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This study shows the result on structure and dynamics of GeO, liquid at
3500 K and 0+15 GPa which investigated by molecular dynamics
simulation. At ambient pressure, most of units structure are GeO,.
Under compression, there is a gradually structure change. At 15 GPa,
the structure of GeO, liquid is a mixture of GeO,, GeOs and GeOg
structure units. We also monitor the clustering processes of 5 set of
atoms. The atoms of Aq set are chosen randomly in the system. The A,
and A; are most mobile and immobile atoms; The A, and As consist of
atoms which the reactions happen most and rarely frequently within
time simulation, respectively. The number clusters of A, sets are
always larger than that of A;, A,, Az and A4 The result shows that
dynamics is heterogeneous. The reactions which are not uniformly
distributed in the simulation space are origin of this phenomena. They
happen frequently in mobile regions and rarely in immobile regions.
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GeO, long

Mo phong dong hec hoc phén ti
Pong hoc khong ddng nhat
Chuyén dbi

Dam nguyén tir

Bai bao trinh bay cac két qua nghién cru Vvé cau tric va déng hoc cua
hé GeO, long & nhiét do 3500 K va ap suit 0 + 15 GPa st dung phuong
phap md phong dong luc hoc phan tur. O 4p suit khi quyén, phan 16n
cac don vi ciu tric 1a GeO,. Khi ap suit tang, ton tai qué trinh d1ch
chuyén céu trac. O 15 GPa, GeO, long 1a hdn hop cua ba don vi cdu
trac GeO,, GeOs va GeOg. V& mit dong hoc, ching toi Iya chon va
phan tich qua trinh tao ddm cua 5 nhom nguyén tir dic biét ¢ nhing thoi
diém mo phong khac nhau: nhém nguyén tir dugc lya chon ngau nhién,
nhém nguyén tir linh dong nhat - kém linh dong nhat, nhém nguyén tir
chuyén ddi nhiéu nhat - it chuyén d6i nhat cho thay s luong dam tao boi
nhém nguyén tir dwoc lya chon ngau nhién luén 1én hon 4 nhém nguyén
tir con lai. Cac nguyén tir chuyén d6i nhiéu nhit c6 d6 dich chuyén binh
phuong trung binh 16n hon so v6i cac nguyén tir it chuyén d6i. Pay duoc
xem 1a bang ching ching to dong hoc trong hé GeO, long la khong ddng
nhit va su phan bo khong dong déu cua cac chuyen d6i trong khong gian
14 nguyén nhan gy ra hién tuong nay. Chuyén doi xay ra thuong xuyén &
vung linh dong va it xay ra ¢ vung khong linh dong.
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1. Gigi thigu

Germanim dioxide (GeO,) hay Germania 1a mét trong nhiing chat long c¢6 ciu triic mang,
tuong ty nhu silica. GeO, c¢6 nhiéu dic tinh giéng silica nhung duoc biéu hién ¢ diéu kién it khic
nghi¢t hon. Nhom vat liéu nay duoc nghién cttu rong rai bang ca thyc nghiém va m6 phong boi
tam quan trong vé dia chat va cong nghé [1]. Viéc nghién ctu c4u trac va dong hoc ciia cac hé ¢6
c4u trac tir dién don gian nhu GeO, s& dong vai tro nén tang cho viéc nghién ciru cac hé oxit
nhiéu thanh phan.

