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Abstract: Geometries associated relative stabilities, averaged binding energy, fragmentation
energy, second-order energy difference and energy gaps of V-doped germanium cationic clusters
GenV* (n=9-13) have been investigated by using density functional theory with the BP86 exchange-
correlation potential and effective core potential (ECP) LanL2DZ basis sets. Natural population
analysis charge is also examined to understand the associated charge transfer in structures of
clusters. When an electron is removed from neutral cluster GenV to form the cation cluster Ge,V*,
geometric structure of the lowest energy isomers change. The endohedral cage structure of the cation
clusters appears at n = 10 in the cluster GeioV*. The lowest energy isomers of cation cluster are in
triplet state or singlet state. The cluster GeioV* is found to be the most stable in terms of stability
parameters in the all system Ge,V* (n =9 - 13).
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Nghién ctru cau trac, d0 bén va tinh chat electron cua cluster
Germanium pha tap Vanadium dang cation GenV' (n=9-13)
bang phuong phap phi€ém ham mat 4o
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Tom tat: CAu tric hinh hoc, d6 bén, nang luong lién két trung binh, ning lvgng phan manh, bién
thién nang lwong bac hai va khoang cach nang lugng HOMO-LOMO cua céc cluster cation
germanium pha tap vanadium Ge,V* (n = 9 - 13) dwoc nghién ciru bang phuong phap phiém ham
mat d6 s dung phiém ham trao ddi-twong quan BP86 két hop véi bo co so thé 16i hiéu dung
LanL2DZ. Phan bé dién tich ty nhién NPA ciing dugc tinh toan dé tim hiéu huéng chuyén dién tich
trong cac cau tric. Khi tach di mot electron dé tao thanh cation Ge,V* tir cluster trung hoa GenV
van c6 su thay doi cau trdc hinh hoc & cac dong phan ¢ niang luwong thap nhat. Cau tric Iong kin
cua cluster cation bat dau hoan toan chiém wu thé ¢ cluster GeyV*. Cac dong phan c6 ning luong
thip nhat cua céc cluster cation déu c6 trang thai electron Ia singlet hoic triplet. Cluster GeioV* dwoc
xem la tuong dbi bén viing nhat khi xét theo cac thdng sé bén trong hé thong Ge,V* (n =9 - 13).

Tir khoa: BP86/LANL2DZ, ning lugng lién két, V-Ge clustes, ciu trdc cluster.

1. Mé dau

Trong nhimg nim gan day, cac cluster cia
vt liéu khac nhau da thu hiat dwoc sy quan tam
I6n cua céc nha khoa hoc. Céc nghién cau vé cac
cluster di tao ra mot tac dong anh hudng sau sic
khong chi dbi vai sy hiéu biét vé cau tric va lién
két ma con tao ra nhitng thiét ké hop ly cua cac
vat liéu mai c6 tinh chat héa hoc phu hop [1].
Céc nghién cau vé ching da tro thanh mot chi
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dé nghién ctru ndng trong ca vat ly va hoéa hoc.
Do kich thudc rat nhé nén nhiing hiéu biét vé cac
tinh chat vat Iy va hoa hoc cuaa ching tré nén rat
quan trong di vai nhiéu tng dung trong céc linh
vuc khic nhau nhu vat liéu quang dién tir, chat
xUc tac, nanoelectronic va spintronic [2-4]. Cac
cluster c6 tinh ban dan dugc hinh thanh boi céc
nguyén tb nhém 14 bang tuan hoan ciing da dugc
nghién ctu nhiéu ca vé mit thuc nghiém va ly
thuyét theo nhitng muc tiéu eng dung cdng nghé
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cua chdng. Germanium va silicon la nhiing
nguyén t6 ban din quan trong nhat. Cac nghién
clru trude ddy di chi ra rang cau tric ciia cac cum
Germanium va silicon nho rat giéng nhau, trong
khi céc cau triic Ién hon vé co ban 1a khac nhau
[5].

