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MO PAU

1. Tinh cép thiét ciia ludn &n

Khi cac nguyeén tir lién két véi nhau theo mat trat tw gan ma khong bi anh huong béi twong tac
bén ngoai, ching sé& tao thanh cu trac c6 kich thudc mot vai nano mét hoiac nho hon, dugc goi la
nano cluster (cum nguyén tr). Trai qua gan 80 nim phat trién, nano cluster 1a ddi tugng da va dang
duoc cac nha khoa hoc dic biét quan tim nghién ciu do tiém ning ¢ng dung cua chlng trong cac
linh virc nhu spintronic, xtc tac, tich trit ning lwong, quang hoc. O kich thudc nay, cac nano cluster
s& xuat hién hiéu ang bé mat va hién tuong giam giir lugng t, vi vay tinh chat hda Iy cua cac nano
cluster vé co ban l1a khéc vai tinh chét hoa ly cua chinh ching & dang khéi. Vi du, Au (vang) & dang
khéi duoc biét dén 14 tro vé mat hoa hoc, tuy nhién & dang nano cluster chdng lai 1a mot chét hoat
dong hoa hoc manh va cé kha nang xuc tac cho nhiéu phan tng oxi hda CO, khir NO, hap phu va
luu trir Hz (hydrogen). Mot s6 kim loai ¢ dang khdi 1a cac chét phi tir hay phan sat tir nhung ¢ kich
thudc nano cluster chdng lai thé hién tinh sat tir tvong mg nhu Rh (rhodium) va Cr (chromium).
Kha nang diéu chinh cac tinh chat cua nano cluster bang cach thay doi kich thudc, hinh dang va
thanh phan mo ra co hoi chua ting c6 cho khoa hoc c¢6ng nghé kham phé cac hién twong mai va
téng hop cac vat liéu moi. Do d6, ngay cang c6 nhiéu nghién ciu tim kiém, thiét ké nhiing nano
cluster cd tinh chat méi va bén viing vé mat nhiét dong hoc khdng chi & cau tric hinh hoc ma con &
ca cau trac dién tu, tir d6 co thé tong hop duoc dé dang bang cac phuong phap hoa cho cac ung
dung thuc tién. V&i su ra doi caa may tinh hiéu ning cao, cac van dé trén di va dang duoc giai
quyét hiéu qua bang ky thuat md phong dua trén giai gan dung phuong trinh Schrodinger va
phuong phap ning lwong Hamiltonian. Trong do, cac nghién ciru bang phuong phap phiém ham mat
d6 co két qua phu hop véi cac két qua thuc nghiém, c6 do tin cay cao va cé thé dao sau nghién ciru
nhiéu van dé vat ly thi vi. Bong thoi, ddy ciing 1a budc nghién ciru quan trong, song song va mang
tinh chat goi mé cho cac nghién ctu thuc nghiém, gitip xac dinh nhanh hon, chinh xac hon cau triic
nano cluster va tinh chat hoa ly cua chiing phti hop vaéi muc dich tng dung.

Céc két qua nghién ctiru gan day chi ra, cac nano cluster hop kim cua kim loai quy (Au, Ag)
pha tap kim loai chuyén tiép 1am thay d6i d6 bén cua nano cluster hop kim, ting cuong cac dic tinh
hoéa Iy nhu tinh chat tir, tinh chat quang hoac bién di hoat tinh xtc tac theo mong muén. Cac dién tir
hoa tri 16p trong cac nguyén tir kim loai quy thudng chuyén dong tu do trong khi cac dién tir 16p
ngoai cing trong cac nguyén tir kim loai chuyén tiép cha yéu dinh xu trén chinh cac nguyén tir kim
loai chuyén tiép. Tuy vao tuong tac giira cac dién tir ty do va dién tir dinh xa, mot sé dién tr dinh x
trén cac nguyén tir kim loai chuyén tiép c6 do linh dong manh hon, tré thanh dién ti ty do, tham gia
vao dam may dién tir tw do ciia nano cluster dan téi nhiing bién doi dang ké vé lién két, cau tric hinh
hoc va céu triic dién tir caa nano cluster. Khi do, cac dién tir tu do dong vai tro hinh thanh 1én 16p vé
dién tir cua ca nano cluster va quyét dinh mot sé tinh chat co ban cua nano cluster. Nano cluster c6
cac dién tir tu do di chuyén lap day cac mic ning lugng 16p vo dién tir twong tu nhu trong nguyén tir
khi tro s& tr& nén rat bén viing nhu mot siéu nguyén tir. Ngoai ra, khi két hop cac nguyén ter kim loai
quy va kim loai chuyén tiép véi nhau s& tao ra mét trang thai thi vi & d6 c6 su déng ton tai cua dién tur
ti do va dién tir dinh xtr, 1a d6i twong 1y tuong dé& ma rong nhing hiéu biét co ban vé quy luat tuong
tac dién tir & thang nguyén tir, phan tir. Cac dién tur dinh xi trén nguyén tir kim loai chuyén tiép khong
tham gia dong gdp hodc con lai sau khi dong gop mot phan vao su hinh thanh 16p vo dién tir tu do,
tly thudc vao tirng orbital cu thé sé tao ra cac tinh chat tir, tinh chat xtc tac khac thuong.
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Cho dén nay, dic tinh cia cac nano cluster don gian dang dan dugc kham ph4, tuy nhién con
rat it thong tin vé nhirng tinh chat cua céc hé nano cluster hop kim phuc tap dic biét 1a nhitng hé
duoc tao ra tir nhitng kim loai quy va kim loai chuyén tiép. Su xut hién cac dién ta phan Iop d cua
nhitng kim loai nay tao ra rat nhiéu déng phan suy bién vé niang lwong va cu hinh dién ta. Bai toan
Vvé tuong tac giira cac quy dao s-d hay d-d cua céac dién tir dinh xa trén nguyén tir kim loai chuyén
tiép va cac dién tur tu do cua nano cluster van con nhiéu cau hoi va can duoc nghién cau lam ré.
Ngoai ra, hiéu duoc rd cac tinh chat héa ly cua cac nano cluster hop kim c6 thé dwoc &p dung dé didu
chinh & thang nguyén tir mot sé tinh chat cua nano cluster, vi du nhu hap phu va luu trit Hz2 phuc vu
cho linh vuc ning luong xanh, phat trién bén vitng. Gan day, trong luan an cua TS. Nguyén Thi Mai
thudc nhdm nghién cau cua ching toi di nghién ctu cAu trdc hinh hoc, ciu tric dién tir, 6 bén cua
céc hé nano cluster ban dan pha tap kim loai chuyén tiép SinMn,*, nano cluster coban oxide ConOm*
va nano cluster kim loai quy pha tap kim loai chuyén tiép MaCr (M = Au, Ag va Cu va n = 2-20);
AusM (M = Sc-Ni). Két qua nghién ctru caa nhém tac gia da chi ra nano cluster coban oxide khdng
hinh thanh céu trc dién tir, trong khi cac nano cluster SisMn,* va nano cluster MnCr (M = Au, Ag
va Cu va n = 2-20), AuioM (M = Sc-Ni) di hinh thanh cau trac dién tir voi sy dong ton tai cau tric
dién tir ty do cua nano cluster va dién tir dinh xt trén nguyén tir kim loai chuyén tiép. Pang chu ¥,
nhom tac gia da chimg minh dugc nano cluster AueCr véi cau truc hinh hoc tir dién dbi xing cao,
cau trac dién tr dién day véi 20 dién ta, cho thiy nano cluster nay rat bén viing. Ngoai ra, nano
cluster AuioCr ton tai 5 dién tir chua ghép cap phan bd déu trén cac orbital 3d cua nguyén tir Cr,
chttng minh nano cluster AuieCr la mét “siéu nguyén tir” c6 hoat tinh manh véi 5 dién tir chua ghép
cap. Tuy nhién, luan an con ton tai mot s6 han ché nhu chua nghién ctru va 1am rd kha ning xuc tac
trén cac hé nano cluster trén, dac biét chua nghién ciru xac dinh céc trang thai dong hoc trong phan
tng lién két voi hydrogen. Xuat phat tir nhu cau ma rong nhitng hiéu biét co ban va tiém ning tng
dung cua cac nano cluster hop kim ndi trén, ching t6i lya chon dbi twong nghién ctu 1a cac nano
cluster hop kim ¢ kich thudc nho hon véi ky vong mang lai nhiéu tinh chat thi vi hon. Do d6, tén
cia luan an dugc lya chon la “Nghién ciru twong tac vat ly gia dién tu tw do va dién i dinh xir
trong c&c hé nano cluster hop kim AusM?* (M = Sc -Ni) va AgaCr (n = 2-12) bang phwong phdp
phiém ham mdt d3”.

2. Muc tiéu nghién ctru cta luin an

Lam rd twong tac giita cac dién tir tu do — dién tir dinh xr trong cac hé nano cluster AugM?*
(M = Sc -Ni) va AgnCr (n = 2-12). Tir d6, thdy duoc anh hudng cia ciu tric dién tir toi sy phat trién
cau trac hinh hoc bén, 6 bén vimng, cac ddc tinh nhu nang luong lién két, niang lugng phan ly va tac
dong cua tuong tac s-d tdi dong hoc phan ing voi Hz cua nano cluster hop kim trén.

3. B6 cuc ciia luin 4n

Ngoai phén mé& dau, két luan va danh muc tai liéu tham khao, ndi dung cua luan an duoc
trinh bay trong 4 chuong, cu thé:

Churong 1. Téng quan vé nano cluster hop kim.

Chuong 2. Phuwong phap nghién cuu su dung trong ludn an.