Céc nghién cru Vi cau tric ciia GeO, ¢ trang thai 1ong va thily tinh da chi ra rang khi 4p suat
tang, ciu tric cua GeO, long va thuy tinh ¢6 xu huéng bién déi twong tu nhau, s6 phdi tri trung
binh va khoang cach lién két giira cac nguyén tir déu c6 xu hudng tang khi ap suat tang [2], [3].
Khoang cach lién két Ge-O 1a 1.738 A & ap suét khi quyén va 1.846 A & ap suat 22,6 GPa, khoang
cach lién két Ge-Ge 1a 3.177 A & 4p suét khi quyén va 3.209 A & ap sudt 22,6 GPa [4]. O 4p suat
khi quyén, ciu triac cua GeO, gom cac don vi cau tric (BVCT) GeO, lién két voi nhau trong khong
gian hinh thanh mang t& dién, gibng mang ti dién cua SiO,. Khi 4p suat ting, co mét sy dich
chuyén tir tir gita cac bVCT, tr GeO, sang GeOs thong qua cac DVCT GeOs. Két qua X-ray va
tan xa Neutron cho thiy ring qua trinh nay dién ra trong pham vi 4p suét tu 5+15 GPa [1], [5]. Phan
() goe O-Ge-O trong cac DVCT dudng nhu khong phu thude vao ép suét, trai nguoc voi phén bd
goc tong O-Ge-O hoic Ge-O-Ge phu thugc rit I6n vao ap suét, c6 xu hudng giam khi ap suét ting.
Goc lién két O-Ge-O trong cac DVCT GeO, ¢6 dinh xung quanh 105-110°, trong khi ddi véi GeOs
1a xung quanh 90° va c6 mét vai (shoulder) & xung quanh goc 165°. Tuong tu, goc lién két O-Ge-O
trong GeOg c6 mot dinh chinh & 85° va mot dinh phu (sub peak) xung quanh 165° [6], [7].

Dic trung ciu trac va dong hoc c6 mdi lién hé mat thiét voi nhau. Cac hién twong dong hoc
dugce nghién ciu bang ca 1y thuyét, thuc nghiém va mé phong, dic biét 1a phuong phap mod
phong vi phuong phap nay cho phép nghién ctu trong nhiéu diéu kién khac nhau ciing nhu theo
ddi dugc hanh vi cua timg nguyén tir trong hé. Mot s cac ky thuét thuong sir dung dé nghién ctu
co ché cua cac hién tuong dong hoc nhu dong hoc khong ddng nhat, khuéch tan di thuong nhu:
ham tuong quan 2 diém va 4 diém, truc quan hoa, phuong trinh link-cluster [8], [9]. Tuy nhién
bang ching ve sy ton tai dong hoc khong ddng nhat va nguyén nhan giy ra hién tugng nay van
con han ché. Lién két giita cac nguyén tir bi pha v, dan t6i nguyén tir nhay tir DPVCT nay sang
DVCT khac [10], hay con dugc goi 1 qua trinh chuyén doi giita cic DVCT. Trong nghién curu
nay, théng qua nghién ctru hanh vi cia cac nhom nguyén tir dac biét, Chung t6i thiét 1ap mot cach
tlep can mai nham nghién ctu hién twong dong hoc khong ddng nhat dia trén qua trinh chuyén
dbi gitra cac DVCT.

2. Phuong phap nghién ciru

Mo phoéng dong luc hoc phan tir dwoc tién hanh cho hé GeO, chira 5499 nguyén tur (1833
nguyén tir Ge va 3666 nguyén tir O), & nhiét do 3500 K, ap suét bién thién trong khoang tir ap
suit khi quyén (= 0 GPa) toi 15 GPa. Pé xay dung cic mau vat liéu, ching ti sir dung thé tuong
tac Oeffner—Elliott [11] két hop vai diéu kién bién tuan hoan. Thuat toan Verlet dwoc sir dung dé
tinh tich phén phuong trinh chuyén dong, voi budc thoi gian 14 0,5 fs. Cau hinh ban dau dwoc tao
ra bang cach gieo ngau nhién cac nguyén tir trong mét hop mo phong. Cau hinh nay dugc dua lén
t6i nhiét d6 6000 K dé loai bo anh huong cua trang thai ngiu nhién ban ddu. Mo hinh NPT (s6
hat N, 4p suét P va nhiét d6 T khong ddi) va NVE (s6 hat N, thé tich V va ning luong E khong
di) duoc sir dung dé thu dugc cac mau GeO, ¢ trang thai can bang c6 nhiét do 3500 K va ap suat
0,3, 6,9, 12 va 15 GPa. Sau khi cac mau dat toi trang thai can b?mg, chung toi tién hanh tinh toan
cac dic trung vé cu trac va dong hoc.