Trong nhiéu thap ky qua, cac cluster
Germanium tinh khiét va pha tap da duoc nghién
ctru sau vé thuc nghiém [6-8] va vé mat ly thuyét
[9-11]. Zhao va Wang [12] da nghién cttu hinh
hoc, 6 bén va tinh chat elctron cua cluster FeGe,
(n = 9-16). Ho phat hién ra rang su pha tap cua
mot nguyén tir st Fe vao céc cluster Ge, tinh
khiét gop phan 1am 6n dinh khung germanium va
cac khoang cach nang lugng HOMO-LUMO cua
cac cluster FeGe, thuong nhé hon céac cluster
Gen tinh khiét tuong @ng. Trong nghién cau cia
ho lién quan dén céc tinh chat cia cac cum
Germanium nho pha tap nhom, Shi va cong su
[13] cho thay cau trac néng luong thap nhat cua
AlGe, tuong tu nhu cac cu truc niang lwong thap
nhét ciia cac cluster Germanium tuwong tng tinh
khiét. Nam 2013, Li va cong su [14] d khao séat
anh hudng cia mot nguyén tir vang Au trong cac
cluster anion Germanium AuGe, (n = 1 - 13).
Ho phat hién ra rang cac cluster c6 n = 12 la
nhitng cluster 6n dinh nhat so voi kich thuéc
khac. Nam 2011, tinh chat electron va tir tinh ciia
cluster Germanium nhé Ge, (n=1 - 13) pha tap
Mn, Co va Ni di duoc nghién ctu bang ly thuyét
phiém ham mat d6 (DFT) do Kapila va cong su
thuc hién [15]. Ho phat hién ra rang cac cluster
Gey, pha tap Ni 6n dinh hon khi so sanh véi cac
cluster Ge, pha tap Co va Mn. Tang va cong su
[16] dd nghién ctru cAu trac va do bén cua cluster
kim loai chuyén tiép 3d Gei,M (M = Sc, Ni). Ho
phat hién ra rang tat ca cac cluster Ge;,M déu co
nang luong pha tap (doping energies - DE) va
khoang cach nang lugng HOMO-LUMO tuong
duong véi cac cluster tinh khiét. Mahtout va
cong su [4] da x4c dinh céc tinh chét electron va
tr tinh cua cac cluster Ge,Cr (15 <n <29). Ho da
chi ra rang cau tric cua Gen Va GeqCr tro nén
chat khit hon va chuyén sang ciu tric gan voi
hinh cu véi viéc thém mét hoic nhiéu nguyén
tur 101 vao céc cluster c6 kich thudée n =17, 19 va
22.

Pi c6 mot sé nghién ctu vé cluster
Germanium pha tap Vanadium dwoc cong bd.
Nam 2005, Singh va cong su da nghién ciu tinh
6n dinh cua 6ng nano Germanium pha tap cac
nguyén tir Vanadium bang cach sir dung tinh
toan DFT va cho rang cac 6ng nano luc giac kich
thuéc 16n Germanium pha tap Vanadium c6 tinh
chat cia mot kim loai [17]. Nam 2015, Xiao-Jiao
Deng va cong sy bang cach dung thuc nghiém
phd quang electron va phuong phap DFT tai muc
B3PW91/6-311+G(d) xac dinh duogc tinh chat
electron va cau tric bén cia cac cluster VGen (n
= 3 - 12) [18]. Nam 2017, ciing bang phuong
phap DFT sir dung su gan dting gradient suy rong
(generalized gradient approximation - GGA) véi
ham PBE, Chaouki Siouani va cong su da nghién
clru cAu tric, tinh dn dinh va tinh chét electron,
tur tinh caa cluster VGe, (n = 1 - 19) [19]. Céc
nghién ctu trén chi tap trung nghién cuu o hai
dang dién tich la trung hoa va anion. Chi c6 duy
nhat mot nghién ctru vao nam 2016, do nhom tac
gia Shi Shun-Ping v& cau trdc hinh hoc va cau

trac electron cua cIusterVGen(O'ﬂ) n=1-9)

bang phiém ham B3LYP vai bo co sé LanL2DZ
la c6 nghién ctru vé dang dién tich cation [20] va
nhan dugc két qua 1a khi thay doi dién tich tur
trung hoa sang anion va cation thi ddng phan cé
nang luong thap nhit s& khong thay ddi cau tric
hinh hoc 14n sy phan b cua nguyén tir Vanadium
pha tap vao. Qua tim hiéu vé cac nghién cuu
truc, ching tdi thiy rang chua c6 mot cong trinh
nao khao sat do bén va cau tric cua Ge,V (n =
10 - 13) & dang cation. Vi vay trong bai bao nay,
ching tdi s& tién hanh nghién ctu cu tric va do
bén cua cluster Germanium pha tap Vanadium
dang cation Ge,V* (n = 9-13) va so sanh véi dang
trung hoa va dang anion Ge.V*" (n=9-13) ¢
nghién ciru trude [21] bang phuong phap phiém
ham mat do.