Chuong 3. Twong tac dién tir s-d trong cdc hé nano cluster hop kim.

Chirong 4. Anh hwéng ciia twong tdc s-d dén cdc tinh chat ciia nano cluster hop kim.

Cac két qua chinh cta luan an duoc cong bé trén 03 bai bao dugc ding trén cac tap chi khoa
hoc thudc danh muc SCIE va 05 bai bao trén cac tap chi khoa hoc chuyén nganh trong nudc.
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CHUONG 1. TONG QUAN VE NANO CLUSTER HQOP KIM

1.1. Téng quan vé nano cluster

Khi cac nguyén tir sip xép theo mot trat tuy gan ma khong bi anh hudng bdi cac twong tac
bén ngoai, chiing s& tao thanh cdu trac c¢6 kich thude khoang vai téi vai chuc nguyén nguyén tt,
duoc goi 1a nano cluster. Mot nano cluster co thé déng nhét, nghia 1a n6 dugc tao ra tir mdt loai
nguyén tir hodc c6 thé khong dong nhat, nghia 1a nd dugc tao ra tir hai hay nhiéu loai nguyén tir
khéc nhau. Céc nano cluster khong dong nhét dugc tao ra tir hai hay nhiéu loai nguyén tir khac nhau
duoc goi la cac nano cluster hop kim.

Hau hét cac nghién ctru thyc nghiém ban dau vé nano cluster lién quan dén cac phan tir, cac
nguyén tir khi tro va cac kim loai c6 nhiét d6 néng chay thip. Muc dich ban dau 13 hiéu 16 vé ciu
tric va cac dic tinh chung cua vat chat chang han nhu d6 dan dién, mau sic, tir tinh phat trién nhu
thé nao khi mot sé hiru han cac nguyén tir két hop v6i nhau. Mic du, da dat duoc nhitng tién bd
dang ké dé tra 1oi mot sd cAu hoi co ban vé nano cluster nhung trong giai doan dau, cac nha khoa
hoc chua ludong trude duge cac dac tinh da dang va thu vi cia nano cluster. Nhiing két qua ban dau
nay dd m¢ duong cho su ra doi cua linh vuc khoa hoc vé nano cluster phat trién theo cach chua

tung théy O cac vat liéu tu nhién.
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Hinh 1.1. Cau trdc hinh hoc, ciu trac dién tir cua céc vat liéu phu thude theo kich thudc.

O kich thude nano cluster, cdu trac hinh hoc, tinh chat vat 1y va hoa hoc cta chung cé su
khac biét 16n so véi chinh ching & dang khéi. Cac nano cluster ¢6 nhitng murc ning lugng rdi rac
(Hinh 1.1), cac dién tir hoa tri trén timg nguyén tir trong nano cluster chuyén dong tu do trong mot
truong thé tao boi hat nhan va ciing hinh thanh 16p vo dién tir twong tu nhu trong nguyén tir. Trong
qua trinh lién két, cac dién tir hoa tri trong timg nguyén tir di chuyén tu do sang nguyén tir khac va
tao thanh 16p vo dién tir chung cho ca nano cluster vgi cac mirc nang luong khac véi 16p vo dién tir
ctia mdi nguyén tir thanh phan trong nano cluster. Chi can thém hodc bt mot nguyén tir trong nano
cluster dan dén tinh chét vat 1y cta nano clustes thay ddi dot ngot va khoé co thé tién doan dugce. Su
thay d6i dot ngdt tinh chét cta nano cluster ndy duoc giai thich do sb luong 16n cac nguyén tir bé
mat, do do trong céc nano cluster xuét hién hiéu ung giam gitr luong tu, 1a hién twong budc song
ctia dién tir c6 thé dugc so sanh vai kich thudc hat. Chinh vi 1y do trén, chi can thay d6i nho vé kich
thudc cua nano cluster s& 1am tinh chét, sy 6n dinh, cdu tric hinh hoc ctia nano cluster thay doi
hoan toan khac voi chinh ching & dang khdi. Céc vat liéu kich thude 16n hon (hat/cau triic nano



4

hodc dang khéi) thudng co ciu trac dai ning lugng lién tuc hodc nang luong ving cim (BE, eV)
nho, twong Gmg véi cu tric xép chit theo quy ludt toi thiéu hoa dién tich bé mit va téi da hoa sd
luong lién két. Trai lai, & kich thudc nano cluster su thay ddi theo kich thuée rit khac so voi chinh
chung ¢ kich thudc 16n hon va khé du doan. Do do, cac nano cluster l1a ddi tuong thu hut sy quan
tam nghién ciru cta cac nha khoa hoc khong chi boi mong mudn mé rong nhiing hiéu biét co ban vé
su bién d6i tich chat hoa 1y cua vat chit tir cip d6 nguyén tir ma con duge ky vong thiét ké cac vat
liu c6 kich thudc ngay cang nhd, thong minh hon cho cac ung dung khéc nhau.

CHUONG 2. PHUONG PHAP NGHIEN CUU

Lu4n 4n str dung phuong phap phiém ham mat do duoc nhing trong phan mém Gaussian 09.
Ngoai ra phan mém hd trg GaussView ciing duoc st dung dé nghién ctru ciu trac dién tir, ciu trac
hinh hoc va tinh chét cta cac nano cluster hop kim. C6 nhiéu phuong phép tinh toan lugng tir, dién
hinh 1 phuong phép ban thyc nghiém, phuong phép tinh toan ab-initio va phuong phap phiém ham
mat d6. Cac phuong phap phiém ham mat 6 nhu: BLYP, B3LYP, B3P86, B3PW91, ...Tuy nhién,
dé danh gia do tin cay cua cac phuong phap ching tdi thuc hién cac tinh toan nghién ciru mot sd
dic tinh vat 1y cua cac nano cluster & kich thude nho (dimer, hé hai nguyén tir) bang phuong phap
phiém ham mat d6 vdi cac phiém ham va bé ham co sé khac nhau.

Trong ludn an nay, cau tric dién tir, twong tac giita dién tir tu do va dién tir dinh x&, cau trdc
hinh hoc ctia nano cluster hop kim AugM?* (M = Sc-Ni) va AgnCr (n = 2-12) dugc thuc hién nghién
ctru str dung phuong phap phiém ham mat d6 DFT cu thé 1a chdng tdi lua chon phiém ham BP86 va
b6 ham co s& cc-pVTZ-pp sit dung cho Au, Ag va cc-pVTZ sir dung cho kim loai chuyén tiép M.
Dong lyc hoc ciia qua trinh hip phu hydrogen trén cac nano cluster nay ciing duoc nghién ctru véi
cting phiém ham va bo ham co so tuong tng sir dung khi nghién ctru véi nguyén tir Au, Ag va cac
nguyén tir kim loai chuyén tiép M. Di voi nguyén tir H ching tdi sir dung cting phiém ham két hop
v61 bd ham co s& SDD.

CHUONG 3. TUONG TAC PIEN TU s-d TRONG CAC NANO CLUSTER HQP KIM

3.1. Twong tac dién tir s-d trong cac hé nano cluster hgp kimAugsM?* (M = Sc-Ni)
3.1.1. Céu tritc dién tir ciia nano cluster AugM?*

CAu tric dién tir cta nano cluster AugM?* (M = Sc-Ni) dugc xac dinh thong qua phép tinh
toan toi wu str dung phiém ham mat o6 BP86 két hop véi bd ham co s¢ cc-pVTZ-pp va cc-pVTZ &p
dung 1an lugt cho nguyén tir Au va cac nguyén tir kim loai chuyén tiép M. Két qua phén tich trang
thai spin bén ctia cac nano cluster AugM?* dao dong trong khoang tir 1 (singlet) dén 6 (sextet) va phu
thudc sd dién tir hoa tri chua ghép cip con lai trén orbital 3d ctia nguyén tir kim loai chuyén tiép pha
tap M = Sc-Ni. Trang thai spin dat trang thai cao nhat d6i v6i nano cluster AugCr?* (twong tmg véi 5
dién tir hoa tri chwa ghép cip trén orbital 3d ctia Cr) va thap nhat d6i v6i nano cluster AugSc?.

Su hinh thanh ciu triic dién tir ciia nano cluster AugM?* tuan theo hai co ché rd rang: (i) dbi
v6i cac nano cluster AugSc?* va AugTi?*, cau trac dién tir dugc hinh thanh theo mo hinh quy tic 16p
v6 dong kin, dua theo mé hinh ciu trac 16p vo dién tir don gian Jellium twong tGng véi 1S?1P81D?;
(ii) d6i voi cac nano cluster AugM?* (M = V-Ni), cu tric dién tir duge hinh thanh tuan theo quy tic
truong ti dién véi 20 dién tir. Khi d6, c6 sy hinh thanh phan 16p 1S trudc khi hinh thanh phan 16p 1D
trong cu tric dién tir cia cac nano cluster nay.
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Hinh 3.1. Trang théi spin bén (2S+1), dién tir hoa tri con lai chua ghép cap trén orbital 3d
ctia nguyén tir kim loai chuyén tiép M (A) va cau trdc 16p vo dién tir tu do (B) ctia nano
cluster AusM?* (M = Sc-Ni).

3.1.1. Lai héa orbital trén nano cluster AugM?*

Qué trinh pha tap nguyén tir kim loai chuyén tiép M = Sc-Ni vao nano cluster Au?§ dan dén
su lai hoa giita cac dién tir hoa tri cia Aun va dién tir hoa tri ctia cac nguyén tir kim loai chuyén tiép
M (sd-M va s-Au) hinh thanh 18n cau tric dién tir ciia nano cluster AusM?*. Két qua dugc biéu dién

trong Bang 3.1.

