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CLUSTER GECMANI PHA TAP MQT SO KIM LOAI CHUYEN TIEP
3d GenM (M: Cr, Mn, Fe; n=14)
Nguyén Pirc Minht
TOM TAT

Cau trdc, dang hinh hoce, dé bén cia cdc dong phdn cé nang heong thdp cua
cluster GewaM (M: Cr, Mn, Fe) dwoc nghién cizu bang phirong phdp phiém ham mat
d¢ BP86/LANL2DZ. Két qua cho thdy cac dang cdu trdc hinh hoc chi yéu cia hé
cluster GewM la ling tru ngii gidc véi bon dinh (Tetracapped Pentagonal Prism
TPP), hinh gém muoi hai mgt thoi (Rhomboidal Dodecahedron RD), hinh gém 6 mat
ngii gidgc va ba mgt thoi (Pentagonal Hexahedron Rhomboidal Trihedron PHRT),
lang tru luc giac lgch va hai dinh (Bicapped Distorted Hexagonal Prism BDHP).
Cau tric ¢ trang thdi co ban cua cluster GeisCr va GesMn 1a TPP con GeisFe la
RD. Phan tich cac gia tri nang lwong lién két trung binh va ndang hrong pha tap cho

thay cluster GeiaFe bén hon cluster Ge1aCr va GeisMn.
Tir khoa: Cluster gecmani pha tap kim logi, cluster GeisM, cdu tric, dang

hinh hoc

1. Pit van aé

Gecmani va silic 1a nhirng nguyén
liéu quan trong trong cdng nghiép ban
dan va nano. Vi vay, da co nhiéu dé tai
nghién ciu gecmani va silic vé mat ly
thuyét ciing nhu thyc nghiém [1], [2],
[3]. [4]. Trong sé do, cluster gecmani va
silic thu hat dugc su quan tam cua nhiéu
nha khoa hoc béi nhiing tinh chat dic
trung, khac biét cta ching so véi
nguyén tr va vat liéu dang khoi. Bén
canh d6, nhitng tinh chat nay van duoc
gitr nguyén khi dua chung vao cac vat
lieu tao nén nhiing loai vat lidu tiém
ning ¢ thé tng dung trong nhiéu linh
vuc nhu quang dién tir, y hoc, cam bién,
xuc tac [5] ...

Pi c6 nhiéu nghién cau vé cluster
gecmani nguyén chit va pha tap cac kim
loai chuyén tiép. Cac nghién ctu cho
thay khi pha tap kim loai chuyén tiép
vao cluster tao ciu tric 15ng s& 1am ting
d6 bén caa nhing cluster nay [1], [3],
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[4], [6]. Nghién ctu cua Goicoechea va
McGrady [7] cho thay d6i voi hé cluster
E12M (E: Si, Ge; M: Ti-Zn) thi cau tric
hinh hoc cta hé nay c6 3 dang dac trung
la hinh hai muoi mat (Ih), lang tru luc
giac (HP), lang try ngd giac voi hai dinh
(BPP) va dya vao sb electron hoa tri dé
xac dinh dang hinh hoc dac trung cho
mdi cluster. Nhiéu nghién ctu ciing tap
trung dé& cap cau trdc, tinh chat va quy
luat hinh thanh cua cluster GenM khi
kich thudc cluster tang [1], [2], [3], [4],
[8]. Theo Wen-Jie Zhao va Yuan-Xu
Wang thi cluster GenFe (n = 9 - 16) tao
cau trac 16ng voi n = 10 va cluster
GewsFe c6 d6 bén cao do c6 dbi xing
cao (On) [4]. Tuy nhién, viéc giai thich
dd bén cao cua cluster GeisFe van chua
rd rang. Jianguang Wang va cong su da
nghién ctu vé quy luat hinh thanh
cluster GenMn (n = 2 - 15) va cho rang
GesMn c6 d6 bén cao [3] ma chua giai
thich dugc nguyén nhan. Gan day, Kapil

126



TAP CHi KHOA HOC - BAI HOC PONG NAL, SO 22 - 2022

ISSN 2354-1482

Dhaka va Debashis Bandyopadhyay cho
rang cluster GeioCr va Ge14Cr c6 d6 bén
cao nhat va da giai thich do bén dya vao
quy tic dém [2]. M. B. Torres va cong
su cho rang dbi véi hé cluster dang
electron cua SisM (M: Sc,, Ti, V¥) thi
ciu trdc bén 13 dang ling tru luc giac
Iéch véi hai nguyén tir Si ¢ canh bén [8].