2. Phuong phap tinh

Hién nay, ly thuyét phiém ham mat do (DFT)
dugc sir dung nhiéu trong tinh toan lugng tir
nham du doan ciu trac, dd bén va tinh chat
electron cua cac clusters kim loai [15, 17, 18],
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[20]. M¢t trong nhitng phiém ham duoc sir dung
nhiéu ddi véi phuong phap DFT do la phiém
ham BP86 [17]. Khi két hop phiém ham nay voi
b6 ham co sé thé 16i hiéu dung LanL2DZ [22-
24] trong tinh toan ciu trdc cac cluster kim loai
chuyén tiép di to ra dat dugc két qua tot, co do
tin cay cao, phu hop vai cac gia tri thuc nghiém
nhung lai giam dugc thoi gian, cong suc tinh
toan [25, 26]. Do do, tit ca cac qua trinh thuc
hién t6i uu hinh hoc, tinh tan s6 dao dong va
ning luong cua cac cau trdc trong nghién cau
nay str dung mirc BP86/LanL2DZ cho cac phép
tinh toan thdng qua phan mém Gaussian 09 [27].

3. Két qua thao luin

Dé tim kiém tat ca cac dong phan cation c6
thé c6 ctia mdi cluster, chung t6i da ding cAu tric
tir cac cluster trung hoa va anion da tim kiém
trude day [21] va toi uu héa ¢ nhitng d6 boi khac
nhau. Cac dong phan anion, trung hoa va cation
cua cluster Ge,V'"%* duogc ki hiéu la tx-z, trong
d6 t 1a sb nguyén tr Ge, t = 9 - 13; x = n néu
cluster 1a trung hoa, x = ¢ néu cluster Ia cation
(+), x = a néu cluster la anion (-), z 1 s6 ty nhién
bat dau tir 1 dén 4 duoc sap xép tang dan theo
chiéu ting cua nang lugng tuong dbi. Céc thong
tin khac cua ddng phan dugc chi ra trong ngoac
vuong [ ] gom: trang théi electron, nhom diém
dbi xtng va ning lugng tuong ddi tinh theo eV
(hinh 1). Ning lugng twong d6i cua cac dong
phan duoc tinh tir sy khac nhau cia nang lugng
tong (da duoc hidu chinh nang lugng diém khong
ZPE) s0 v&i ddng phan ¢ ning lugng thap nhit.

3.1. Cau triic ciia dong phdn VGe," (n=9-13)

Trong mdi gia tri kich thudc n cua cluster
cation VGe,* (n =9 - 13) chiing t6i dé lai 4 dong
phan ¢ ning luong twong quan thip nhat. Hinh
hoc biéu dién ciu trac cac dong phan nay duoc
trinh bay ¢ hinh 1.

GegV*: Bong phan 9¢-1 c6 cau tric dang
thuyen c6 nguyén tir Germanium nam ¢ phia trén
thuyén voi dbi xang Cay va trang thal electron la
triplet. Dong phan 9¢c-2 ciing c6 cau trdc dang
thuyén nhung nguyén tar Germanium nam léch

han sang phia trai 1am thay doi trang thai electron
1a singlet va nhom diém doi ximng la Cy. DPong
phan 9¢-3 ¢6 céu truc lang tru blen dang vei hai
mit day khac nhau, 9c-4 ¢6 cau tric giéng voéi
9¢-1. Mtc ning luong chénh léch caa cac dong
phan 9¢-2, 9¢-3 va 9¢-4 lan luot 1a 0,20 eV;
0,22eV va 0,62 eV.