Quad trinh dong hoc dugc khao sat dua vao chuyen dong ngau nhién cta cac nguyén tir va
chuyén d6i giita cac BVCT GeOx — GeO, (X vax’ 1a sd nguyén tir O 1an can ciia nguyén tir Ge)
va OGe, — OGe,- (y va y’ 1a s6 nguyén tir Ge 14n can cua nguyén tir O). Hai nguyén tir dugc Xem
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1a 1an can ciia nhau hoic lién két véi nhau khi khoang cach giita chung nho hon ban kinh ngit 7,
tuong (g Vai Vi tri cyc tiéu ngay sau cuc dai chinh thir nhat trong ham phén bb xuyén tam
(PBXT) cap tuong ng. Trong toan bo thoi gian mo phong, ching t61 s& danh du cac nguyén tir
dé tinh toan d¢ dich chuyén binh phuong trung binh va so luong chuyén déi.

Ngoai ra, dé 1am rd hon mdi lién hé gitra cac qua trinh d6ng hoc véi qua trinh chuyén doi giira
cac DVCT, chiing tdi tién hanh lya chon va phan tich nhiing tap hop nguyén tir A; c6 tinh chat
dic biét trong hé. Tap hop A; gom 150 nguyén tir Ge va 300 nguyén tir O Vi i =0, 1, 2, 3 va 4.
Véi A 1a tap hop cac nguyén tir dugc lva chon ngau nhién trong hé. A; va A, dugc lya chon tir
cac nguyén tir linh dong nhét va kém linh dong nhat. Nguyén tir linh dong va kém linh dong duoc
dinh nghia 13 nhitng nguyén tir ma d6 dich chuyén binh phwong trung binh cua ching 16n hon
hoac nho hon cac nguyén tir con lai trong hé. Twong tu nhu vay, tap hop A; duoc lya chon tu
nhom céc nguyén tir ma tai d6 cac chuyén ddi xay ra thudng xuyén, tap hop A, duoc lya chon tir
nhom cic nguyén tir ma tai d6 cac chuyén dbi it xay ra hon. Pai lugng duogc xét toi 1a sé luong
dam m, va s6 lugng nguyén tir dam 16n nhat m,. Trong nghién ctru nay, dam duoc hiéu 1a tap
hop cac nguyén tir ma mdi nguyén tir ton tai lién két v4i it nhat mot nguyén tir con lai trong dam.

3. Két qua va ban luin
3.1. Vi ciu tric

Bang 1 liét ké cac thong sb vi cau trac cuia vat lidu. Khoang cach lién két trung binh giira cac
nguyén tir duoc xac dinh 14 vi tri cuc dai dau tién ctia ham PBXT cip tuong ung. Ban kinh ngit
7, (Vi tri cyc tiéu ngay sau cuc dai ddu tién caa ham PBXT cip) duoc sir dung dé xac dinh sb phdi
tri trung binh cuia cac nguyén tir. Him PBXT cip Ge-O c¢6 hinh dang gan nhu khong thay d6i khi
ap suat thay doi, vi tri dinh cuc dai thir nhat dao dong trong khoang twong dbi nho tir 1,74 + 1,76
A. Ham PBXT cip O-O phu thudc nhe vao 4p suit, c6 hinh dang twong dong trong pham vi ap
suit duoc khao sat. Vi tri dinh cuc dai thi nhit dao dong trong khoang tir 2,68 + 2,82 A. Trai
nguoc lai, ham PBXT ciap Ge-Ge phu thudc dang ké vao ap suat. Vi tri dinh cuc dai thir nhét dao
dong trong khoang tir 3,30 = 3,36 A. S6 phéi tri Z;e_o va Zy_¢, déu ting khi ap suét ting véi gia
tri twong tng 1a 4,04 + 4,70 va 2,02 = 2,35. S6 liéu thu duoc & bang 1 phu hop véi cac nghién
ctru mo6 phong va thyc nghiém trude do [1] — [3], [12].