Bdng 3.1. Cau triic dién tir 10p ngoai cliing ciia nguyén tir kim loai chuyén tiép M va cau tric

dién tir ctia nano cluster AugM?* (M = Sc -Ni).

bién tw
Nano , . X , oA > PN A A , oA o
cluster hoéa tri Cau trac dién tir Thanh phan cau trac dién ti
M
AugSc?* | 3d'4s? | 1S%1P%1D? Sc: dong gop 2 dién tir 4s va 1 dién tir 3d
AugTi* | 3d%4s? | 1S21P1D?3di ! Ti: dong gop 2 dién tir 4s va 1 dién tir 3d
AUV 3d%s? | 1S21p42S23dy V d(’)nfg gop 1 dién tur 4s, 1 dién tr 4s bi
kich thich sang 3d
AuCrzt | 3d°4s' | 1S21P*2S%3dc," Cr: dong gop 1 dién tir 4s
AugMn?* | 3d°4s? | 1S21P*2S%1P23dwmn! Mn: dong gop 2 dién tir 4s va 1 dién tir 3d
AugFe* | 3d%s? | 1S21P*2S%1P21D%3dr>" | Fe: dong gop 2 dién tir 4s va 3 dién tir 3d
1S%1P*2S21P?1D%303d
AuCo? | 3d'4s? | | Co: dong gop 2 dién tir 4s va 3 dién tir 3d
1S%1P*2S21P?1D?3d*3dni
AwNiZ* | 3d%s? | ) ' | Ni: dong gop 2 dién tar 4s va 3 dién tir 3d

bé lam rd qua trinh lai héa va sy hinh thanh cAu trac dién tir trén timg nano cluster AugM?*
chung toi tién hanh xac dinh sb luong cac dién tir hoa tri sd-M tham gia lai hoa voi cac dién tir hoa
tri s-Au vao su hinh thanh cdu truc dién tir cia cac nano cluster AugM?* (M = Sc-Ni). Tir 46, xay
dung gian dd phan mic ning lugng quy dao phan tir ctia cac nano cluster AusM?* (M = Sc-Ni). Két

qua duogc trinh bay trén Hinh 3.2.
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Hinh 3.2. Gian db phan murc ning lugng orbital phan tir ciia nano cluster AugM?* (M = Sc-
Ni) véi hinh anh cac orbital phan tir va orbital 3d dinh xu trén nguyén ta M.

C6 thé thay sy hinh thanh cu tric dién tir clia cc nano cluster AusM?* 14 két qua ctia qua trinh
lai hoa gitra cac dién tir hoa tri sd-M va s-Au. Su lai hoa gitra cac dién tir hoa tri 6S clia cac nguyén
tir nén Au va toan bo/mot phz‘?m cac dién tir hoa tri 3d, 4s ctua nguyén tir kim loai chuyén tiép M
trong cac nano cluster AugM?* s& tao thanh hai loai trang thai dién tir: cac dién tir hoa tri dung
chung di chuyén tu do, hinh thanh 16p vo dién tir cia ca nano cluster va cac dién tir hoa tri con lai
trén nguyén tir kim loai chuyén tiép khong tham dong gop vao sy hinh thanh cau trdc vo dién tir tu
do s& dinh x1, phan bd déu trén chinh orbital 3d ctia nguyén tir kim loai chuyén tiép M. S6 luong
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cac dién tir dinh xtr chua ghép cap trén céc orbital 3d cta kim loai chuyén tiép M phu thudc vao
tirng nguyén tir pha tap. D41 v6i nano cluster AugSc?* toan bd 3 dién tir hoa tri cua Sc (2 dién tir 3d
va 1 dién tir 4s) tham gia dong gop voi 7 dién tir hoa tri ciia nano cluster Aug®* dé hinh thanh ciu
tric dién tir 1S21P%1D2. Trai lai, chi c6 1 dién tir hoa tri 4s cua nguyén tir Cr tham gia dong goép vao
dam mAy dién tir chuyén dong tu do chung cia nano cluster AugCr?*, 5 dién tir hoa tri 3d con lai
khong tham gia vao sy hinh thanh cau trac dién tr ding chung dugc dinh x trén chinh orbital 3d
ciia Cr. Chinh cac dién tr dinh x(r ndy quyét dinh dén kha ning xtc tic cia cic nano cluster
AusM?*. Nhu vay, cac nano cluster AugM?* ¢o cAu tric dién tt 6n dinh va tiém nang xuc tac manh.

3.1.3. Mat dj trang thdi dién tir trén nano cluster AugM?*

Dé nghién ctru cdu tric dién tr trong tng voi cac mirc nang lwong ciing nhu su hinh thanh
lién két trong cac nano cluster AugM?* (M = Sc-Ni), chung t6i phan tich va so sanh phan b mat do
trang thai toan phan (DOS) va mat do trang thai timng phan (pDOS) cua cc nano cluster nay. C6 thé
thdy, sy dong ton tai cdu trac dién tir tu do va cac dién tir dinh x& phan dinh & cac vi tri nang luong
khéc nhau trong nano cluster AugM?* 1a két qua lai hoa gitta cac dién tir sd-M va s-Au. Cac phan
16p 18, 2S, 1P va 1D dinh vi & cac vung nang lugng tuong tmg khac nhau va hinh thanh tir sy tuong
tac gifta cdc orbital sd-M va s-Au. HOMO ctia cac nano cluster AugM?* chira cac dién tir chua ghép
cdp, goi ¥ cac nano cluster ndy c6 tiém ning cho cac qué trinh xuc tac.

3.2. Twong tac dién tir s-d trong cac hé nano cluster hgp kim AgnCr (n = 2-12)
3.2.1. Céu tritc dién tir ciia nano cluster AgnCr

Céu trac dién tir ciia nano cluster AgnCr duoc xac dinh thong qua phép tinh toan t6i vu sir
dung phiém ham mat do BP86. Két qua phan tich trang thai spin bén cta cac nano cluster AgaCr
dao dong véi hai trang thai 5 (quintet) va 6 (sextet) ddi v6i cac nano cluster c6 kich thudc nho (n <
5) va phu thudc vao sd lugng dién tir hoa tri 3d chua ghép cip trén nguyén tir kim loai chuyén tiép
Cr. Nguoc lai, sb lurong dién tir hoa tri 3d chua ghép cdp cta nano cluster AgnCr c6 xu hudng giam
¢ kich thudce 16n hon n = 6-12, tuong Gng trang thai spin cua AgnCr giam tur 7 (septet) véin = 6
xudng 1 (singlet) véin = 12 (Hinh 3.4A).

CAu trac dién tir ciia nano cluster AgnCr dugc hinh thanh theo quy tic 18 dién tir va dat cau

hinh dién tir dién day tai kich thudc n = 12 twong tng véi 1S?1P%1D'° (Hinh 3.4B).

S 184 AgpCr B)
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Hinh 3.4. Trang théi spin bén (2S+1) va dién tir héa tri con lai chua ghép cap trén orbital 3d
ctia nguyén tir Cr (A); cu trdc 16p vo dién tir tu do (B) cta nano cluster AgaCr (n = 2-12).
3.2.2. Lai hoa orbital trén nano cluster AgnCr
Qua trinh pha tap Cr vao nano cluster Ag, dan dén sy lai hoa giita cac dién tir sd-M va s-Ag,
hinh thanh c4u trac dién tir cta nano cluster AgnCr. Két qua duoc trinh bay trong Bang 3.2 va Hinh 3.5.
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Hinh 3.5. Gian d6 phan bé mic ning lugng orbital phan tir cua nano cluster AgnCr (n = 2-12) véi
hinh anh cta céc orbital phan tir va orbital 3d dinh xq.

Quy luat hinh thanh va phét trién cau triic dién tir ctia cac nano cluster AgnCr trong Bang 3.2
va Hinh 3.5 cho thiy cac dién tir hoa tri 55 ciia nguyén tir Ag va 4s* ciia nguyén tir Cr ¢6 xu huéng
di chuyén tu do, tham gia hinh thanh 16p v6 dién tir ciia cac nano cluster AgnCr. Tuy thudc vao kich
thudc ciia nano cluster ma cac dién tir hoa tri 3d-Cr tham gia dong gép mot phan hodc toan phan



vao 16p vé dién tir ty do ctia nano cluster. Céc dién tir con lai trén nguyén tir Cr c6 xu hudng khong
két cap va di chuyén cuc bo, dinh x{ trén orbital 3d cia chinh nd. Vi clu tric dién tir co su déng
tdn tai cu trac dién tir tu do cua nano cluster va dién tr dinh x@ trén nguyén tir kim loai chuyén
tiép cho thiy cac nano cluster nay co tiém ning xuc tac.

Bdng 3.2. Cau truc dién tir ctia cac nano cluster AgnCr (n = 2-12).

