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Tom tit. Bang phwong phdp phiém ham mét dé (DFT), ching téi da xdc dinh dwoc cau
triic, d6 bén va tinh chat cia cluster gecmani pha tap crom GeoCr* véi cdc trang thdi
trung hoa, anion, cation ¢ mirc Iy thuyét B3P86/6-311+G(d). Két qua cho thay, cluster
gemani pha tap kim loai crom GeoCv* déu tao cdu triic long bén. Khi thay doi dién tich
ciia cluster GeyCr, cdu triic bén cia cluster dang anion khéng cé sw thay doi con cdu
triic bén cua dang cation thi thay déi. Phan tich gid tri nang leong lién két trung binh,
nang lwong phan ly va khodng nang lwong vimg cam HOMO-LUMO ciia cluster Ge,Cr*
cho thd'y cluster Ge 10Cr2' bén hon so véi cluster khdc.

Tir khéa: Cluster GeyCr, ciu triic, dp bén, DFT

1. GIOI THIEU

Trong thoi gian gan day, cluster dang thu hut sy quan tdm ctia nhiéu nha khoa hoc
do nhirng tinh chit dic biét va co su khac biét so véi vat lidu dang khoi. Trong do,
cluster chira cac nguyén t6 ban dan dang thu hut duoc nhiéu sy quan tim, nghién ctru
nhu cluster cia silic va gecmani. Cac két qua nghién ctru vé cluster silic va gecmani cho
thiy, v&i cau tric nho thi chung tuong tu nhau nhung véi ciu tric 16n thi 6 nhiéu diém
khac nhau co ban [1]. Cluster gecmani nguyén chat d duoc nghién ctru rong rai do nd
la thanh phﬁn quan trong cta vat liéu ban dan va téng hop nén vat li¢u maoi [2-4]. T. B.
Tai, N. M. Tho di nghién ctru cluster Ge,'(n=2-12;x=0,-1,-2) bang phuong phéap
B3LYP/6-311[2]. King va cong su di trinh bay anh hudng cua sb electron dén cau tric
cua Gen(n=9,10,11) [4].

Tir nhitng két qua nghién ctru trude day cho thay, cluster gecmani nguyén chét co
hoat tinh hoa hoc cao nén khong pht hop dé 1am don vi cau tric cho vat liéu nano [3].
Bﬁng vi¢c chon kim loai pha tap co thé tao ra vat liéu c6 bd khung 12 Ge, v6i nhiing tinh
chat méi hodc tao dang dng nano. Do do, cluster gecmani pha tap da dugc nghién ctu
ca 1y thuyét va thuc nghiém [5-13] v6i nhiéu tinh chat méi nhu tir tinh, khoang ning
lugng vung cAm, su chuyén electron. CAu trac, dd bén va tinh chit cua cluster Ge,M(M:
Zn, Mn, Fe, Ni, Au, Cu, Co, Cr, W, Si, Mo, V) da dugc nghién ctru béng phuong phap
phiém ham mat 6. Két qua cho thiy céu tric, tinh chat ciia cluster gecmani phu thudc
vao kim loai pha tap va kich thudce cluster.

Dbi v6i cluster gecmani pha tap crom, di c6 mot sd nghién ctiu duoc cong bd.
Hou va cong su di nghién ctru cluster Ge,Cr (n = 1 - 5) bang phuong phap hdn hop
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B3LYP [12], nhung théng qua két qua ciia mot s6 nghién ctru gan day, ngudi ta cho
rang phuong phap nay khéng con chinh xac khi c6 mat kim loai chuyén tiép [14].
Kapila va cong sy da nghién ciru cau trac va tinh chat cia cluster Ge,Cr(n=1-13) str
dung phan mém SIESTA véi phuong phap DFT-PBE, nhung cac electron 15i khong
dugc tinh day du boi cac AO ma duoc thay thé boi mot ham thé hiéu dung, chi co cac
obitan hoa tri (3d°4s' cho Cr va 4s*4p” cho Ge) duoc td hop bai bo ham co sé hoa tri
tach d6i, két qua cho théy cluster Ge,Cr ¢6 céu trac bén & dang hé (n=1-13) [15].
Nghién ctru ctia Xiao-Jiao Deng va cong su vé phd quang electron va céu tric ciia anion
Ge, V™ cho két qua khac voi két qua cua Kapila, ciu trac 16ng duogc tao thanh khi n=10
[16]. Piéu nay giy nghi ngd cho chung t6i vé két qua cua Kapila khi nghién ctru cluster
Ge,Cr 1a cAu tric hé tdn tai voi n=13.