GeywV*: Cac dong phan ciua GeoV* déu co
dang lang tru bat ddi xing bién dang khéac nhau.
10c-1 ¢6 cau trac lang try bon canh bién dang véi
hai nguyén tir Germanium cuing phan bé & mot
mit nén 1am cho nhom diém ddi xung 1a Cy va
trang thai electron 1 singlet. Cac dong phan 10c-
2, 10c-3 va 10c-4 déu c6 ciu truc lang tru bién
dang vai hay mat day khac nhau, mot mat nam
canh va mot mat bdn canh va nguyén tir
Germaium phan bd ¢ cac mat day. Trong do,
déng phan 10c-2 va 10c-4 c6 nguyén tir
Germanium phan bd & mat day nim canh con
10c-3 thi nguyén tr Germanium phan bé ¢ mat
day bon canh. Mirc ning lugng chénh léch twong
d6i nhé cua 10c-2 so véi 10c-1 1a 0,01 eV nén
du doan rang hai dong phan nay ciing ton tai voi
nhau. Ngoai ra, cu trdc 16ng kin thuc sy ciing da
bit dau xuat hién ngay cluster GeipV* nay.

GenV*: Ciu tric 1dng cua 11c-1 ¢6 dang
lang tru bién dang véi hay mat day khac nhau,
mot mat nam canh va mot mat bon canh va hai
nguyén tir Germaium phan b ¢ mdi mat day.
Pong phan nay cé trang thai 1a singlet. Pong
phén 11c-2 c6 dang nhu 11c-1 nhung ¢6 sy khac
nhau & sy phan b hai nguyén tir Germanium la
hai nguyén tir Germanium nay déu chiém & mat
day nam canh 1am trang thai electron thay doi
thanh triplet. Pong phan 11c-3 va 11c-4 déu c6
dang hai khéi hop sau mat hinh thoi xép chong
lén nhau v&i nhom diém déi xang 1a Cs. Muc
nang luong chénh léch cua 11c-2 , 11c-3 va 11c-
4s0vdi 11c-11a2 0,38 eV; 0,46 eV va 0,60 eV.

Ge,V*: 12¢-1 1a ddng phan bén nhit cua
cluster Ge1,V* ¢6 Cau tric lang tru su canh bién
dang vé6i nguyén tir Vanadium nam lot thom & vi
tri trung tAm ling tru tao nén mot cau trac 16ng
hoan hao véi nhom diém ddi xing bac cao 1a Dag
va trang thai electron la singlet. 12c-2 va 12¢-3
va 12c-4 déu c6 ciu trdc bién dang voi nhém
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diém d6i xing va trang thai electron déu gidng
nhau la C: va singlet. Muc nang lugng chénh
léch ciia 12¢-2 va 12¢-3 va 12c-4 so voi dong
phan bén lan luot 14 0,27 eV; 0,41 eV va 0,42
ev.
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Hinh 1. Cau trac bén cua cluster Ge,V* (n = 9 -13).

GesV*: DBdng phan bén nhét cua cluster
GesV* 1a 13c-1 ¢ dang lang tru sau canh bién
dang véi nguyén tir Germanium phan bé ¢ mat
day. Nhom diém ddi xung cua 13c-1 1a C; va
trang thai electron 1a singlet. Cac dong phan 13c-
2, 13c-3 va 13c-4 ton tai & c4c cau tric khac nhau
nhung lai ¢6 nhom diém ddi xang va trang thai
electron twong ty nhu dong phan 13c-1 va mic
nang lwong chénh léch cua cac dong phan nay
lan luot 14 0,26 eV; 0,44 eV va 0,93 eV.

Nhin chung, khi cluster Ge,V tach di mot
electron dé tao thanh cation Ge,V* van c6 su
thay ddi cu trdc hinh hoc Ian su phan bé cua cac
nguyén tir Germanium ¢ cac dong phéan ¢ ning
luong thap nhat. Cu thé trong nghién ciru nay, su
bién ddi ro rét xay ra & GeipV* va GeyV* khi so
sanh tuong ddi véi nhau vé mat hinh hoc (hinh

2) O céc kich thuéc n =9, 12, 13, céc cluster nay
van gitr nguyén ciu tric hoic bién dang di mot
chat it khi tAch d mot electron tur cluster trung
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bit dau hoan toan chiém wu thé & cluster GeioV™.
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Hinh 2. C4u tric bén cua cluster Ge,Vo/* (n =9-13).