Nano cluster Cﬁuvtrﬁc di¢n ti Thanh phén céu tric dién tir
cua AgnCr
Ag:Cr 1S%1P23d*! Cr: dong gop 1 dién tir 3d va 1 dién tir 4s
AgsCr 1S%1P23¢" Cr: dong gop 1 dién tir 4s
Ag4Cr 1S21P43d* Cr: dong gop 1 dién tir 3d va 1 dién tir 4s
AgsCr 1S21P*3d! Cr: dong gop 1 dién tir 4s
AgeCr 1S21P*3dd11P! Cr: dong gop 1 dién tir 4s
Ag:Cr 1S%1P%3d" Cr: dong gop 1 dién tir 4s
AgsCr 1S21P%1D?3d* Cr: dong gop 1 dién tir 3d va 1 dién tir 4s
AgsCr 1S21P®1D*3d* Cr: dong gop 2 dién tir 3d va 1 dién tir 4s
Ag10Cr 1S21P®1D%3d*! Cr: dong gop 3 dién tir 3d va 1 dién tir 4s
AguCr 1S21P61D83d!" Cr: dong gop 4 dién tir 3d va 1 dién tir 4s
Ag12Cr 1S%1P%1D Cr: dong gop 5 dién tir 3d va 1 dién tir 4s

3.2.3. Mit d¢ trang thai dién tii trén nano cluster AgnCr

Dé hiéu rd vé cau triic dién tir cling nhu c6 cai nhin tryc quan hon vé sy phan bd trang théi
dién tir cling véi cac muc niang luong, trang théi lién két trong ting nano cluster AgnCr (n = 2-12),
chung t6i tién hanh phan tich mat do trang thai toan phan (DOS) va mat do trang thai mot phan
(pDOS) twong trng v&i mac nang lugng cta cac nano cluster AgnCr (n = 2-12).

Déi voi cac nano cluster kich thudc nhé n < 5, mat trang thai toan phan (DOS) va mat d6
trang thai mot phan (pDOS) dugc phan bd trong ving ning lugng -8 = 0 eV. Nguoc lai, & kich
thuéc 16n hon sy phan bé ndy nam trong khoang -11 + -2 eV. Tly thudc vao kich thuédc ciia nano
cluster va su tuong tac gitta cac dién tir sd-Cr va s-Ag dan dén sy hinh thanh cac phan 16p 1S, 1P va
1D, chiing dugc dinh vi & cA&c murc nang luong khéc nhau. Tai kich thudc n = 6, phan 16p 1P ¢o su suy
bién vé nang lwong va nam & muc nang luong thip hon so véi cac nano cluster & kich thuéc nho.
Ngoai ra, phan tich phan bé trang thai orbital ciing cho thiy cac dién tir hoa tri 5s* cua Ag va 4s* cua
Cr ¢6 xu huéng di chuyén ty do, tham gia hinh thanh 16p vo dién tir ding chung cho ca nano cluster
AgnCr. Trai lai, cac dién tir 3d cua nguyén tir pha tap Cr, tiy theo kich thudc cua nano cluster ma
ching tham gia dong gbp mot phan/toan phan vao I6p vé dién tir di chuyén tu do cia nano cluster.
Chinh sy tuong tac giita cac orbital nay da tao ra cac trang thai lién két trong nano cluster lam anh
hudng dén cau tric hinh hoc va do bén caa céc nano cluster nay. Céc dién tir 3d con lai trén nguyén tir
Cr khong tham gia dong gop vao dam may dién tir ding chung c6 xu huéng khong két cap va phan b
& trang thai HOMO, anh hudng dén tinh chat kha niang xuc tac ciia cac nano cluster AgnCr.
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3.3. Két luan Chwong 3

Két qua phan tich tuong tac vat Iy giita cac dién tir tu do va dién tir dinh xt trong hai hé
nano cluster: i) gitt nguyén s luong dién tir héa tri s va diéu chinh sé luong dién tir héa tri bang
cach thay doi nguyén tir pha tap trong hé nano cluster AusM?* (M = Sc-Ni); ii) thay di kich thuéc
cua nano cluster nén dan dén thay ddi s6 lugng dién tir héa tri s va giit nguyén dién tir hda tri cua
nguyén tir pha tap AgnCr (n = 2-12) cho thay: Twong tac dién tir s-d phu thudc rét 16n vao kich
thudc va thanh phan caa nano cluster. Pha tap nguyén tir kim loai chuyén tiép vao cac nano cluster
kim loai quy tao ra su ddng ton tai cu tric 16p vo dién tir tw do cta nano cluster va cac dién tir chua
ghép cip dinh xu trén nguyén tir kim loai chuyén tiép. Cac dién tir hoa trj con lai cia nguyén ti kim
loai chuyén tiép khong tham gia dong gop vao dam may dién tir chuyén dong tu do cua nano
cluster, chiing khdng ghép cap va dinh xi trén chinh orbital 3d cua chinh n6. Sé lwong cac dién tir
hoa tri chua ghép cap dinh x& trén orbital 3d caa nguyén tir kim loai chuyén tiép phu thudc vao
thanh phan va kich thudc cua nano cluster. Cac dién tir chua ghép cdp nay hinh thanh méi truong
tuong tac 1y twdng cho cac thdng tin vé tinh chat dién tr vi du nhu chat x(c tac trong cac nano
cluster hop kim. Ngoai ra, cac két qua nghién ctiu vé twong tac dién ty s-d ciing mang thong tin cho
phép du doan vé ciu tric hinh hoc, d6 bén vitng cua cac nano cluster noi trén.

CHUONG 4. ANH HUONG CUA TUONG TAC s-d PEN CAC TINH CHAT CUA
NANO CLUSTER HQP KIM

4.1. Nano cluster hgp kim AusM?* (M = Sc—Ni)
4.1.1. Céu trisc hinh hoc ciia cdc nano cluster AugM?*
CAu tric hinh hoc ctia nano cluster AugM?* (M = Sc-Ni) dugc trinh bay trong Hinh 4.1.

& g s B A B

9.5¢.A/0.00' 9.S¢.B/0.53° 9.8¢.C/1.57" 9.Ti.A/0. oo’ 9.Ti.B/0.26" 9.Ti.C/1.33?
(0.65%) (0.42% (1.37%
9.V. A/O oo’ 9.V.B/0. 27’ 9.V.C/0. 77’ 9.Cr.A/0. oo" 9.Cr.B/0. 55‘s 9.Cr.C/0. 826
0.01%) (0.33%,0.47") (1.15% (1.70%
9.Mn.A/0.00° 9.Mn.B/0.44° 9.Mn.C/0.68° 9.Fe.A/0.00* 9.Fe.B/0.39* 9.Fe.C/1.08*
(1.36%) 0.57) (1.93%) (0.96%) (1.84%
9.C0.A/0.00° 9.Co.B/0. 60’ 9.Co.C/1.19° 9.Ni.A/0. ooZ 9.Ni.B/2. 06‘ 9.Ni.C/2.34*
(1379

Hinh 4.1. CAu trtc hinh hoc bén cua nano cluster AusM?* (M = Sc-Ni). Trong d6 cac mau
trang, xam, chi, hong, tia, tim, xanh dwong, xanh dam va mau vang tuong Gng Véi cac
nguyén t6 Sc, Ti, V, Cr, Mn, Fe, Co, Ni va Au.
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Céc ki hiéu a.M.b/n™ tuong tmg véi a 1a s6 nguyén tir vang, M = Sc-Ni, b= A, B va C 1a thir
tur cac déng phan bén cua nano cluster AugM?*, n 13 gia tri nang lwong twong dbi ciia ddng phan so
v6i ddng phan bén nhat (eV), m trong tng véi do boi spin.

CAu trac hinh hoc bén cua cac nano cluster AugM?* (M = Sc, Ti) c6 dang 1dng v6i nguyén tir
pha tap dugc thay thé cho mot nguyén tir Au tai vi tri co sb phdi tri cao. Nguoc lai, d6i véi cac
nguyén tir pha tap nang hon M = V-Ni, c4u trac hinh hoc bén nano cluster AusM?* ¢6 xu huéng giir
nguyén cau tric tr dién cua nano cluster Aui?*. Khi d6, nguyén tir pha tap dugc thay thé & canh
clia cau trac nay.

4.1.2. Pj bén vitng ciia cac nano cluster AugM?2*
4.1.2.1. Nang heong lién két trung binh ciia cdc nano cluster AugM?*
Ning luong lién két trung binh (BE) ctia nano cluster Auio?* va AugM?* xac dinh nhu sau :

BE(Au?t) = %[(n — 2)E(Au) + 2E(Aut) — E(Au2™)] (4.2)
BE(Aun_1M?*) =~ [(n — 3)E(4u) + 2E(4u*) + E(M) — E(Au,_M?*)] (4.3)

Trong d6: E(Au), E(Au*), E(Au2*), E(M) va E(Au,,_;M?*) lan luot I tong ning luong
ctia c&c nano cluster ¢ trang thai co ban. Két qua duoc biéu dién trong Hinh 4.3.

e cal. BE(AuM)-BE(Au,) (eV)

04, ©
O exp. BE(AUM)-BE(Au,) (eV)

0.2

BE(Au,M™) - BE(Au, ™) (eV)

-0.2

Sc Ti V C Mn Fe Co Ni

Hinh 4.3. Sy chénh léch ning luong lién két trung binh gitra cac phan tir AuM va Auz;
AugM?* va Au?f (M = Sc-Ni).

Trong d6: E(Au), E(Au*), E(Au2"), E(M) va E(Au,,_;M?*) lan luot I tong ning luong
ctia cac nano cluster ¢ trang thai co ban. Két qua phan tich BE cho thay, gia tri BE cua cac nano
cluster AugM?* nhin chung 16n hon so véi BE cta nano cluster Auio?*, cho thiy pha tap nguyén tu
kim loai chuyén tiép lam ting d6 bén ciia cac nano cluster.

4.1.2.2. Nang lwong phan ly ciia cdac nano cluster AugM?*
Ning lugng phan ly ctia cac nano cluster AugM?* (M = Sc-Ni) dugce xac dinh nhur sau:

AusM2* > AurM2* + Auy (4.4) AugM2* > AuZ* + AuM (4.5)
AugM2* > AuZ* + M (4.6) AusM2* > AugM?2* + Au 4.7)
AusM?* > Auf + M* (4.8) AusM2* > Aug + M2* (4.9)

Trong d6, M = Sc-Ni. Két qua dugc biéu dién trong Hinh 4.4.