Cac két qua ban dau cho thay hé
cluster GeusM (M: Cr, Mn, Fe) co do
bén cao nhung van chua biéu dién duoc
dang cau tric hinh hoc dic trung cta hé
cling nhu so sanh do bén cua céc cluster
trong hé. Do d6, muc tiéu cua nghién
ciu nay la xem xét cac dang ciu tric
hinh hoc dac trung cta hé GeuM (M:
Cr, Mn, Fe) dong thoi so sanh anh
hudng cua viéc pha tap kim loai dén cau
triic, do bén va tinh chét cua cluster.

2. Phwong phap nghién ciru

Dé x4c dinh cac dong phan bén cua
cluster Ge1sM (M: Cr, Mn, Fe) can tién
hanh téi wu hoa cac cau trdc véi do boi
spin khac nhau tir nhitng cau trac dugc
chon: (1) Cac dong phan cua cluster
Si1sM hodc GesM di duoc cdng b trén
cac tap chi uy tin; (2) Coéng thém mot
nguyén tir Ge tir cAu trdc GeisM hoic
bot mot nguyén tr Ge tir cau tric
GeisM; (3) Xay dung cau tric méi cho
cluster Ge1sM.

Toi wu héa cic ciu tric ban dau
bang phuong phap BP86/LANL2DZ.
Phuong phédp BP86 la phuong phap
phiém ham mat d6 (DFT) thuan khiét
duoc tao nén tir cac théng sb nang luong
twong quan - trao doi cua Becke va
Perdew. B6 ham co s&¢ LANL2DZ la bo

ham co so tach doi zeta voi 181 thé
(ECP) LANL duoc dung dé mé ta anh
huong cua 18i thé dbi vai electron ving
ngoai, khi d6 toan b electron 161 dugc
md ta bang mot ham thé phd hop con
cac electron vung ngoai dugc xét mot
cach day du. D4i vai kim loai chuyén
tiép, do chlng cd sb lugng electron 16n
lam cho viéc xét toan bd electron cua
nguyén tir s& tén nhiéu thoi gian nén
viéc sir dung bo ham co s¢ LANL2DZ
thudng duoc str dung nham rut gon thoi
gian tinh toan nhung cho két qua tinh
toan van dam bao do chinh xéc [9].

Str dung chuong trinh Gaussian 03
(phién ban E.01) [10] dé t6i wu hoa cac
cau trlc va tinh tan sé dao dong cho hé
cluster nghién cau dé xac dinh dic
trung cau tric trén bé mat thé ning
(diém cuc tiéu hay diém yén ngya trén
bé mat thé nang). Tat ca cac tinh toan
dugc thuc hién tai Phong thi nghiém
hoa hoc md phong va tinh toan, Truong
bai hoc Quy Nhon.

3. Két qua va thao luan

3.1. Cdu truc va dgng hinh hec cia
cluster GeisM

Bang phuong phap tinh todn nhu
trén, da tim duoc cac dong phan va xac
dinh déng phan bén nhét cua hé cluster
GeusM (M = Cr, Mn, Fe). Cau tric ¢
trang thai co ban va cac dong phan co
nang luong thap caa cluster gecmani pha
tap kim loai chuyén tiép 3d duoc biéu
dién trong hinh 1. D6 bén cac dong phan
duoc xép theo tht tu (a, b, c...), ning
luong twong d6i, nhom diém ddi xing,
trang thai spin dugc dat trong [].
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Hinh 1: Cdc dong phan cua cluster GeisM (M: Cr, Mn, Fe)

