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Abstract

The geometries and stabilities of neutral and cationic Fe-doped silicon clusters Si,Fe”* (n = 8-12) have been
investigated by using density functional theory at the B3P86/6-311+G(d) level of theory. The most stable isomers of the
neutral Si,Fe clusters adopt high-symmetrical structure where the Fe atom binds with all of the Si atoms of the cluster.
The lowest-lying isomers of the cationic clusters have different structures from the neutral, and adopt lower
coordination numbers. For exohedral structures, the neutrals favor low spin states, while the cation clusters favor higher
spin states. However, the endohedral structures of both neutral and cation become more stable in the lowest spin state.
The endohedral cage structure appeared at n = 10 for neutral and at n = 11 for cationic clusters. The analysis of average
binding energy, second order difference of energy and HOMO-LUMO gap for both series of clusters found that the

cationic clusters are more stable than the corresponding neutral. The Siy,Fe

cluster in both series.

O* cluster is found to be the most stable

Keywords. Density functional theory, B3P86, Fe-doped silicon cluster, structure, stability.

1. GIOI THIEU

Tur thoi trung cb, cluster kim loai di duogc sir
dung mot cach vo thic trong cudc sdng hang
ngay.Tuy nhién dén nhitng nim 1960, lan dau tién
cluster ctia kim loai kiém dugc tao ra trong phong
thi nghiém va ching bit dau dwuoc nghién ciru rong
rdi tr d6. D6 14 nhimg phan tir bao gdm mot vai
nguyén tir kim loai kiém & pha khi [1]. Ngay nay,
nhu cu vé sy mini hoa cua céc thiét bi dién tir da
gop phan thiic ddy cac nghién ctru vé cluster nho.
Trong subt vai thap ki qua, cac nha nghién ctru ly
thuyét va thuc nghiém déu cong nhan cluster co
nhitng tinh chét rat dic biét so véi nguyén tir va vat
lidu & trang thai tap hop, va nhimng tinh chit d6 c6
thé dugc luu giit khi dua vao vat liéu.Viéc nghién
clru cdu tric va tinh chat cia cluster giup phat hién
cac tinh chat doc ddo, khic biét va kha ning tmg
dung rong rai cua chung. Do vay hudng nghién ctru
nay da va dang thu hit sy quan tim cta nhiéu nhom
nghién ciru héa hoc va vt 1y trén thé gioi.

Trong khoang 2 thap ky qua, da cé nhiing cong
b6 ca vé ly thuyét va thuc nghiém cua cac cluster
chtra 2 nguyén t6 nham nghién clru sy anh hudng
clia nguyén t6 pha tap (nguyén t6 c6 ham lugng it
hon trong cluster) dén do bén, tinh chit so véi

cluster chu (nguyén t6 c6 ham luong cao hon trong
cluster). Hién nay, cluster silic dugc nghién ctru rat
rong rai do nhiing tng dung quan trong cta ching
trong vat liéu ban dan va quang dién to. Khong
nhiing dugc nghién ciru ¢ dang trung hoa, cluster
silic va silic pha tap con dugc nghién ciru ¢ cac
trang thai dién tich khac [2, 3]. Viéc nghién ctru c6
hé théng cAu trc, co ché hinh thanh va tinh chit cua
cluster ¢ cac trang thai dién tich khac nhau gitp
ching ta hiéu duoc anh huéng cta dién tich dén ciu
trac va tinh chat cua chdng. Tir d6 gop phan phat
hién, tim kiém, dwa ra co ché phu hop cho viéc thiét
ké nhiing vat liéu méi trong twong lai v6i muc dich
g dung trong linh vuc xuc tac, thiét bi dién tir kich
¢0 nano, ....

Trong mot nghién ciru gin day, Liu va cong su
da cho rang cau tric cua cluster silic pha tap sit co
kich thudc nho SiFe, véi n = 1-8, & trang thai trung
hoa va cation rat khac nhau [4]. M6t nghién ctru 1y
thuyét khac [5] vé cdu trac cua cluster Si,Fe trung
hoa (n = 2-14) da khéng dinh c4u trac 16ng xuat hién
khi n = 10. Rat gan day, nhom cua Khanna da khao
sat cac yéu t6 anh huong t6i do bén cua cluster SinFe
(n = 6-16) [6]. Tuy nhién, ching t6i chua tim thay
cong trinh ndo nghién ctru va so sanh vé cau trac va
d6 bén cua cluster Si,Fe & dang trung hoa va cation
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c6 kich thudce 16n (n>8). Vi vay trong bai bao nay,
chuing toi tién hanh nghién ciru so sanh cau trdc va
d6 bén cua cac cluster silic pha tap boi st co kich
thudc 16n & dang trung hoa va cation Si,Fe”* (n =
8-12) bang phuong phap phiém ham mat do (DFT).