3.2. So sanh d¢ bén cia cic dong phan Ge,V*
(n=9-13)

Dé s0 sanh do bén cua cac dbng phan Ge,V*
(n=9-13) cb nang luong thap nhat, nghién ctu
nay da st dung cac thdng s nang luong lién két
trung binh Es, bién thién nang luong bac hai A%E,
nang luong phan manh Er va khoang cach nang
lwong HOMO-LUMO. Céc théng sé nay duoc
tinh nhu sau:

nEg +E,. —E
Eb(GenV*) = n+1

A’E =E +E —2.E

GepyV*h Ge,4V* T Ge, vt

Ge,V*

E,=Eq+E_ .. —E
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Egap = ELUMO - EHOMO

Trong do, E_ E E

eV’ Ge vVt T Ge, V! EV+ va
E.. 1d ning lugng tong ciia cic cau trlc
GenaV7, Gen1V™, GenV', V™ va Ge da duoc hiéu
chinh ZPE néu c6. Két qua thé duoc biéu dién
qua cac do6 thi hinh 3, 4, 5 va 6.

Bién thién nang luong lién két trung binh Ey
& hinh 3 cho thdy, khi ctiing kich thuéc n trong
khoang khao s&t (n = 9 - 13), d6 bén cluster
Germanium pha tap mét nguyén tr Vanadium
tang theo thir ty trung hoa < cation < anion. Nhu
vay, viéc thém hay bot di mot electron déu lam
tang do bén cua cluster Ge,V. Khi kich thuéc n
tang thi gia tri Ey cua GenV*. Céc két luan nay
hoan toan phu hop véi quy luat cua cluster Ge,V-
/0% (n = 1 - 9) ctia nhém téac gia Shi Shun-Ping va
cong su [20].
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binh Ep vao kich thuéc cluster Ge,V70'*,

Bién thién niang luong bac hai A%E dung dé
danh gia do bén twong ddi cua cac cluster. Dya
vao hinh 4, ¢6 thé nhan thy rang quy luat chung
cua cluster anion va trung hoa la cuc dai ¢ cac
gia tri n chin (n = 10, 12) va cuc tiéu & cac gia
trinlé (n=9, 11, 13), cluster cation cling nhu
thé nhung chi khac & chd GeisV* ¢6 gia tri cao
hon Ge2V*. Qua day co thé thdy duoc cluster
cation GeV* c6 do bén twong dbi so véi cac
cluster cation trong hé nghién ciu.
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Hinh 4. Sy phu thugc cua bién thién nang luong bac
hai A’E vio kich thuéc cluster GenV-o.

Bén canh do, khi nang lugng ph&n manh cao,
nghia 13 can nang luong 16n dé tach nguyén tu ra
khoi cluster, hay noi cach khac la cluster cang
bén. Két qua phan tich tir hinh 5 cho thiy, ning
lugng tach nguyén tir Germanium tang & Cac gia
tri n chdn va giam & cac gia tri n 1&. Didu nay
mét 1an nira gitip khang dinh lai cluster Ge,V""*
(n = 10, 12) twong d6i bén hon. Gia tri E; cia
GeV* 16n hon cua Ge1pV* nén kha nang GeV*
bél’l hon G612V+.
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Hinh 5. Sy phu thugc cta nang lwgng phan manh
E ; vao kich thudc cluster Ge, V7.

Khoang cach nang lugng HOMO-LUMO
(Egap) 1a su chénh léch muc nang luong cua
orbital bi chiém cao nhit va orbital khéng bi
chiém thip nhat. Pay 1a mot dai lwong quan
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trong cho phép danh gia d¢ bén cau tric electron
va kha nang tham gia phan tng hda hoc cua day
cac hop chat c6 thanh phan nguyén tb tuong tu
nhau. N6i chung, Eqp cang tang thi do bén ciu
tric electron cling nhu hoat tinh hda hoc cua
cluster cang giam [19]. Hinh 6 cho thay khoang
cach nang lugng HOMO-LUMO cua céc cluster
cation giam dan khi kich thudc cluster ting dan
trong khi trung hoa va anion van tuan theo quy
luat ting & cac gia tri n chan va giam & cac gia
tri n 1¢. Nhung van c6 quy luat rang cluster cation
& cac gia tri n lé 6 gia tri Egp nam giira anion va
trung hoa. Trong day cation, cluster GeipV* cé
giatri Egep=1,12eV I6n hon Ge12V' (Egap= 0,84
eV), diéu nay gidp cung cb thém vé d6 bén ciu
truc electron cua cluster GeioV* cao hon cluster
GeV*trong day Ge,V* (n=9 - 13).