Cluster Ge14Cr: D tim thay hon hai
muoi ddng phan 1a cau trdc 16ng (ciu
tric ma mot nguyén tu roi vao trong
long 1a bo khung cua c4c nguyén ti
kh&c) vai cac trang thai spin khac nhau
va dua ra nim dong phan bén nhat dé
thao luan. Pong phan bén nhét la Cr-a
c6 dang ling tru ngii giac voi bon dinh
1a chép ngii giac, c6 ddi xing Co va &
trang théai singlet. Cr-a ciing 1a ciu trdc
bén dbi vai cluster GeisM (M: Cr, Mn,
Zr) [2], [3]. Pong phan Cr-b ciing kha
bén, c6 ning luong twong d6i I6n hon so
Vv6i dong phan Cr-a mot gia tri kha nho
13 0,04eV. Pong phan nay c6 dang muoi
hai mt hinh thoi c6 d6i xting Ci, & trang
thai triplet. Pong phan Cr-c ¢6 dang
gom sau mat ngil giac va ba mat hinh
thoi va céu tric Cr-c gidng vai cau tric

¢ trang thai co ban cua GewusNi [11]. Céac
ddng phan Cr-c, Cr-d va Cr-e kém bén
hon véi ning lugng twong d6i Ion hon
so v&i dong phan Cr-a lan luot 12 0,12;
0,28 va 0,32eV. Céu tric Cr-d va Cr-e 1a
cac dong phan bén nhat cua cluster silic
SiM (M: S, Ti, V*) [8].

Cluster GersMn: Cac dong phan bén
cua cluster GersMn déu c6 cau tric 1ong,
trong d6 dong phan Mn-a 1a bén nhit.
Pong phan Mn-a c6 cau tric gidng Vi
cau trdc cua Cr-a va ciing gidng véi cau
tric bén nhat cia GewsMn theo nhur két
qua nghién ctu cua Jianguang Wang [3].
Pong phan Mn-b ¢c6 ciu tric dang mudi
hai mat thoi va ciing 1a dong phan bén
cua cluster GewsMn, n6 cé nang lugng
twong ddi so voi Mn-a chi cao hon
0,06eV. Cac dong phan Mn-c, Mn-d va
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Mn-e 1a cac cau tric méi ma ching toi
da tim duoc so véi cac ciu tric bén cua
cluster GewsMn da duoc nghién ctu
truge day [3]. Tuy nhién, cac ddng phan
Mn-b, Mn-c, Mn-d va Mn-e déu c6 cau
trac twong tu nhu ciu tric cac dong
phan cua Ge1sCr. Két qua nay cho thay
cac cau tric bén cua cluster GewsCr va
Ge1wsMn la twong tu nhau.

Cluster GewsFe: Pong phan Fe-a la
dong phan bén nhat va co cau trdc giéng
VGi cau tric bén nhat cua GesFe nhu
nghién cau cua Zhao [4]. Bong phan
nay c6 dang mudi hai mit thoi véi doi
xung cao (On) ¢ trang thai singlet va co
cau tric khac véi dong phan bén nhat
ctiia GesCr va GewsMn. Pong phan Fe-b
c6 dang lang try ngil gidc véi bon dinh
la chop ngli gidc, c6 nang lugng cao hon
dong phan Fe-a mot gié tri 12 0,05eV va
& trang thai triplet. Piéu nay cho thay,
d6i vai hé cluster GewsM khi thay doi
nguyén tir pha tap chuyén tir Mn sang Fe
thi cau trdc bén nhat ciing c6 su thay doi
va c6 su canh tranh giit hai dang ciu
trdc 1a hinh thoi muoi hai mat va lang
tru ngii giac véi bdn dinh 1a chop ngii
giac. Pong phan nay ciing 1a dong phan
bén cua GeusFe [4]. Cac dong phan Fe-c,
Fe-d va Fe-e co ning luong twong ddi
cao hon dong phan Fe-a mét gia tri lan
luot la 0,28; 0,31 va 0,33eV. Chung
cling 1a cac déng phan bén ma Zhao va
cong su chua tim dugc [4]. Pay ciling la
C4c cau tric mdi ma ching t6i di tim
thay d6i voi cluster GesFe.

Nhu vay, ciu tric ¢ trang thai co
ban cua cluster GewsCr va GewMn thi
gidng nhau nhung khac véi cau tric &
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trang thai co ban cua cluster GeusFe. Su
thay d6i cau trdc ndy c6 thé lién quan
dén sb luong electron cua hé cluster va
ban kinh nguyén tu cuaa cac kim loai
chuyén tiép 3d (Cr, Mn, Fe) duoc pha
tap vao cluster gecmani.