2. PHUONG PHAP TiINH

Trong nhiing ndm gan day, phuong phap DFT
thuong dugc st dung dé du doan céu triic cling nhu
dd bén va tinh chét electron cua cluster, va cho két
qua gan dung t6t voi thuc nghiém [7]. Trong nghién
ctru ndy, ching t6i chon phiém ham hén hop B3P86,
phuong phap nay 1a sy két hop ciia phiém ham trao
d6i cua Becke (ki hiéu 1a B) va phiém ham twong
quan cia Perdew d& xuat nim 1986 (ki hiéu 1a P86)
dua trén sy gan dung gradient tong quat, cong thém
20% ning lugng trao d6i theo phuong phap Hartree-
Fock. B6 ham co s¢ 6-311+G(d) - mdt bo co s¢ hda
tri tach ba co két hop thém mdt ham phan cuc d va
mdt ham khuyéch tan - duge dp dung cho ca Si va Fe.

Tat ca cac phép tinh t6i wu hinh hoc va tan s6
dao dong cua phén tir déu duoc thuc hién ¢ mirc Ay
thuyét B3P86/6-311+G(d) va ding phin mém
Gaussian 03 (phién ban E.O1) [8].

Céu truc ddng phan ban dau cua cluster pha tap
Si,Fe”* dugc xdy dung bing cich thay thé mot
nguyén tu Si trong cluster Siq. hodc cong thém mot
nguyén tir pha tap vao cdu trac cia cluster Si, tinh
khiét da duoc chi ratlr nhimg nghién ctru trude day
[9]. Nhitng dang cdu trac du doan cho céc cluster
pha tap da cong bd ciing duoc chung t6i st dung nhu
1a nhimg céu tric ban dau trong qua trinh tim kiém
cac dong phan bén cua Si,Fe”* vai muc dich 1a tim
kiém hét cac dong phén c6 thé ¢ ciia mdi cluster.

3. KET QUA VA THAO LUAN

Thue hién qua trinh tim kiém c6 hé théng va chi
tiét, ching t6i da du doan rat nhiéu dong phan cho
céc cluster Si,Fe”* (n = 8-12). Chéng han chiing t6i
tim dwoc 31 ddng phan bén cho SigFe va 20 cho
SigFe® voi nang luong khac nhau chi 1 eV. Tuy
nhién trong hinh 1 va 2 chung t6i chi dwa ra 4 dong
phan c6 niang lugng thap nhat ddi voi mdi cluster.
Céac ddng phan cua cluster Si,Fe”*dwoc ki hiéu la
nx-k, trong d6 n 14 s6 nguyén tir Si,n=8—-12; x=n
(néu cluster 1a trung hoa), X = ¢ (néu cluster 1a
cation); k 1a s6 tu nhién bt dau tir 1 dén 4 duge sép
xép theo chiéu ting dan cta ning luong twong dbi.
Cac théng tin khac ctia dong phan dugce chi ra trong
ngodc vudng [] gdm nhém diém doi xung, trang thai
electron va ndng luong tuwong doi tinh theo eV.
Ning lugng tuong ddi cua cac dong phén dugc tinh
tr sy khac nhau ctia nang lugng tong (da duoc hiéu

Vii Thi Ngan va cong su

chinh nang lugng diém khong ZPE) so voi dong
phén c6 nang lugng thap nhat.

3.1. Péng phan bén cia cluster trung hoa Si,Fe

Poéng phan c6 ning luong thap nhat 8n-1 cua
SigFe 1a mot cdu triic ludng thap ngii giac kép, trong
d6 nguyén tir Fe 1a dinh chung cua c4 hai ludng
thap. Cau triic nay c6 dbi xtimg C,, va bén & trang
thai triplet °B;. O trang thai quintet, cdu tric do co
ning luong cao hon khoang 0,16 eV. Pdng phan
8n-2 va 8n-3 cling c6 dang ludng thap ngii giac voi
nguyén tir Fe ¢ dinh, 2 nguyén tir Si con lai ¢ cac vi
tri khac nhau xung quanh ludng thap. Hai ddng phan
chi kém bén hon 8n-1 mot tri nang luong 0,05 hay
0,08 eV tuong tng, nghia la ca 3 dong phan nay déu
c6 thé cing ton tai. Pidu do cho thay dang ludng
thap ngii giac v6i Fe o dinh 1a rit bén. Pong phan
8n-4 duoc hinh thanh dya trén ciu tric bat dién co
ning luong cao hon hin cac dong phan trén. Cac
dong phan cta SigFe bén ¢ trang thai spin triplet
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Hinh 1: Dong phan bén cia cluster trung hoa Si,Fe