Két qua phan tich ning lugng phan ly cho thdy, huéng phan ly ra nguyén tir Au, nguyén tir
M* va phéan tir Auz dugc uu tién vé mat nang luong. Nguoc lai, hudng phén ly ra nguyén tir kim
loai chuyén tiép M, M?* va phan tir AuM khéng duoc vu tién vé mat ning luong. Pang cha ¥, gia
trj ning luong phan ly theo ca sdu hudéng phan ly cta nano cluster AugCr?* déu 16n, do d6 nano



12

cluster AugCr?* co d6 bén cao, tién doan mot siéu nguyén tir tiém ning, rat phu hop dé ché tao va
tong hop bang cac ky thuat thuc nghi¢m.

® Au,loss * M loss
144 ® AuM loss A Miloss -
® M*loss ¥ Auloss -
12 4 @ -
10+ . o
3 8
R K )
O 6 )
] ) & ? 2 , a
S I ---0---(} ..........
2 ¢ * < « 2 4
24 4 <4 x 4 4
4 * *
0 r—r—7r — T T
Sc Ti Vv Cr Mn Fe Co Ni

nano cluster
Hinh 4.4. Ning luong phan ly (DE, eV) ctia nano cluster AusM?* (M = Sc-Ni) theo céac
kénh phan ly (4.4) > (4.9).
4.1.3. Sw hdp phu H> trén céc nano cluster AugM?* (M = Sc-Ni)
4.1.3.1. Cau tric hinh hoc ciia nano cluster AusM* @H>
Két qua t6i wu cdu trac hinh hoc bén ctia nano cluster AugM?* (M = Sc-Ni) hip phu Hz duoc
trinh bay trong Hinh 4.5. Chiing t6i thu dugc hai dang hp phu: hip phu phan tir AusM?*-H, va hap
phu nguyén tir AugM?*-2H (M = Sc-Ni).

9 9 9 9
942 o a79 I4 I 4) ‘J )
S e’ 4 J‘é‘ 299 ,}. ) & eja pov 5.4
of °oJde
AuSc*  AuSc*H;  AuSc*-2H AﬂoTl AuTi*"-H, Au,Ti*2H
2, 3 2
w 229 224
f‘ 9 % J .f fg ) w‘) J.’.}
AggVH AuwV*H, AuV*-2H Aug,Cr** Ay Cr**-H, Au,Cr**-2H
9 9 < 9 9 9
229 229 f" % el ﬁ:;
AuMn®  AuMn**H, AuMn**-2H AuFe*  AwFe'H,  AuFe**-2H

o 2 2 3
el 33, ,’FS aﬁi Sads -,ﬁlf,

AuyCo** AuyCo**-H, AuyCo*-2H AuyCo®* AugNi**-H, AugNi**-2H

Hinh 4.5. Céu trtc hinh hoc bén cua céc nano cluster AusM?*, AugM?*-H, va AugM?*-2H (M =

Sc-Ni). Mau vang, mau d6 dai dién cho cac nguyén tir Au va H. Cac mau trang, xam, chi, mau

d6 tuoi, tia, tim, xanh dwong va mau xanh dam biéu dién cac nguyén t6 Sc, Ti, V, Cr, Mn, Fe,
Co va Ni.
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Phén tich c4u trac hinh hoc bén cua cac nano cluster AugM?>*@Ha cho thiy vi tri hip phu
phan tir Hz cta cac nano cluster AugM?* c6 thé duoc phan thanh hai nhém. Nhom thir nhit: véi cac
nano cluster AugV/?* va AugNi%*, phan tir hydrogen c6 xu hudng hap phu trén nguyén tir kim loai
chuyén tiép bé mat V va Ni. Nhom thtr hai, phan tir hydrogen wa thich hdp phu véi mot nguyén tir
Au ¢ dinh cua cu trac t dién d6i véi cac nguyén tir pha tap M = Sc, Ti, Cr, Mn, Fe va Co. Dbi voi
truong hop hap phu phan ly, nhin chung chung toi thiy hai vi tri hip phu phén ly Hp: thr nhét 13 cac
vi tri cAu ndi giita hai nguyén tor Au & dinh, khi d6 cic nguyén tir pha tap duoc bao boc véi cac
nguyén tir Au (M = Sc, Ti va Mn); thtr hai 1a mot vi tri Au-M va mét vi tri Au-Au/ vi tri Au & dinh
dbi v6i nhirng vi tri c6 mot nguyén tir pha tap tai canh (M =V, Cr, Co va Ni). Pang cht y, d6i voi
nano cluster AugFe?*-2H, nguyén tir pha tap Fe ciing ndm & vi tri tim canh nhung ca hai nguyén tir
H lién két tai cac vi tri cAu nbi Au-Au.

4.1.3.2. Bé bén virng cua nano cluster AugM?*@Ha

Do bén ving cia cac nano cluster AusM?* @H; dugc xac dinh théng qua tinh toan gia tri

nang luong lién két trung binh (BE, eV) dua trén trén phuong trinh 4.8 va 4.9.
BE(AugM?*H,) = 1—12 [7E(Au) + 2E(Aut) + E(M) + 2E(H) — E(AugM?*H,)] (4.8)
1

BE (AugM?* — 2H) = —[7E (Au) + 2E (Au®) + E(M) + 2E (H) — E(AugM?* — 2H)] (4.9)

Trong do, E 13 tong ning luong ciia cac nano cluster va cac nguyén tir. Két qua thu duoc trong Hinh 4.6.

2.7
Augm?*
2.6 : . AU9M2+-H2
A A AugM?t2H
2.5 © 9
3
2 24- x
w
@ $ 60,
2.3 b 4 A %
A
2.2-
T A T T T T T

'Sc Ti ) \:' 'Cr'M'n'Fe'Co'Ni'
M
Hinh 4.6. Nang luong lién két trung binh (BE, eV) cta c4c nano cluster AugM?*,
AugM?*-H, va AugM?*-2H (M = Sc-Ni).
4.1.3.3. Trang thdi dong hoc ciia AusM?* trong qud trinh lién két véi Ha
Ning lugng hap phu va do dai lién két H-H cho hai qua trinh hép phu phan tir va hap phy hai
don nguyén tir hydrogen duoc xac dinh thong qua biéu thirc 4.10 va 4.11.
Eass(AusM?* — Hy) = E(AusM?") + E(H2) — E(AusM?* — Hp) (4.10)
Eass(AugM?* — 2H) = E(AusM?*) + E(Hz) — E(AusM?* — 2H) (4.11)
Két qua tinh toan duoc biéu dién trén Bang 4.3. Bang 4.3 cho thay, d6 dai lién két H-H (du-
H) trong cac nano cluster AugM?*-H; (0.79 A + 0.82 A) da bi kéo dai déng ké so voi do dai lién két
ciia phan tir Hz (0.75A), cho théy H> da duoc kich hoat khi hép phu. Trai lai, cic nano cluster
AugM?*-2H, khoang cach giita hai nguyén tir hydrogen nam trong khoang 3.22 A + 3.60 A, cho
thdy rang su phan ly hoan toan H» trén bé mit ciia nano cluster. So sanh ning luong hap phu cia
qua trinh hap phu phan tir va hap phu phan ly c6 thé thdy rang, sy hinh thanh AusM?*-H; dugc wa
thich hon. Nguoc lai, cac nano cluster AugCr?*-2H, AugCo?*-2H va AugNi?*-2H c6 cac gia tri Eads
am, diéu nay cho thiy sy hap phu phan ly Hy trén cac nano cluster nay 1a thu nhiét va khé xay ra.
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Bdng 4.3. Nang hip phu (Eags, €V) va d6 dai lién két H-H (dn-n, A) ctia cic nano cluster
AugM?*-Hz va AugM?*-2H (M = Sc-Ni).

M Eads/ev dH-H/A
AusM?*Hz | AusM?*-2H AusM?*-Hz | AusM?*-2H
Sc 0,34 0,87 0,79 3,50
Ti 0,44 0,95 0,79 3,50
V 0,41 0,04 0,82 3,22
Cr 0,32 -0,67 0,79 3,60
Mn 0,32 0,52 0,80 3,54
Fe 0,32 0,51 0,79 3,56
Co 0,34 -0,33 0,79 3,53
Ni 0,38 -0,33 0,81 3,41
9 TS,
242
QXD e
9
AugScZ* + Ha -t
0.00

AugSc2*-Hp

-0.34
2
9
Jj 9 AugSc2t-2H
> -0.87
J‘: ) TS,
2 lI
AugTi="+Ha

4

0.00 M I
R
_\L

AugTi2*-H»
-0.44

AugTi2*-2H
-0.95
9
)9 .
' ) °
P2y ?

AugFe2* + Hp JJ}:J.