Trong nghién ctru nay, ching t61 xac dinh céu tric, do bén, tinh chét cua cluster
GeoCr” (z= 2-; 1-; 0; 1+; 2+) & mirc 1y thuyét cao dong thoi xem xét anh hudng cua
dién tich dén cAu triic hinh hoc cua cluster.

2. PHUONG PHAP TiNH TOAN

Céu trac cia cluster Gel0Cr? (z=2-;1-;0;1+;2+) & céc trang thai spin khac nhau
duoc tdi wu hoa bang phuong phap phiém ham mét d6 hdn hop B3P86 va bo ham co s
day du hoa tri tach ba c6 bo sung ham khuyéch tan va ham phan cyuc 6-311+G(d). Su
két hop d6 da giai thich t6t két qua thyc nghiém vé phd hong ngoai cua cluster Si pha
tap bai Cr [17], nén chung toi cho rang, muc 1y thuyét B3P86/6-311+G(d) ciing phu hop
dé nghién ctru cau tric cia cluster Ge pha tap boi Cr.

CAu tric ban dau cua cluster Ge;oCr” duogc xdy dung bang cach thay thé nguyén tir
Ge trong cluster Ge;; bang nguyén tir Cr hodc duoc chon tir nhitng cau trac X,M (voi
X=Si, Ge; M 1a nguyén tir pha tap bat ki) da duoc cong bd trén cac tap chi khoa hoc uy
tin [1-13]. Tit ca cac tinh toan duoc thuc hién voi phan mém tinh hoa hoc luong tir
Gaussian 03 (phién ban E.01) [18].

3. KET QUA VA THAO LUAN
3.1. Chu tric va do bén cia cluster Ge;Cr” (z=2-;1-;0;1+;2+)

Bang phuong phap tinh toan nhu trén, chung t6i da tim duoc cac dong phan va
xéac dinh déng phan bén nhit cua cluster Gel0Cr” (z = 2-;1-;0;1+;2+). CAu tric & trang
thai co ban va cac ddng phan c6 nang lwong thap dugc trinh bay trong Hinh 1. Chit N ki
hiéu cho dang trung hoa (neutral), A ki hi€u cho dang anion, C ki hi¢u cho dang cation,
D ki hiéu cho tién t6 di-. P bén cac déng phan duogc Xép theo thur ty (a,b,c...), nang
lugng tuong ddi, nhom diém doi xung, trang thai spin dugc dat trong [].
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10N-c [0,28, C,, °Al

10N-d [0,30, C,, °A]

10A-c [0,88, Gy, °A,]

10A-d [0,89, C;, °A']

10C-b [0,24,C,,,"A;]

10C-e [0,67, C,, *A']

10DA-a[0,00,C,,,°B,]

10DA-b [0,02,C,,,°B,]

10DA-e [0,98, C,, *A”']

10DC-a[0,00,C,'A]

10DC-b [0,07,Cs,,’B,)]

10DC-c [0,17, Gy, *A,]

10DC-d [0,33, Cyy, °B,)]

10DC-e [1,2, Cyy, °B1]

Hinh 1. Céu trac cua cluster Ge;(Cr” (z=2-;1-; 0; 1+; 2+).

Cluster GeyCr: Chiing toi tim thay 18 dong phan va dua ra 5 d6ng phan bén nhat
dé thao luan. Pong phan bén nhat 10N-a c6 ciu tric 10ng, dang ludng thap ngii giac voi
ba nguyén tir Ge dinh & ba mat cua ludng thap ngili gidc va mot nguyén tir Ge dinh trén
dinh cta hinh ngii gidc, v6i d6i xtimg cao Cay & trang théi singlet 'A;. Déng phan 10N-b

¢6 nang luong cao hon dong phan 10N-a mot gia tri 14 0,12V, 1a cau trac 1ong c¢6 dang
hai ludng thap ngii gidc v6i nguyén tir Cr 1 dinh cua hai ludng thap ngii giac, c6 dbi
xung cao Cyy ¢ trang thai triplet ’B,. Cac déng phan 10N-c, 10N-d, 10N-e c6 céu tric
dang hd, véi nang luong cao hon déng phan 10N-a lan luot 14 0,28 eV; 0,30eV; 0,31eV
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va cling déu c6 dang ludng thap ngii giac. Nhu vy, ddi véi cluster GelOCr thi di tao
cdu trac 10ng bén va ¢ dang ludng thap ngii giac.