Ddng phan bén nhat 9n-1 cua SigFe ciing dua
trén dang ludng thap ngl giac voi nguyén tur Fe ¢
dinh, cac nguyén tir Si khac phén bo xung quanh
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phan khong gian con lai quanh Fe dé c6 dbi xtng
cao nhét C,. Mic du cu trac nay chua phai 1a mot
cAu tric léng thuc sy, nhung n6é khoéng con 1a mot
cau trac ho dién hinh véi nguyén tir kim loai 1§ hoan
toan ra ngoai. Két qua nay cho phép ching toi du
doan ciu trac 16ng s& som xuat hién ¢ nhing gié tri
n ké tiép Béng phén 9n-2 & trang thai quintet chi
kém bén hon dong phén 9n-1 mét tri ndng luong
0,03 eV, ching t6 dong phan spin cao van c6 ning
luong thap & kich thudc nay.

Nhu dd du doan ¢ trén, that viy ciu triic bén
nhét cua cluster SijoFe 1a ciu tric léng, co dbi xung
cao Cs, va bén ¢ trang thai singlet *A. Nguyén tir Fe
dugc bao quanh boi cac nguyén tur Si tao thanh 6
mit gin phang gdm 3 mit ngi giac, 3 mit thoi val
mat tam giac. Cac dong phan con lai déu c6 ciu tric
ho véi nguyén tir Fe 19 ra trén bé mat cluster va co
ning luong kha cao (~1 eV) so voi dong phan bén
nhit. Nhu vy c6 thé két luan rang khi pha tap Fe
vao cluster Si, cau trac 16ng xuét hién o n = 10.

Cluster SiyiFe bén nhat c6 dang hinh ludng ling
try tir giac, trong d6 mat tir giac chung & gitra gdm 3
nguyén tir Si va nguyén tu Fe. Nguyén tur Fe bi ép
vao trong dé tao dugc ciu truc 16ng. Ba dong phan
con lai cling ¢6 cdu trac 16ng Va c6 ning lugng
tuong dbi 1an luot 13 0,15; 0,41; 1,00 eV.

Céu tric bén nhét ctia cluster Sij,Fe c6 dang ling
tru lyc giac, trong d6 nguyén tir Fe nim & tim hinh
lang try, twong ty nhu cu trac da duoc cong bd
trong cac nghién ctru trude day [5, 10, 11]. Cau tric
nay c6 d6i xtmg cao Daq, trang thai co ban c6 cic
electron déu ghép d6i va dugc dy doan 1a ciu tric co
dd bén cao. Mot dang cAu tric léng khac cua cluster
SipFe 14 12n-2 ¢ trang thai triplet va c6 nang lugng
cao hon 12n-1 khoang 0,16 eV. Hai dong phan 12n-
3, 12n-4 1a nhiing cdu triic hé duoc hinh thanh bang
cach thay thé nguyén tir Si boi Fe ¢ nhiing vi tri
khac nhau trong cdu triic bén Siy; VA ¢O niang luong
cao hon 12n-1 rat nhidu (> 2,5 eV). Do d6, di voi
nhitng cluster ¢6 kich thudc 16n, ciu trac 16ng voi
trang thai spin thip 1a xu hudng wu tién dé hinh
thanh cau triic bén nhét.

3.2. Pong phan bén ciia cluster ion dwong Si,Fe*

Gidng nhu dang trung hoa, cac dong phan bén
cua cluster SigFe™ déu co ciu tric ho. Tuy nhién
dong phan bén nhit ciua cluster cation khac véi
cluster trung hoa. Pdng phan bén nhét 8c-1 cua
cation SigFe" ¢ trang thai quartet c6 dang tuong tu
dong phan 8n-3 ciia dang trung hoa. Khi mat 1
electron, ddng phan bén nhit 8n-1 cua SigFe trd
thanh ddng phan c6 ning lugng cao cua cation (8c-4,
conang lugng twong dbi 0,47 eV so véi 8c-1). Gidng
nhu cac dong phan cia dang trung hoa, cac dong

Nghién ciru so sanh cau truc, do bén...

phan cua cation SigFe” ciing dua trén cu tric ludng
thap ngil gidc va & trang thai spin cao (quartet). S6
phéi tri ctia Fe trong cation thap hon trong cluster
trung hoa.