0.00 3

AugFez’-Hz

-0.32 AuQFe2+-2H
-0.51

Hinh 4.9. Puong phan tng duoc tinh toan va ning luong tu do twong dbi (V) véi sy hap phu
phan tir va hap phu phan ly Ha trén céc nano cluster AugSc?*, AugTiZ*, AusMn?* va AugFe®”.
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Bang 4.4. Anh huéng cua tuong tac dién tir s-d dén cau trdc hinh hoc bén cua nano cluster
AusM?* (M = Sc-Ni) va tuong tac véi Ho.

bientir | CAu tric Thanh phén Cau tric Eags, 8V s can
M | hoatri dién tie cau truc dién tir | hinh hoc caa o oe| Kich
M AUMZ* ciia nano nano cluster [AUSM™/AUM hoat eV
° cluster AusM?* AugM? -H2 -2H -
>

Sc: dong gop 2 I
142 21D61 M2 A X <
Sc | 3d*4s” | 1S°1P°1D dién tr 4s va 1 QP 0.34 | 0.87 0.70

dién tu 3d. 9
21 061 2 Ti: dong gop 2
Ti | 3d%4s? 1_%T1P 1b73d dién tr 4s va 1 ﬁ‘f 0.44 | 0.95 | 0.59
T dién tir 3d. 99
V: dong gop 1 4
1S21P*2S23d | dién tir 4s, 1 dién
342 s , s 2 )
\% 3d°4s A tw 4s bj kich m 0.41 | 0.04
thich sang 3d. ) St
cr | 3dsast 1S21P*2S23d | Cr: dong gop 1 #;:# 032 | -067 ]
el dién tur 4s. a ' '
FYSSE
21paoc2qp2 | Mn: dong gop 2 9
Mn | 3d°4s? %3 1!;28 1P dién tu 4s, 1 dién #4 032 | 052 | 094
M tir 3. P9
Fe: dong gop 2 )
1S21P*2S21P? | dién tir 4s va 3 Y
6/4c2 3
Fe | 3d%4s® | 0 it dién ti 3. #f 032 | 051 | 1.31

%'
¢
¢

Co: déng gop 2

e

Co [3d's® [1S?1P*25°1P%1 | dién tir 45 va 3| PP | 034 | 033 | -
D?3d%3dco>" | dién tw 3d. Fe- Y
21pina21n24 | Ni: dong gbép 2 )
Ni | 3d4s? Eszsfjfsisﬁp Ll dien tir 4s va 3 ‘;ﬁ) 038 | 033 | -
N | dien tir 3d. );ig

J

Nghién ctru ban chét lién két hydrogen dugc hap phu trén cac nano cluster AusM?*, chiing

t6i tién hanh tinh toan mat do trang thai dién tir timg phan (pDOS) va mat do trang thai dién tir toan
phan (DOS) ctia cac nano cluster hip phu dbi véi ca hai dang hdp phu phan tir hydrogen AugM?*-H,
va hip phu hai don nguyén tir hydrogen AugM?*-2H.

Pé hiéu duoc sau hon vé co ché hip phu phan ly cua cac nano cluster AugM?* (M = Sc, Ti,
Mn va Fe), chung t6i xac dinh con duong tuwong tac cua hydrogen voi cac nano cluster nay. Hinh
4.9 biéu dién dudng phan tmg duoc tinh toan va ning luong ty do twong ddi (eV) vai su hip phu
phan tir va phan ly Hy trén cac nano cluster AugsM?*-2H véi M = Sc, Ti, Mn, va Fe.

Két qua phan tich trong Hinh 4.9 cho thdy, mic du cac san phdm cudi cing cua qua trinh
phan ly Hy trén céc nano cluster AusSc?*, AusMn?* va AusFe®* ¢ nang luong twong ddi thap 1an luot
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la-0.87 eV, -0.95 eV, -0.52 eV va -0.51 eV so v&i cac kénh tuong tng clia ching, van co cac rao can
ning luong kich hoat 1an luot 13 0.36 eV, 0.62 eV va 0.99 eV dé xay kich hoat qua trinh phan ly H,
duoc hip phu phan tir trén cac nano cluster. Piéu nay c6 thé két luan su hap phu phan tir Hy 13 thuan
loi dbi véi cac nano cluster, nhung qua trinh hip phu phan ly H ctia ching kho c6 thé xay ra néu
khong c6 céac kich thich bén ngoai, dic biét 13 nano cluster AusMn?* va AugFe?*. Tréi lai, nano
clusters AusTi?* qua trinh kich hoat phan ly can cung cip 0.15 eV, tiém ning tich trir hydrogen.

Anh hudng cua tuong tac dién tir s-d dén ciu trac hinh hoc bén ctia nano cluster AugM?* (M =
Sc-Ni) va su hap phu hydrogen trén cac nano cluster AugM?* dugc trinh bay trong Bang 4.4.

4.2. Nano cluster hgp kim AgnCr (n = 2-12)
4.2.1. Céu trisc hinh hoc ciia cdc nano cluster AgnCr
CAu trac hinh hoc bén cta nano cluster AgnCr (n = 2-12) dugc tdi vu kém theo cac phép tinh
tan s6 dao dong cua cac nano cluster AgnCr va so sanh véi cac két qua nghién ctru trude d6. Phiém
ham BP86 két hop véi bd ham co so cc-pVTZ-pp p dung cho Ag va cc-pVTZ ap dung cho Cr
dugc st dung cho sudt qua trinh tinh toan. Két qua phan tich sy phét trién céu trac hinh hoc bén cia
cac nano cluster AgnCr (n = 2-12) duogc trinh bay trong Hinh 4.10.

° +Ag +AgJ‘J
J J—J"J — -

R

+ 6Ag + Ag

*44 *“4’ [ -e \u&

a9, ’YAg +2}/ J'\sAg /Ag 8A

12A
< $.\) +Ag ‘ ! |
10A

9A

Hinh 4.10. Sy phét trién cau tric hinh hoc bén cua nano cluster AgaCr (n = 2-12).

Véi cac nano cluster ¢6 kich thudc nho n < 5, cdu trac hinh hoc bén cta nano cluster AgnCr
c¢6 ciu tric dang phang. Trai lai ¢ kich thudc 16n hon n = 6-12 céu trac hinh hoc bén cua nano
cluster AgnCr c6 ciu trac ba chiéu. Su chuyén ddi ciu tric hinh hoc tir 2D sang 3D x4y ra tai n = 6.
Nguyén tir Cr duge pha tap vao cac nano cluster kim loai quy c6 xu hudng chiém giit & vi tri c6 sb
phéi tri cao nhat, tao nhiéu lién két v6i nano cluster Agn nén.

4.2.2. Bj bén vitng ciia nano cluster AgnCr

D6 bén twong dbi cua nano cluster AgnCr duge xac dinh théng qua viéc phan tich ning lugng
lién két (BE, eV), su chénh léch ning luong lién két bac hai (AzE, V) va ning lugng phan ly (DE, eV).

4.2.2.1. Nang leong lién két ciia nano cluster AgnCr

Nang luong lién két trung binh (BE, eV) ctia nano cluster AgnCr duoc tinh toan nhu sau:
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BE(Ag:Cr) = ——{(E(Cr) +NE(Ag)) — E(Ag:Cr)] (4.12)
BE(Agn+1) = ——[(1+1)E(AQ)) - E(Agr)] (4.13)

Trong d6, E(Cr), E(Ag), E(AgnCr) va E(Agn+1) lan luot |1 tong ning lwong dién tir ciia nguyén tir va
nano cluster Cr, Ag, AgnCr va Agn+1 tuong tng. Két qua dugc trinh bay trong Hinh 4.11.

1.8 B
1 |
|
1.6' . v v
] [ v?Y
1.4- . v
- | |
S )
2 1.2 |
&I 10- L]
1 H Ag,Cr
0'8-_' V Agp+l
006 L} L | v ] W | v I v 1 M 1

2 3456 7 8 9 10 11 12
Hinh 4.11. Nang luong lién két trung t:;nh (BE, eV) cua cac nano cluster AgnCr
va Agn+1 (n = 2-12)

Két qua phan tich BE ciia nano cluster AgnCr c6 thé chia thanh hai ving rd rét. i voi cac
nano cluster AgnCr ¢ kich thudc nhé (n < 7), BE c6 gia tri nho hon so véi BE cia cac nano cluster
Agh+1. Nguoc lai, ¢ kich thudc 1on hon n = 8-12, gia tri BE cua cac nano cluster AgnCr cao hon
dang ké so hon vé6i nano cluster Agn+1, d3c biét tai kich thuge n = 12.

4.2.2.2. Sy chénh léch nang lwong bdc hai

A2E ctia nano cluster AgaCr duoc biéu dién trong Hinh 4.12.
1.0

0.5+

0.0 A

Az (EV)
>
>
>

-0.5 A

-1.01

1. frr—1r——-—1o-r-—r-——T1""1r""""T"""T"""""7
2 3 4 5 6 7 8 9 10 11 12
Hinh 4.12. Chénh léch nang luong bac hai (42E) cta cac nano cluster AgnCr (n = 2-12).
Két qua tinh chénh léch ning luong béc hai cho thay nano cluster AgeCr bén vimng hon so
v6i cac nano cluster ¢ kich thudc 1an can khac. Nano cluster AgoCr kém bén nhét.
4.2.2.3. Nang luong phan ly cua nano cluster AgnCr
Gia tri DE theo hai kénh phan ly kha di néu trén duoc xac dinh nhu sau:
DE(Ag ) = E(Agn-1Cr) + E(Ag ) — E(MnAQ) (4.15)
DE(Cr) = E(Agn) + E(Cr) — E(AgnCr) (4.16)
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Phan tich két qua tinh toan ning lugng phan ly cia nano cluster AgaCr (n = 2-12) cho théy,
dbi vai cac nano cluster ¢ kich nho n < 8, kénh phéan ly ra mot nguyén tir Cr duoc wu tién hon vé
mat nang luong. Trdi lai, ¢ kich thudc 1én hon n = 9-12, kénh phan ly mot nguyén tor Ag lai duoc
wu tién hon so véi kénh phan ly mot nguyén tir Cr. Nano cluster AgeCr 1a bén viing nhét, ning
luong tdi thiéu dé phan ly mot nguyén tir Ag 1a 2.58 eV, gia tri niang luong phan ly ndy tham chi
con cao hon ca nang lugng phan ly cua nano cluster thap nhi dién Ag:2Cr (2.30 eV).