Cluster anion Ge;yCr: Céu truc bén nhat 1a 10A-a. bay 1a mot céu truc léng co
dang ludng thap ngii gidc voi cac nguyén tr Ge ndm & cic mit cua ngii giac, co dbi
xtng cao Cpy, & trang thai doublet (*A;). CAu tric nay ciing giéng voi cu tric 10N-a.
Pong phan 10A-b ciing 13 ciu trac 16ng ton tai ¢ trang thai spin thip *By, c6 dang hai
ludng thap ngii gidc véi ning lwong cao hon dong phan 10A-a mot gia tri rat nho 1a
0,007eV. Cac dong phan 10A-c, 10A-d, 10A-e co cdu triic ho véi gia tri nang lugng cao
hon déng phan 10A-a lan luot 14 0,88¢V; 0,89¢V; 1,03eV va cling c6 dang ludong thap
ngll giéc.

Tir két qua trén cho thay khi thém mét electron vao cluster trung hoa GeoCr thi
cau triic khong thay d6i, hay noi cach khéc, cdu tric hinh hoc cua cluster anion Gel0Cr”
khong phu thude vao cau triic electron.

Cluster cation Ge;yCr': Déng phan bén nhit 1a 10C-a c6 dbi xung cao Cyy va ton
tai & trang thai spin thap doublet *A;. Pay 1a céu tric 10ng c6 dang ludng thap ngii giac
v6i bon nguyén Ge dinh ¢ bdn mit cia ludng thap ngii giac. Cau tric nay khac véi cau
trac 10N-a va dugc tao thanh tir cau tric 10N-a khi chuyén mot nguyén tir Ge tir dinh
cua ludng thap ngil giac vé mat cua ludng thap ngii giac. Pong phan 10C-b ¢ ning
luong 16n hon 10C-a 0,24eV, ¢6 ciu tric nhu 10C-a & trang thai quartet (*A). Pong
phan 10C-c ¢6 dang cau triic bén nhét cia cluster trung hoa GeoCr va ¢ ning lugng
cao hon 10C-a 0,44eV, ¢ trang thai 2B2. Dbi véi cluster cation GeoCr' thi ciu trac hinh
hoc chiu anh hudng cua cau trac electron.

Cluster dianion Ge;Cr’": Ddng phin bén nhat 10DA-a 1a mot cu tric 16ng co
dang ludng thap ngii giac véi cac nguyén tir Ge nam & dinh va cac mit cua ngii giac, 6
d6i xtmg cao C,y & trang thai triplet (*A;). CAu tric nay tuong tu nhu ciu tric bén nhit
ctia Ge;oCr. Pong phan 10DA-b c6 dang ludng thap ngil gidc véi cac nguyén tir Ge nam
& cac mit cia ngii gidc. Pong phan nay ciing kha bén, c6 ning luong chi cao hon
10DA-a mot lugng 1a 0,02eV. Déng phan 10DA-c; 10DA-d; 10DA-e c6 nang lugng cao
hon dong phan 10DA-a 1an luot 12 0,13eV; 0,44eV; 0,98¢V.

Cluster dication Ge,,Cr**: Ddng phan bén nhét 1a 10DC-a véi dbi ximg Cs &
trang thai 'A ¢ dang thap ngii gidc véi nguyén tir Cr nam & tim cuia hinh ngii gidc con
cac nguyén tir Ge nam & 4 mit ciia ngii giac. Pong phan nay co ciu triic khac hoan toan
v6i ciu tric 10N-a. Pong phan 10DC-b c6 dang hai ludng thap ngii giac véi nguyén tir
Cr nam ¢ dinh cua hai ngii giac, c6 nang lugng cao hon 10DC-a mét lwong kha nho 1a
0,07eV va c6 dang doi xung cao Cyy, O trang thai ’B,. Céc déng phan 10DC-c, 10DC-d,
10DC-e ¢6 nang lugng cao hon déng phan 10DC-a lan lugt 12 0,17eV; 0,33eV va 1,2eV

3.2. Tinh chit cia cluster GeoCrt (z = 2-; 1-; 0; 1+; 2+)
3.2.1. Nang lwong lién két trung binh.
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Nang luong lién két trung binh E), cta cluster Ge(Cr” (z = 2-; 1-; 0; 1+; 2+) duoc
tinh theo cong thrc:
Eu(GeoCr?) = [E(Cr”) + nE(Ge) — E(Ge,Cr*)]/(n+1).

Trong d6 E(A) 1a ning lugng tong ctia phan tir hodc ion A d dugc hiéu chinh boi
ning lugng diém khong. Su phu thudc giita ning luong lién két trung binh cia cac
cluster Ge,(Cr” vao dién tich duoc thé hién trong Bang 1.