Pé danh gia cac dang ciu tric bén
va dac trung cua hé cluster GesM (M:
Cr, Mn, Fe), tac gia tién hanh tong hop
dang ciu trc tir cac ddng phan khac
nhau dé xem xét dang cau tric nao la
dic trung va minh hoa bang cac dang
cau trac hinh hoc duoc biéu dién trong
hinh 2; danh gia su chénh Iénh gia tri
ning luong cia cac dang cau tric ¢
trong hinh 3.

Tur két qua téng hop céu tric cac
ddng phan cua cluster trong hinh 2 cho
thay c6 4 dang hinh hoc chu yéu cua hé
cluster GeisM (M: Cr, Mn, Fe) do la
dang hinh ling try ngii gidc véi bon
chop ngii giac (Tetracapped Pentagonal
Prism: TPP), muoi hai mat hinh thoi
(Rhomboidal Dodecahedron: RD), sau
mat ngit giac va ba mat hinh thoi
(Pentagonal Hexahedron Rhomboidal
Trihedron: PHRT) va lang tru luc giac
Iéch hai dinh (Bicapped Distorted
Hexagonal Prism: BDHP); tat ca cac
cau tr(c déu ton tai dudi dang cau trac
Iong. Trong dé, cau trdc c6 dang hinh
hoc TPP 1 c4u tric & trang thai co ban
cua cluster Ge1sCr va GewsMn con dang
hinh hoc RD 1a ciu tric & trang thai co
ban cua cluster GewsFe. Giira cau tric
TPP va RD c6 su chuyén héa do thay
d6i nguyén tur kim loai chuyén tiép pha
tap tr Mn sang Fe.
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Hinh 2: Cac dang hinh hoc cua hé cluster
Ge1sM (M: Cr, Mn, Fe)

So sanh ning luong tuong dbi gitta
cac dang cau trGc hinh hoc (hinh 3) cho
thiy cau tric dang TPP, RD va PHRT
c6 sy chénh léch niang luong twong thap
khoang 0,1eV (trir cAu tric TPP cua Fe)
hay néi cach khac day la cau tric dic
trung cho hé cluster GeisM (M: Cr, Mn,
Fe) con cau tric BDHP thi c6 sy chénh
léch nang luong tuong dbi cao so voi
cac cau truc khac nén mic du ching
dugc tim thay nhiéu nhung kém bén va
it dac trung hon.

3.2. Twong quan gia cdu tric va
dg bén ciia cluster GepsM

Pé danh gia mdi twong quan giita
cdu trac va do bén cua cluster GewsM,
chung t6i da tinh toan gia tri nang luong
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Hinh 3: Nang lirong twong doi cia cac
cau trac hinh hoc

lien két trung binh (Eb) va ning lugng
pha tap (EE) cua cluster theo cac cong
thurc sau:

Eb(GenM) = [E(M) + nE(Ge) —

E(GesM)]/(n+1) (1)

EE(GenM) = E(°Gen)+ E(CM)-

E(°GenM) hoic EE(GenM) =

E(SGen)+ E("M)- ECGenM) (2)

Trong do E(M), E(Ge), E(GenM),
E(Gen1M) 14 ki hiéu ning luong tong
cia M, Ge va cluster GenM, Gen.1M &
trang thai co ban. S 1a tong spin cua
cluster hoac nguyén t, 0 la spin ¢ trang
thai co ban. C4c gia tri nang luong lién
két trung binh, ning lwong pha tap va
ning lugng ving cim HOMO-LUMO
duoc thé hién trong bang 1.
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Bang 1: Nang luong cua cluster GeisM

Ning lu;l:;smr GewsCr | GewsMn GeusFe
Eb (eV) 2,86 2,90 3,04
EE (eV) 6,71 7,23 7,84
HOMO-LUMO (eV) 2,445 2,45 2,54

Két qua bang 1 cho thay khi pha tap
kim loai Cr, Mn, Fe vao cluster gecmani
Geis thi nang luong lién két trung binh
va nang luong pha tap cua cluster
GewsM ting theo thr ty tir Cr dén Fe va
viéc pha tap kim loai chuyén tiép 3d (Cr,
Mn, Fe) vao cluster Geis déu co tac
dung lam ting do bén cho cluster. Ngoai
ra, gia tri nang luogng lién két trung binh
va nang luwong pha tap cua cluster
GewsFe déu Ion hon so voi cluster
GewsCr va GesMn. Diéu nay chung to
cluster Ge14Fe c6 d6 bén cao nhét.