(]
o
]

Khoiang cach nang wgng
HOMO-LUMO (V)
e
L

—— trung hoa \ﬁ/
—%— anion
04 T T T T T
8 9 10 11 12 13

So nguyeén ti Ge (n)

Hinh 6. Su phu thudc ctia khoang cach nang lugng
HOMO-LUMO Eggp vao kich thuéc cluster Ge,V/O*,

3.3. Phdn bé dién tich

Phan tich sy phan b dién tich tu nhién NPA
(natural population analysis) dugc dung dé danh
gid matdo Chuyen va hudng chuyén cua dién tich
trong cac cau tric phan tr [28]. Khi nghién ctru
vé cluster cation Ge,V* (n=1-9), nhém tac gia
Shi Shun-Ping di nhén thay rang bat dau tir n=9
nguyén tir V s€ mang dién tich NPA am [20].
Dua vao bang 1 cd thé thiy, dién tich trén cac
nguyén tir cua céc cluster Ge,V* thay d6i khi
kich thudc cac cluster thay doi va trong khoang
kich thudc cluster n=9-13, nguyén tir V tiép tuc
mang di¢n tich NPA am. Dang chi y ¢ GeoV™,
dién tich am NPA trén nguyén tir V l1a thip nhat
(-3,913), nguoc lai, tong dién tich duong trén cac
nguyén tir Ge la cao nhat.

Xu hudng bién doi phan bd dién tich
Mulliken MPA (Mulliken population analysis) &
cac cluster Ge,V* (n=9-13) ciling hoan toan
tuong dong voi xu huéng bién doi phan bd dién
tich tu nhién NPA. Két qua tir bang 1 cho thy,
nguyén tir V trong tat ca cac cluster Ge,V* (n=9-
13) ciing déu mang dién tich am, trong do, cau
tric GeoV* chua nguyén tir V ¢ su phan b
dién tich &m MPA thip nhit (-2,211) trong
nhom.

Germanium la nguyén té c6 do am dién Ién
I6n hon vanadium nén trong hé cluster cua 2
nguyén té nay, dién tich &m s& c6 xu hudng tap
trung & germanium. Trong cau tric GeioV*, dién
tich am tir cac nguyén tr Ge da duoc giai toa
nhiéu nhat sang V nén day c6 thé 1a nguyén nhan
lam cho ciu tric ndy bén nhat trong dy cluster
cation duoc khao sét.

Bang 1. Bién tich MPA va dién tich NPA trén V (Qv), tong dién tich trén cac nguyén tir Ge (Qce)
- 13) c6 nang luong thap nhat

cua cac cluster VGen* (n=9

bién tich GenV* GegV* GepV* GenV* GepV* GejsVv*
MPA Qce +1,959 +3,211 +2,984 +2,620 +2,624
Qv -0,959 -2,211 -1,984 -1,620 -1,624

NPA Qoce +3,047 +4,913 +4,520 +3.757 +3,895
Qv -2,047 -3,913 -3,520 -2.757 -2,895
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4. Két luan

CAu tric hinh hoc, dd bén, tinh chat electron
cua cac cluster Ge,V* (n =9 - 13) da dugc nghién
ctru khao sét tai muc ly thuyét BP86/LanL2DZ
va so sanh vai cluster dang trung hoa va anion.
Khi tich di mot electron dé tao thanh cation
GenV* tur cluster trung hoa Ge,V da co sy thay
d6i cau trac hinh hoc ¢ cac dong phan c6 ning
lugng thap nhat. O cluster GeioV*, cau tric 1ong
kin cua cluster cation bat dau hoan toan chiém
uu thé. Cac dong phan c6 ning luong thap nhat
cua cation déu tom tai trong trang thai electron
la singlet hoic triplet. Khi xét theo cac théng sé
bén vé mit niang luong, cluster GeipV* dugc xem
1a twong ddi bén viing nhat trong hé théng Ge,V*
(n=9-13).
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