Dbi voi SigFe, ba dong phan 9¢-1, 9¢-2 va 9c-
3c6 céu trac ho va ¢ trang thai quartet ¢6 nang lugng
xap xi nhau, chi hon kém nhau 0,01 eV, nén ching
c¢6 kha niang cung ton tai nhu 13 cac dong phan bén
nhat. Pong phan con lai 9c-4 & trang thai spin thap
(doublet), doi xtmg thap Cs va c6 ning luong tuong
d6i khoang 0,67 eV.
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Hinh 2: Céc cAu triic bén cua cluster Si Fe*

Khéac véi dang trung hoa Siy,Fe, dong phan bén
nhét cta cation SIlOFe c6 dang cau truc ho & trang
thai quartet “A”. Cau tric nay ciing duoc tao thanh
dua trén cdu trac ludng thap ngil gidc nhung nguyén
tir Fe & vi tri mat ngil giac. Cac dong phan khac ciing
¢6 cAu trac hé va ning luong twong dbi kha cao.

Khac voi dang trung hoa, dén gia tri n =11, cau
trac 16ng méi 1a cdu triic bén nhat ¢ dang cation ciia
cluster silic pha tap Fe. Hién tuong céu truc 16ng cta
dang cation xuit hién sau dang trung hoa ciing dugc
tim thay trong céc cluster silic pha tap Mn, V, Cu, ...
[12]. Céu trac 16ng 11c-1 dwoc hinh thanh bang cach
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thém 1 nguyén tir Si phia trén hinh lang tru ngli giac
v6i nguyén tir Fe nam & tam hinh lang try. Cac dong
phan con lai gom 1 ciu trac 16ng (11c-3), 2 cau trac
ho (11c-2, 11¢-4) ¢6 niang luong tuong d6i 1an luot
14 0,56; 0,43; 0,84 eV.

Dong phén co6 nang lugng thap nhét cua cation
SiyFe’cling glong cluster trung hoa Sij,Fe, nhung
khong con ddi xtmg cao nita. Pong phan long 12¢-2
kém bén hon 12c-1 khoang 1 eV, con dong phan
dang ho 12¢-3, 12¢-4 kém bén hon rat nhiéu so véi
ddng phan bén nhit dang ling tru luc giac.

3.3. So sanh d bén cia cluster Si,Fe”*

Pé khao sat do bén cia cac cluster pha tap,
chung t6i tinh mot sd thong sd ning luong sau cho
ddng phan bén nhét: ning luong lién két trung binh
Ey, bién thién nang lugng bac hai A’E va nang lugng
vung cAm AExomo-Lumo- Déng phan bén nhit cua
cluster trung hoa Si,Fe va cation Si,Fe* duoc biéu
dién & cot dau tién trong cac hinh 1 va 2. Céc gia tri
ning luong duge tinh dya trén ning lugng tong da
dugc hiéu chinh boi ning luong diém khong (zero-
point energy, ZPE).

3.3.1. Néng lwong lién két trung binh

Niang luong lién két trung binh (Ep) ciia cluster
Si,Fe”* (n = 8 — 12) dugc tinh theo cong thirc:

E, = [NE(Si) + E(Fe”") — E(Si,Fe”)]/ (n+1)
Trong d6: E 1 ning luong tong & trang thai co ban
cia nguyén tir Si, Fe va cluster Si,Fe”". Su phu
thugc cua ning luong lién két trung binh vao kich
thude cluster dugc thé hién trong hinh 3.
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Hinh 3: Sy phu thudc ning luong lién két
trung binh cta Si,Fe” * vao kich thude

Két qua cho thiy, ¢ cung kich thudc, gia tri
ning lugng lién két trung binh cta dang cation cao
hon dang trung hoa, ching to cation Si,Fe" c¢6 do
bén twong dbi cao hon cluster SiFe. Két luan nay
gidng v6i két luan cua Liu va cong su [4] khi nghién
cuu cluster pha tap Fe ¢ kich thudc nho. Vi vay co

Vii Thi Ngan va cong su

thé két luan réng viéc mat di 1 electron lam tang do
bén cua cluster Si,Fe.