CAu trlc ¢ trang thai co ban cua
GeusFe ton tai & trang thai singlet Voi
dbi xtng On nén nguyén tur Fe nam &
trung tdm c6 dang lai hoa d?sp® va ton
tai dudi dang phtc bat dién (twong tu
nhu MLg) trong dé cac electron déu
duoc ghép doi (singlet). Xem xét cau
h‘mh electron cua nguyén tir Fe thi trén

phan 16p d 1a d®, cac electron duoc dién
Va0 céc obitan c6 mirc ning luong thap
tag®. Diéu nay cho thiy ning lwong ghép
doi c6 gia tri nho vi vay ma phuc tao ra
¢4 d6 bén cao hon.

Phéan tich gia tri nang luong vung
cdm HOMO-LUMO cho thdy ning
lugng ving cim cua cluster GesM
khong khac nhau nhiéu Iim va nam
trong khoang tir 2,44 — 2,54(eV). Trong
d6, nang lwong ving cim cua cluster
GeusFe 12 16n nhat. Didu nay 1a mot co
so nita dé khang dinh thém rang cluster
Gei4Fe bén hon so véi cluster GesCr va
GesMn.

3.3. Swchuyén doi cdu tric ciia cluster

Chuing tdi xem xét sy chuyén doi cau
tric bén cua cac cluster trong hé GesM va
giai thich quy luat chuyén doi cua no. Két
qua dugc biéu dién trén hinh 4.
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TPP Cau trdc chuyén tiép RD

Hinh 4: Su chuyén doi tir cdu tric TPP sang RD

CAu trdc hinh hoc caa cluster ludn
phu thudc vao sé luong electron cua hé

va ban kinh c&c nguyén tu. Vi vay, khi
thay d6i nguyén tir pha tap vao bo khung
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cluster Geys thi n6 cé thé chuyén déi ciu
trac thanh cac dang hinh hoc khac nhau.
Sy chuyén céu tric ciing dugc thao luan
trong mot sé trudng hop cua cluster
gecmani pha tap kim loai nhu sy chuyén
tir cAu trac lang tru ngii giac vai hai dinh
(Si12Ni) sang céu trc lang tru luc giac
(SirzFe) do su thay doi sb electron cua
hé tir 58 sang 56 electron [7]. Két qua
trén hinh 4 cho thay, su chuyén cu tric
tr TPP sang RD c6 thé dugc miéu ta
nhu sau: nhom 4 nguyén tir Ge (nguyén
tor Ge s6 3, 4, 11 va 12) sé tach ra khoi
cau tric TPP va xoay quanh truc Cs V6i
goc xoay 1a 90° sau dé lién két lai Voi
nhau dé tao cau tric RD. Sy thay doi
cAu trdc nay c6 thé duogc giai thich theo
phuong phiap diy 4n [12]. Béi véi
phuong phap nay thi bo khung cluster sé
duoc ap dung bang quy tic 4n con voi
kim loai chuyén tiép thi ding quy tic
14n va khi d6 quy tac 14n cd thé chuyén
thanh quy tic 4n. Cau tric hinh hoc s&
phu thudc vao tong S: khi tong S = 4n
thi cau tric ¢6 dang dong voi 1 dinh, S =
4n -2 thi cau trdc dang dong véi hai
dinh, S = 4n -3 thi c4u trac dong véi ba
dinh... Ap dung quy tic nay cho cluster
GewsFe, mdi nguyén tr Ge cd bdn
electron & I6p voé hoéa tri ( cau hinh
electron lép vé hoa tri cia Ge la 4s%4p?)
con nguyén tir Fe cé tam electron ¢ 16p
v6 hoa tri (cdu hinh electron héa tri 1a
3d%4s?) nén c6 thé tinh nhu sau: 1[Fe] =
1[8] = 1[14-6] = 14n—6 (n=1)~4n -6
(Fe 1a kim loai chuyén tiép nén quy tic
14n c6 thé chuyén thanh quy tic 4n),
14[Ge] = 14[4] = 4n + 4 (n = 13) va khi
d6téng S = 4n - 2 (n = 14). Do d6, dang