Bang 1. Ning luong lién két trung binh cua cluster Ge oCr” (z = 2-; 1-; 0; 1+; 2+)

Cluster G610Cr2' GeloCr'1 GeoCr Ge 10CrH GeloCr2+
Ey (eV) 3,41 3,33 2,96 2,71 2,30

Dua vao gia tri ning luong lién két trung binh cho thiy cluster Ge,oCr” bén nhét
con cluster GeloCr2+ 1a kém bén nhit. Diéu nay co thé duoc giai thich 1a do trong cluster
Ge1oCr” ¢6 s6 electron tham gia tao lién két 1a 18 trong d6 mdi nguyén tir Ge dong gop
mdt electron, nguyén tir Cr dong gép ca 6 electron hoa tri va cluster con c6 thém hai
electron. Theo quy tic dém thi cdu triic c¢6 18 electron 13 cu tric vo dong nén rit bén.

3.2.2. Nang lwong phan li lién két

Nang lugng phén li lién két 1a nang luong dung dé danh gia 6 bén lién két cua
cluster khi tach nguyén tir ra khoi cluster. Dé danh gia do bén lién két giita cac nguyén
tir trong cluster GeoCr” (z = z = 2-; 1-; 0; 1+; 2+), ching tdi da tinh toan nang luong
phan li cho qua trinh tich mdt nguyén tu Cr hoac mdt nguyén tor Ge ra khoi cluster, cu
the:

GeoCr* = Gejg  + Cr D,
Ge10Cr* 2 GeoCr” + Ge D,
Trong d6, D 1a ning lugng can thiét dé tach mot nguyén tir Cr tir cluster GeoCr”
D; la nang lugng can thiét dé tach mot nguyén tir Ge tir cluster GeoCr”
Nang lugng phén li dugc tinh theo cong thirc sau:
D; = E(Gey”) + E(Cr) — E(Ge(Cr?)
D, = E(GeoCr?) + E(Ge) — E(Ge;(Cr?)
Bang 2. Nang lugng phan li cta cluster GeoCr” (z = 2-; 1-; 0; 1+; 2+)

Cluster G610Cr2' GeloCr'l GeoCr Ge 10CrH Ge 10Cr2+
D(eV) 4,17 1,66 0.59 1,31 2,86
D»(eV) 4,12 5,22 3,46 3,28 3,15

Tir két qua ¢ Bang 2 cho thiy ning luong can dé tach nguyén tir Cr hoic Ge ra
khoi cluster Ge;oCr* déu 16n. Diu nay giup giai thich 15 cluster Ge;oCr® 1a bén nhét
trong sb cac cluster Ge,oCr* (z=2-;1-; 0; 1+; 2+).
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3.3. Ning lwong viing cam HOMO-LUMO
Gia tri cua ning lugng viing cdm cua cac cluster duoc thé hién trong bang sau:

Bang 3. Nang luong ving cim cua cluster Ge oCr” (z = 2-; 1-; 0; 1+; 2+)

Cluster GeoCr- GeoCr! GeoCr GeoCr ' | GeoCr™
HOM(Z;,L)UMO 1,638 1,714 2212 2,043 2.17

Tir két qua & Bang 3 cho thay gia tri ning luong cua cluster dang ion nho hon
dang trung hoa va c6 gia tri nam trong khoang 1,638 — 2,212. Vi gia tri nay thi day la
vat liéu co thé sir dung tot trong cong nghiép ban dan.

4. KET LUAN

Céu trac, d0 bén va tinh chét cua cluster Ge;(Cr? (z =2-; 1-; 0; 1+; 2+) da duoc
nghién ctru & muc 1y thuyét B3P86/6-311+(G). Két qua co thé tom lai nhu sau:

1. CAu tric bén nhit cta cac cluster Ge;oCr? (z=2-;1-; 0; 1+; 2+) déu ton tai &
dang ciu trac 10ng. Ciu trac bén cua cluster dang anion khong thay doi so véi cu tric
bén dang trung hoa con ciu tric bén cua cluster dang cation thay d6i so véi cau triic
dang trung hoa.

2. Do bén cua cluster Ge oCr” (z = 2-; 1-; 0; 1+; 2+) duwoc danh gia thong qua ning
luong lién két trung binh va ning lwong phan ly. Két qua cho thiy cluster Ge;oCr* bén
hon céc cluster khac.