4.0
351 A A
3.0- A A
325: |
W o) : . " . 5 " . L
15- -
1_0.. u B loss Ag
0_5_'A A loss Cr

2 3 456 7 8 9 10 11 12
n
Hinh 4.13. Nang lugng phén ly caa cic nano cluster AgnCr (n = 1-12).

Nhu vay, két qua tinh toan ning luong lién két, chénh léch niang luong bac hai va ning
luong phén ly cho thay nano cluster AgeCr c6 dé bén vitng nhat trong sé cac nano cluster AgnCr (n
= 2-12) dugc nghién ciu, rat phi hop dé ché tao va tong ho bang ky thuat thuc nghiém.
4.2.3. Sw hip phu H, trén cac nano cluster AgaCr
4.2.3.1. Céu tric hinh hoc ciia nano cluster AgnCr@H>

Ag,Cr Ag.Cr-H, Ag,Cr-2H Ag.Cr Ag.Cr-H, Ag,Cr-2H
T & —D ol p= ot 2—2
' ‘ 1 . 4 = : ~ Vo N b ‘.
n=2 =8 .'3JJ N -‘J\sr‘
—d &— 9 J v J
[ 2 J
(] > 29 °
" F 2 — 2 ) s
n=3 2 & s @ i 8 ) - 4\,\ r.,o y 5
e o . S Zagiip 8 T e
00 e o J "} o $
n=q 2 R > o 2 - ..
) JJ N g 2
4 > 4 —— {"'g P T l zﬁ
29 SIP o oJ\ I e ! JfJ
\ e ‘ 2 3 J J
N . > Fe
n=35 &y o0 39 “ 2a49 92 ‘of Pasny
27 @ 2 n=11 f,‘ﬂ $ )9 f"
$0» o 3 % 3y TN 2
n=6 $FS39 39 ¥
a Y o'l A\ A
n=7 4 Q“r) j\::j J:B by | M= " & DED
* 7 y T -
[ 1]

Hinh 4.14. C4u trac hinh hoc bén cua cac nanno cluster hop kim AgnCr, AgnCr-Hz va AgnCr-2H (n
= 2-12). Mau xanh nhat, tim va do tuong ing véi cac nguyén tir Ag, Cr va H.
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Chng toi thu dugc hai dang hap phu: hip phu phén tir hydrogen AgnCr-Hz va hip phu hai
don nguyén tir hydrogen AgnCr-2H (n = 2-12). Két qua thu duoc trinh bay trong Hinh 4.14.

CAu trac hinh hoc cua nano cluster AgnCr hau nhu dugc giit nguyén cau tric hinh hoc trong
c4 hai truong hip phu phén tir va hip phu phan ly. Nghién ctru ctia ching t6i chi ra, sy phu thudc
vao kich thudc va thanh phan cta nano cluster ¢6 thé anh huong dén sy hap phu Hz vao céc vi tri
khéac nhau: vi tri nguyén to Ag, vi tri cau ndi Ag-Ag, vi tri cau ndi Ag-Cr hodc tai chinh vi tri
nguyén tir kim loai chuyén tiép.

4.2.3.2. Pé bén, lién két cia cdc nano cluster AgnCr@H:

Dénh gia d6 bén tuong dbi cua cac nano cluster AgnCr@Ha dugc xéac dinh thong qua:

Nang lwong lién két trung binh

Ning lugng kién két trung binh ctia mdi nguyén tir trong cac nano cluster hap phu phan tir
AgnCr-Hz va hip phu phan ly AgnCr-2H (n = 2-12) duoc xéac dinh thong qua biéu thirc 4.17 va 4.18:

1
BE(Ag,Cr — H,) = — [nEsy + E¢r + 2Ey — E(AgnCr — Hy)| (4.17)

1
BE (Ag,Cr — 2H) = m[nEAg + E¢r + 2Ey — E(Agn,Cr — 2H)| (4.18)

Trong d6: E(AgnCr-Hz), E(AgnCr-2H), E(Ag), E(Cr) va E(H) la téng ning luong cua cac
nano cluster AgnCr-Hz, AgnCr-2H (n = 2-12), cua cac nguyén tir Ag, Cr va H.

1.9
184 s B
. N a &
31.7- | ] u
" I SN
1.6- - A ,
1.5_ A A AgnCr-H2
) B Ag,Cr-2H
1-4 T hd L] r T r T v L A L
2 4 6 8 10 12
n

Hinh 4.15. Nang Iuong lién két trung binh (BE) cua nano cluster AgnCr-Hz va AgaCr-2H (n = 2-12).

Két qua phan tich nang lugng lién két trung binh cho thdy dinh cuc dai xuat hién tai cac kich
thudc n = 3, 6 va 9 d6i voi nano cluster AgnCr-Hz va n = 3 va 9 d6i v6i AgnCr-2H. Két qua nay
hoan toan phul hop véi su 6n dinh twong d6i cao ciia cac nano cluster AgsCr, AgsCr va AgoCr.

Sw chénh léch nang lwong bdc hai

Su khac biét vé niang lugng bac hai dugc tinh toan theo biéu thic 4.19 va 4.20.

MAE[AgnCr-Hz] = E[Agn-1Cr-H2] + E[Agn+1Cr-Hz] -2E[AgnCr-Hz] (4.19)
AE[AgnCr-2H] = E[Agn-1Cr-2H] + E[Agn+1Cr-2H] -2E[AgnCr-2H] (4.20)

Trong d6, E 13 tong ning luong cia cac nano cluster. Két qua duoc trinh bay trong Hinh 4.16.

Két qua phan tich ning luong lién két trung binh (BE, eV) va ning luong phan ly cho thdy ¢
kich thudc n = 3 va 9 d6i vdi ca hai nano cluster AgnCr-Hz va AgnCr-2H, cho thay d6 6n dinh cao
cua chung so voi cac kich thudc 1an can.
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1.2

1 —.—AgnCr-H2
0.8 —A- AgnCr-2H
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Hinh 4.16. Sy chénh léch ning luong lién két bac hai (A2E, eV) cia cac nano cluster
AgnCr-Hz va AgnCr-2H (n = 2-12).
4.2.3.3. Trang thdi dong hoc ciia AgnCr trong qud trinh lién két voi Hp
Bdng 4.7. Nang lugng hap phu (Eags, eV) va d6 dai lién két H-H (du-n, A) cta cac nano
cluster AgnCr-Hz va AgnCr-2H (n = 2-12).

. Eads/eV d(H-H)/A
AQCrH: AgCr-2H AQCrH: AgCr-2H

2 0,58 0,80 0,80 3,57
3 0,77 1,13 0,79 3,63
4 0,48 0,96 0,76 2,67
5 0,77 0,63 0,79 2,68
6 0,72 0,86 0,79 2,93
7 0,05 0,65 0,77 2,38
8 0,67 0,56 0,76 2,72
9 0,23 0,20 0,76 3,51
10 0,23 0,06 0,77 3,20
11 0,24 0,15 0,77 3,52
12 0,25 -0,04 0,77 3,97

Nghién ctru kha ning hip phu H trén cac nano cluster AgaCr (n = 2-12), ning luong hap phu

va do dai lién két H-H cho qué trinh hip phu phén tir va hip phu nguyén tir duoc tinh toan nhu sau:
Eads(AgnCr — H2) = E(AgnCr) + E(H2) — E(AgnCr — Hz) (4.9)
Eads(AgnCr — 2H) = E(AgnCr) + E(H2) — E(AgnCr — 2H) (4.10)

Trong d6, E 1a tong ning luong ciia cac nano cluster hop kim va cua phan tir Ho. Két qua
duogc trinh bay trong Bang 4.7.

Do dai lién két H-H (du-n, A) ctia cac nano cluster AgnCr-Hz tai n =2, 3, 5, 6 duoc tim thay
c6 do dai nam trong khoang 0.79 + 0.82 A, so voi phan tir Ho riéng 16 (0.75 A). Su kéo dai do dai
lién két H-H cho thay phan tir H, duong nhu duoc kich hoat sau khi hdp phu vao bé mit ctia nano
cluster hop kim AgnCr. Nghién ctru nang lugng hap phu cho thay, kha ning hap phu phan tir H, xay
ra d6i v6i nano cluster AgnCr tai n =5 va 8-12. Trong khi d6, sau khi tiép can voi bé mit cia nano
cluster AgnCr (n = 2-4, 6, va 7), Hy trdi qua qua trinh hip phu phan tir va cudi cung dugc phén ly
tao thanh lién két bén vitng véi nano cluster.
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Nghién ciru ban chat lién két hydrogen dwoc hap phu trén cac nano cluster AgnCr, chiing toi
tién hanh tinh toan mat do trang thai dién tr timg phan (pDOS) va mat do trang thai dién tir toan
phan (DOS) cua cac nano cluster hap phu d6i v6i ca hai dang hip phu phan tir hydrogen AgaCr-H
va hap phu hai don nguyén tir hydrogen AgnCr-2H.

Qué trinh hdp phu hydrogen trén nano cluster AgsCr va AgsCr chiu mot rao can ning luong
trong d6i nho (0.52 eV va 0.30 eV) dé kich hoat qua trinh phén ly hydrogen, do d6 cac nano cluster
AgsCr-2H va AgsCr-2H dugc coi 13 cac siéu nguyén tir tiém ning cho tich tri hydrogen.