hinh hoc cua cluster GeisFe 13 céu tric
dang dong vé6i hai dinh. D4i véi cluster
Gel4Cr ciing c6 thé giai thich theo
phuong phap day 4n tuong tu nhu vay.
Trong cluster Ge14Cr, mdi nguyén tir Ge
ciing ¢6 bon electron & 16p vo hoa tri
(cAu hinh electron I6p vo héa tri cua Ge
la 4s?4p? ) con nguyén ti Cr c6 6
electron & 16p v6 héa tri ( ciu hinh
electron hoa tri 1a 3d°4s! ) nén ciing co
thé duoc tinh nhu sau: 1[Cr] = 1[6] =
1[14-8] =14n -8 (n=1) ~4n -8 (quy
tac 14n c6 thé chuyén thanh quy tac 4n
dbdi vai kim loai chuyén tiép Cr), 14[Ge]
= 14[4] = 4n + 4 (n = 13) va khi d6 tong
S = 4n — 4 nén cau tric c6 dang dong
véi bon dinh.

4. Két luan

Qua qua trinh nghién cau hé cluster
GewM (M: Cr, Mn, Fe) bang phuong
phap phiém ham mat d¢6 & muc ly thuyét
BP86/LANL2DZ da thu dugc mot s6 két
luan nhu sau:

Téi wu hoa cac cau tric va xic dinh
duoc hon 20 dong phan bén déi véi mdi
cluster GeisM (M: Cr, Mn, Fe); céc
ddng phan bén déu ton tai & dang ciu
tric 16ng, cac cau tric ho khdng thay
xuat hién trong hé cluster nay. Trong cac
dang ciu trac d6 thi xuat hién bon dang
hinh hoc chi yéu cua hé cluster GesM
(M: Cr, Mn, Fe) la lang tru ngii giac voi
bdn chép (TPP), hinh véi mudi hai mat
thoi (RD), hinh gom sau mit ngii giac va
ba mat thoi (PHRT) va lang tru luc giac
Iéch c6 hai dinh (BDHP), tuy nhién
dang BDHP thi kém dic trung hon. Cau
trdc ¢ dang hinh hoc TPP 14 cu tric &
trang thai co ban cua GewsCr va GeusMn
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con dang hinh hoc RD 1a céu tric &
trang thai co ban cua GeusFe. Khi phan
tich gi& tri nang luong lién két trung
binh (Ep), nang lugng pha tap (Eg) va
ning luong ving cim HOMO-LUMO
cho thiy cluster GeisFe co do bén cao

trdc ¢ trang thai co ban cua cluster cé su
chuyén déi tir TPP sang RD do su thay
dbi sé electron cua cluster va ban kinh
ctiia nguyén tir pha tap. Su thay déi ciu
trac nay duoc giai thich bing phuong
phép day 4n.

hon cluster GewsCr va GewsMn. Céc ciu
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METAL-3d DOPED GERMANIUM CLUSTERS GenM (M: Cr, Mn, Fe; n=14)

ABSTRACT

The structural, geometries and stable isomers low-lying energy of metal-doped
germanium clusters GeisM (M: Cr, Mn, Fe) have been investigated using density
functional theory at the BP86/LANL2DZ level of theory. The results show that the
geometries are tetracapped pentagonal prism (TPP), rhomboidal dodecahedron
(RD), pentagonal hexahedron rhomboidal trihedron (PHRT), bicapped distorted
hexagonal prism (BDHP). Ground state structure of GesCr cluster and GeisMn
cluster are TPP but GesFe cluster is RD. The analysis of the average binding
energy, embendding energy and HOMO-LUMO gap show that the stability of GeisFe
than more GewsCr and Ge1sMn clusters.

Keywords: Metal-doped germanium cluster, Ge1sM cluster, structures, geometry
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