3. Ning luong viung cdam HOMO-LUMO cua cluster Ge;oCr” dang anion va cation
nho hon dang trung hoa. Ching 13 nhitng nguyén liéu tiém ning cho nganh coéng nghiép
ban dan.
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STUDY ON THE STRUCTURES AND STABILITIES OF CHROMIUM-DOPED

GERMANIUM CLUSTERS GE10CRZ (Z = 2-; 1-; 05 1+; 2+)
BY USING DENSITY FUNCTIONAL METHOD

Abstract. The structures and stabilities of chromium-doped germanium clusters Ge;yCr*

(z =2-; 1-; 0; 1+, 2+) have been investigated by using density functional theory at the
B3P86/6-311+G(d) level of theory. The endohedral structure is the most stable for
neutral, anionic, cationic cluster. The lowest-lying isomers of the cationic clusters have

different structures from the neutral and anionic. The analysis of the average binding

energy, fragmentation energy and HOMO-LUMO gap has shown that the stability of

the Ge JoCrZ' clusters is higher than the others.
Key words: Cluster Ge;yCr* structure, stability, DFT
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VE PHEP BIEN POI TRUC GIAO VA MA TRAN TRUC GIAO

Nguyén Tién Quang
Hoi Toan hoc Ha Noi
Lé Thi Hoai Thu
Truong Dai hoc Quang Binh

Tom tit. Phép bién doi triee giao gan lién véi bai toan phan logi cdc dwong, mdt bdc hai trong
mét khéng gian Euclide. N6 ¢6 nhiéu cdch ddc trung thong qua khéng gian vecto hodc ma trn,
va do dé c6 thé dinh nghia theo nhiéu cdch rat khdc nhau vé hinh thirc. Trong bai ndy, ching toi
trinh bay khdi niém nay théng qua hé vecto truc giao. Sau dé thao lugn vé mét vai cach trinh
bay khac.

Tir khéa: phép bién doi truc giao, khéng gian Euclide, vecto truc giao, ma trdn truc giao.

1. MO PAU

Pi ¢6 nhiing cach xay dung khac nhau cho mot bai giang vé Pai s tuyén tinh.
Chung ta ¢ thé xuat phat tir khai niém khong gian vecto va anh xa tuyén tinh, sau d6
dua cac khai niém ma tran - dinh thirc vao nhu mdt cong cu tinh toan (xem [1, 2]). Theo
cach khac, c6 thé xay dung chuong trinh theo thr tu nguoc lai. N1 dung vé ma tran
mang tinh k¥ thuét nhiéu hon véi nhiéu tinh toan so cip, boi vdy vé khia canh nao d6 nod
khong qué xa la vé6i sinh vién & hoc ky dau tién. Trong khi d6, 4nh xa tuyén tinh cing
voi khong gian vecto la mot ddi tuong toan hoc hién dai, dugc xay dung theo phuong
phap tién d&, mo6 phong khéng gian hinh hoc théng thudng. N6 1a mai d6i voi sinh vién
vé ¥ tudng.

Khi nghién ciru cac anh xa tuyén tinh nguoi ta da thay thé chung boi cac ma tran
thich hop, diéu d6 cho phép chung ta giai quyét nhiéu bai toan ciia anh xa tuyén tinh
thong qua cic ma tran. biéu nay doi khi tao nén mot hiéu 1am, xem dai s6 tuyén tinh
nhu mot moén hoc vé ma tran ciin g voi nhiing k¥ thuat tinh toan trén ching.

Dbi voi mot s6 trudng dai hoc k¥ thuat viéc giang day sau vé 1y thuyét cac khong
gian vecto c6 thé 1a diéu khong can thiét, tuy nhién chung t6i cho rang mot sé van dé vé
co so ly thuyét ctia mot s6 thuat toan can duge hiéu rd.

Diéu dau tién chiing t6i mudn nhic tdi dang cau

Hom (V,,V,)=M, (k)
gitta khong gian M, (x) cac ma tran cip (n,p) trén truong x  vé6i khong gian
Hom,_(V,,V,) clia cic K -anh xa tuyén tinh va dang ciu
End, (V,) =M, (x)

gitta dai s6 cdc phép bién doi tuyén tinh cua khong gian tuyén tinh V, véi dai sb cac
ma trin vudng cap n. Chinh dang cdu thtr hai nay cho ta mot giai thich vé dinh nghia
phép nhdn hai ma tran.

Do cac déng ciu nay ta co thé déng nhit mot anh xa tuyén tinh v&1 mot ma tran,
va xem ma tran nhu mdt thé hién, mot phuong tién k¥ thuat dé nghién ctu khong gian
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