] °
P ° ®
PR 2 2 2 2
s °*° 9
0.00

* 2
9 9
P
Ag3Cr-2H
3 0.85
e -
N ee
AgeCr+Hy
[ ] [ ] .
F . ] L
> .5;?)1
AgyCr2H ol
—_— AgeCr2H
-0.69 —_
-0.57
4
D90 e
Ag7Cr+ Hjy

-0.33
Hinh 4.20. Budng phan tng duoc tinh toan va ning luong ty do twong ddi (eV) véi su hap
phu phén tir va phan ly Ha trén cac nano cluster AgnCr (n = 2-4, 6-7).



22
Co ché vé anh hudng cua tuong tac dién tir s-d dén cau trac hinh hoc bén cua nano cluster
AgnCr (n = 2-12) va su hap phu hydrogen trén cac nano cluster nay duoc trinh bay trong Bang 4.8.

Bdng 4.8. Anh hudng caa tuong tac dién tir s-d dén cau tric hinh hoc bén caa nano cluster
AusM?* (M = Sc-Ni) va tuong tac véi Ho.

, > A i Eads, eV Rao
. Cau truc dién 'I;hanr] phin Cau truc hinh can
Kich B cau truc dién ., .
. tir cia nano " o hoc cianano | ag.cr- | AanCr- | Kich
thuoc cluster AgnCr tr Cua nano cluster AgnCr o g hoat
On cluster AgnCr On H2 2H o
Cr: dong gop 1 )
2 1S%1P?3d* dién tor 3d va 1 /N 0.58 0.80 0.18
dién ti 4s. 99
C A4 . - 1
3 | 1521P%3¢% Cr: dong gop 1} 5Ty | 077 | 113 | 052
dién tur 4s. 9
Cr: dong gop 1 o9
4 1S21P43d* dién tr 3d va 1 0.48 0.96 1.68
dién tir 4s, .-
Cr: dong gop 1 LN
21 p4adst _ . }
5 | 15%1P“3d dion b 4, o ee | 077 | 063
6 |1s21piagsigpit | CF dong gop 1) “3\,» 072 | 086 | 030
dién tr 4s. J/
2
Cr: dong gop 1 ]
21 p6251 g 20p R
7 1S<1P°3d dién tir 4s. ..kl“iJ 0.05 0.65 0.06
J
Cr: dong gop 1 R_"
8 |1S°1PP1D%3d* |dienti3dval| 3), 0.67 0.56 -
dién ti 4s. aNs
Cr: dong gop 2 4\’ ‘:\ »
9 |1S’1P°ID'3d™ | dientr 3dval| s Sy 0.23 0.20 -
dién tu 4s. Yy
Cr: dong gop 3| o2 _~#9
10 |1521P*1D?3¢™ |dientw3dval| L %, | 023 | 006 | -
dién ti 4s. NS
Cr: dong gop 4 f{“"f
11 1S%1P%1D83d!" | dién tir 3d va 1 SFE 9 0.24 0.15 -
dién tir 4s. {J
Cr: dong gop 5 & J\=
12 1S21P81D10 dién tir 3d va 1 T; “;‘T 0.25 -0.04 -
dién tu 4s. ‘J\“J >
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4.3. Két luan Chwong 4

Trong Chuong 4, ching t6i da st dung phwong phap tinh toan lwong tir dudi mac phiém
ham BP86/cc-pVTZ-pp: Au, Ag; cc-pVTZ: M dé nghién ciu cau tric hinh hoc, do bén viing cua
cac nano cluster AugM?* (M = Sc-Ni) va AgnCr (n = 2-12). Tir d6, xac dinh dong luc hoc phan wng
vai hydrogen trén cac nano cluster nay.

Cau tric hinh hoc bén cua cac nano cluster AusSc?* va AugTi?* ¢6 dang long. Cac nano
cluster pha tap nguyén tir kim loai chuyén tiép nang hon M = V-Ni, c4u tric hinh hoc AusM?* ¢6 xu
huéng giit nguyén cau tric ta dién Aui?* tuong tu nhu ciu tric hinh hoc cua nano cluster AuisM
(M = Cr-Ni) va Auz. Nano cluster AgnCr ¢6 xu huéng hinh thanh ciu trdc hai chiéu & cac kich
thudc nho (n = 2-5). Su chuyén ddi cau tric hinh hoc tir 2 chiéu sang 3 chiéu xay ra tai n = 6.

Két qua kiém tra nang lugng lién két trung binh, ning luong phan ly va su chénh lénh ning
lwong bac hai cho thay cac nano cluster AugCr?* va AgeCr 1a bén viing hon so véi cac nano cluster
pha tap khac. Do d6, hai nano cluster AugCr?* va AgeCr rat phli hop dé ché tao va tong hop bang ki
thuat thuc nghiém.

Két qua khao sat su tuong tac giita cac nano cluster AugM?* véi hydrogen cho thay su hap
phu phan tir Hz 1a thuan loi d6i vai cac nano cluster AugM?* (M = Sc, Mn va Fe), nhung qué trinh
phan ly H can cung cip mot rao can ning luong twong dbi cao (0,70 eV, 0,94 eV va 0, 1.31 eV) dé
kich hoat qua trinh phan ly hydrogen. Tréi lai, quéa trinh hdp phu hydrogen trén nano cluster
AugTi?*chiu mét rao can nang luong nho (0.59 eV) dé kich hoat phan ly hydrogen, do d6 nano
cluster AugTi?* duoc coi la siéu nguyén tir tiém nang cho tich trit hydrogen. Ddi véi nano cluster
AgnCr, tai cac kich thuéc n = 2, 3, 4, 6 va 7 su hap phu hai nguyén tir H dugc uu tién hon vé mat
dong hoc so véi qua trinh hip phu phan tr Ha. Dac biét, qua trinh hap phu hydrogen trén nano
cluster AgsCr va AgsCr chiu mét rao can ning lugng twong ddi nho (0,52 eV va 0,30 eV) dé kich
hoat qua trinh phan ly hydrogen, do d6 cac nano cluster AgsCr-2H va AgesCr-2H dugc coi la cac
siéu nguy@n tr tiém nang cho tich trir hydrogen.

KET LUAN

Trong luan &n nay, bang viéc sir dung phuong phap phiém ham mat d6 sir dung phiém ham
BP86 két hop véi cac bo ham co sé thich hop dé nghién ctiu cac nano cluster hop kim AugM?* (M =
Sc-Ni) va AgnCr (n = 2-12). Luan an dat duoc mot s két qua chinh sau:

1. ba xac dinh duoc tuong tac s-d cua cac nano cluster kim loai quy (Au, Ag) pha tap kim
loai chuyén tiép 3d va vai trd ca trong tac nay trong hinh thanh cau tric hinh hoc, d6 bén cua cac
nano cluster.

2. D nghién ctu 1am rd anh huong gian tiép cua tuong tac s-d dén kha ning hip phu va
phan ly hydorgen trén cac nano cluster AusM?* va AgnCr thong qua cau trdc hinh hoc, cdu trac dién
tir, s6 phdi tri va do am dién.

3. AueTi?*, AgsCr va AgeCr la nhitng nano cluster bén viing c6 kha nang hap phu va phan
ly Hz tao thanh hydrides ngay tai diéu kién nhiét do phong.
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Luén 4n dd xac dinh duoc ciu trac hinh hoc bén, ciu trac dién tir tuong tng va dong hoc
phan ing véi Hz clia cac nano cluster hop kim AusM?* (M = Sc-Ni) va AgnCr (n = 2-12).

Luan &n da lam rd dugc anh huong cua tuong tac gitra dién tu tu do va dién tir dinh xr té1 sy
bién ddi cAu triic hinh hoc, cdu tric dién t va phan ung véi Hz cua cac nano cluster hgp kim
AugM?* (M = Sc-Ni) va AgnCr (n = 1-12).

KIEN NGHI NHUNG NGHIEN CU'U TIEP THEO

Nghién ciru trong tac vat ly gitra cac dién tir tw do va dién tir dinh xur trong cac nano cluster
kim loai quy c6 chira kim loai chuyén tiép dong vai trd quan trong trong viéc nghién ctiu cac vat
liéu tiém ning cho linh vuc xtc tac dic biét 13 hap phu hydrogen. Céc két qua nghién ctu su hap
phu hydrogen cho cac hé nano cluster hop kim AusM?* (M = Sc-Ni) va AgnCr (n = 2-12) sir dung
phuong phap tinh toan lwong tir budc dau cho thay 1a mot cach tiép can hiéu qua lam rd co ché hap
phu hydrogen trén bé mat cac hé nano cluster hop kim ndy. Nhitng hiéu biét trén 1a tién dé dé giap
cac thi nghi¢ém ché tao vat liéu tich trix hydro mét cach hi¢u qua, c6 tinh dinh huéng ding dén hon,
tiét kiém chi phi hon.

Ngoai ra, anh hudng cta tuong tac gitra dién tr ty do va dién tu dinh xur dén tinh chét tir cua
cac nano cluster hop kim nham tng dung trong linh vuc vat liéu tién tién ludn dugc cac nha khoa
hoc quan tdm nghién ctru. Mic du, quy luat hinh thanh ciu tric dién tir, md men tir spin ciia cac
nano cluster AusM?* (M = Sc-Ni) va AgnCr (n = 2-12) da dugc nghién ctru trong luan 4n nhung tinh
chit tir con phu thudc vao twong tic spin-quy dao trong cac nano cluster. Do do, cac nghién ciru
tinh toan vé tuong tac spin-quy dao s& hoan thién birc tranh vé tinh chat tir ctia cc nano cluster trén
cling nhu cac siéu nguyén tir tiém ning khéc trong tuong lai.
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