghiém.

4. Két luin va hwéng phat trién

Nhu vdy, phwong phap B3LYP véi cic bd co sd 6-31G sir dung trong phan
mém Gaussian cho két qua cac mirc nang luong phl hop véi sb liéu ciia NIST cho
toan bo 54 nguyén t6 dau tién. Cac cau hinh dién tir thu duoc tai khang dinh quy tic
Madelung va Hund. Tuy nhién véi Cr trat ty ning luong ting dan nhu d& mé ta ¢
trén bi pha v&, mot dién tir cua phan 16p 4s c6 khuynh huéng duge dién vao phan
16p 3d & ké bén dé bao dam cho cac van dao cua phan 16p 3d duoc lap diy mot nira
hoac lép dﬁy tron ven. Cac két qua thuc nghi¢m thu duogc tir viéc phan tich quang
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pho nguyén tir [8] va két qua tinh toan Gaussian déu khang dinh cau hinh ngoai 1é so
V&i quy tic Madelung ciia Cr chinh 1a cau hinh trang thai co ban. Cac trudng hop
ngoai 18 khac ciing duoc chung t6i xac dinh, mic du khong dua sé liéu trong bai bao
nay.

Tuy nhién viéc tim mot quy tic bao trim hét cac trudng hop ngoai 1¢ song
hanh voi mét giai thich quy tic xdy dung cdu hinh dién tir 1a van dé con mo. Cac két
qua cong trinh nay cho phép chang to6i tin twong vao phuong phap B3LYP va s€ su
dung phuong phap nay trong cac cong trinh tiép theo. Ngoai ra, viéc nghién ctru tmg
dung B3LYP cho cac nguyén t6 con lai ciing 1a van dé quan tam trong d6 hiéu tmg
tuong d6i tinh chic chin s& duoc tinh dén do do 16n ctia mirc ning luong nguyén ti.
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Tom tit
St dung phuong phap B3LYP trong d6 két hop hai phuong phap nguyén ly
ban dau 1a Hartree-Fock va ly thuyét phiém ham mat 46, véi chuong trinh Gaussian
va bo co sd 6-31G, chung t6i tinh cac van dao va muc nang lugng cho 54 nguyén t6
dau tién. Sau d6 sur dung s6 lidu thu duoc kiém ching quy tic sap xép dién tir trong
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bang phan loai tudn hoan. Sy phl hop vé6i sb liéu cua vién NIST cho phép ta st
dung cac van dao va niang lugng thu duoc cho cac nghién ctru khac vé tinh chat cua
hé tuan hoan cac nguyén té.

Abstract

Ab initio method for calculating the atomic orbitals using Gaussian — verifying
the Aufbau rule of Periodic Table

Using B3LYP method which combines two ab initio methods (the Hartree-
Fock and Density Functional Theory) with the help of Gaussian (6-31G basis set)
we calculate the orbitals and energy for the first 54 elements. We use the data
obtained to verify the validity of the Aufbau rule in building up the Periodic Table.
The agreement of our calculations with the data of NIST allows us to apply them in
further investigation of other properties of the periodic system of elements.
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