3.3.2. Bién thién nang lwong bdc hai

Pé danh gia d6 bén twong ddi cua céc cluster
trong cling déy, chdng t6i tinh bién thién ning lugng
béc hai A%E theo cong thirc:

AZE = E(Sins1Fe”") + E(Sin..Fe”") — 2E(Si,Fe”™")
Trong d6 E 1a nang luong tong cua cluster
Si,Fe”*bén nhat. Két qua cua sy phu thudc bién
thién nang lugng bac hai vao kich thudc cluster nhu
¢ hinh 4.

Hinh 5 cho thdy, & ca hai dang cation va trung
hoa, gia tri A’E dwong va dat cuc dai tai nhiing
cluster co gia tri n chin. Piéu nay chung to céac
cluster Si,Fe”" ¢co gia tri n chan bén hon céc cluster
c6 gia tri n 1é bén canh. Két luan tuong tu cling da
dugc rat ra d6i véi nhirng cluster silic pha tap Fe co
kich thuée nho [4].

Vi vdy, chung t6i cho rang nhimg cluster Si,Fe
(n = 8-12) & ca hai dang cation va trung hoa bén hon
v6i nhitng gié tri n chin va kém bén hon khi n ¢6 gia
tri 1&.
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Hinh 4: Sy phu thudc bién thién ning
luong bac hai ctia SinFe®/* vao kich thudc

3.2.3. Nang lwong viing cam

Khoang cach giira ning luong cua obitan bi
chiém cao nhdt (Highest Occupied Molecular
Orbital, HOMO) va nang lugng cua obitan khong bi
chiém thip nhat (Lowest Unoccupied Molecular
Orbital, LUMO) duoc goi 1 ning luong ving cim
AEromo-Lumo cua phan tir. C4c obitan bién gom
HOMO va LUMO la nhiing obitan quyét dinh khi
cac phan tir tham gia phan Gng hoa hoc. Do vay su
khéc nhau vé niang lugng giira ching 1a mot chi sd
dé danh gia kha ning phan tng.

Sy phy thuéc ciia ning lugng ving cim
AEpomo-Lumo cua cac cluster Si,Fe”* vao kich thudc
cua cluster dugc chi ra trong hinh 5.
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D6 thi cho thay, tir gia tri n = 8-10, céc cluster
Si,Fe* c6 ning lugng ving cdm cao hon céc cluster
Si,Fetiép tuc chimg t6 cluster dang cation bén hon
dang trung hoa tuong Gmg. Pang chu y, khi n = 12,
cluster Sij;Fe 6 AEsomo-Lumo cao khoang 2,71 eV,
ching t6 kha nang phan tmg hoa hoc kém. Két hop
voi nhitng phan tich vé nang luong lién két trung
binh, va bién thién nang lugng bac hai, chung to6i
khang dinh rang cluster Si,Fe 1a bén nhat dbi véi ca
dang trung hoa va dang cation trong céc cluster dugc
nghién ctru.
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thudce
4. KET LUAN

1. Dong phan bén nhit cua Si,Fe co tinh d6i xing
cao, nguyén tir Fe tao lién két voi tat ca cac nguyén
tor Si trong cluster. Con dong phan bén nhét cia
cation Si,Fe*co cdu tric khac véi cluster trung hoa
va c6 tinh dbi xing thap, chi phdi tri voi mot sb
nguyén tir Si trong cluster (trir Siy,Fe”).

2. Céu trac 16ng bat dau xuét hién khi n = 10 dbi
véi cluster trung hoa, va n = 11 vai cluster cation.
Cluster dang trung hoa uu tién spin thap, con cluster
cation uu tién spin cao va v6i dong phan bén nhat c6
cu tric ho.

3. Khi ciu triic 10ng dwoc hinh thanh thi ca dang
trung hoa va cation déu wu tién trang thai spin thip
nhit co thé (singlet dbi v6i dang trung hoa va
doublet ddi véi cation).

4. Phan tich cac thong sb ning luong nhu ning
luong lién két trung binh, ning lugng bién thién bac
hai va ning luong ving ciAm cho thdy, cluster dang

Lién hé: Vii Thi Ngan

Nghién ciru so sanh cau truc, do bén...

cation Si,Fe* bén hon dang trung hoa Si,Fe tuong
ung. Ngoai ra, & ca hai dang trung hoa va cation,
cluster c6 gia tri n chin bén hon gia tri n & bén canh.
D6i voi ca dang trung hoa va dang cation thi cluster
€6 N = 12 1a bén nhat.

Loi cam on. Cong trinh’ dwoc hoan thanh dudi sy
tai tro cua Quy Phat trién Khoa hoc va Cong nghé
Quoc gia (NAFOSTED), ma so 104.06-2013.06.
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