Béng 1. Thong s Cdu triic ciia cde mau vat ligu GeO, long o nhiér do T = 3500 K va dp sudt 0+15

GPa. Véi 1ge_0, Tge—ge Vd To—o twong umg la vi tri cyc dai dau tién cia ham PBXT cap Ge-0, Ge-Ge
va 0-0; Zge_g Vi Zg_ge lan luot la so phoi tri trung binh cua cap Ge-0 va O-Ge

P(Gpa) 0 3 6 9 12 15
Tge—o(R) 1,74 1,74 1,74 1,74 1,74 1,76
Tge—ge(A) 3,32 33 33 3,34 3,32 3,36
To-o(R) 2,82 2,8 2,78 2,74 2,7 2,68

Zioo 4,04 4,11 4,23 4,37 4,57 4,70
Zo_ge 2,02 2,06 2,12 2,19 2,28 2,35
Bang 2. Ti phan cdc don vi Cau triic GeO, o nhiét dp T = 3500 K va dp sudt 0~ 15 GPa
P (GPa) 0 3 6 9 12 15
GeOj; (%) 0,76 0,58 0,41 0,33 0,25 0,18
GeO, (%) 94,54 88,36 77,75 66,80 52,18 43,52
GeOs (%) 4,57 10,48 19,78 28,38 38,16 42,90
GeOg (%) 0,13 0,57 2,06 4,49 9,40 13,40

Su thay déilsé phdi tri nay con dugc thé hién théng qua su thay doi ti phan cta cac PVCT khi
ap sudt thay doi. DPVCT GeOy dugc xéc dinh khi nguyén tir Ge c¢6 x nguyén tir O lan cén thoa
man dieu kién khoang cach gitra nguyén tu Ge trung tdm va cac nguyén tit O nho hon ban kinh
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ngét .. Tuong ty dbi véi cac DVCT OGey. Trong ving ap sut duoc khao sat, chii yéu ton tai
cac DVCT GeOy Vi x =3 + 6 va OGey voi y = 1+ 4. Ti phan ting loai DVCT GeOy dugc chi
ra & bang 2. O 4p suat 0 GPa, cac DVCT GeO, chiém téi 94,54 %. Khi ap suat tang, ti phan GeO,
¢6 xu hudng giam, trong khi ti phan GeOs va GeOg tang. O ap suat 15 GPa, ti phan GeO,, GeOs
va GeOg lan luot 1a 43,52 %, 42,90 % va 13,40 %. Nhur vay, véi GeO, long trong pham vi ap suat
0 = 15 GPa, chiing t6i ciing quan sat thay xu huéng dich chuyén tir mang tt dién sang mang luc
dién nhu duoc chi ra ¢ vat liéu GeO, thay tinh. Cac mau vat liéu GeO, long duoc xay dung la
hoan toan dang tin cay dé thuc hién nhitng phan tich siu hon vé mat dong hoc.

3.2. bong hgc
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Hinh 1. S4 luong dam (m,) tao badi cdc nguyén tur thyéc nhom Ay, Ay va A
tai cac thoi diém mo phong khac nhau o ap suat 0, 6 va 15 GPa

Két qua khao sat qué trinh tao dam cia 3 nhom nguyén tir A, A; va A, tai cac thoi diém mo
phong khac nhau dwoc biéu dién ¢ hinh 1. O ap suat 0 GPa, sb lugng dam tao béi nhom nguyén
tar Ay dao dong trong khoang 302 t6i 331 dam, s6 lugng dam tao boi nhom nguyén tir A; va A,
lan Iuot dao dong trong khoang 208 =+ 282 va 193 + 268 dam. Nhu vay, sb lugng dam tao boi cac
nguyén tir nhom Ao ludn 16n hon so v6i nhdm A; va A,. Xu hudng tuong tu cling duge quan sat
tai cac ap sut khac trong dai ap sudt dugc khao sat, nhung thé hién rd rét nhat & 0 GPa. Két qua
khao sat nay cho thay cac nguyén tir linh dong va kém linh dong khong phan bb dong déu trong
toan bo khong gian mé phong, ching c6 xu hudéng chuyén dong gan nhau va tao thanh cac dam
dan toi trong hé ton tai nhitng mién ma nguyén tir linh dong va nhitng mién ma nguyén tir & day
kém linh dong.

Két qua khao sat do dich chuyén binh phwong trung binh va sé lwong chuyén déi trung binh
cho thay ching déu tang tuyén tinh khi s6 budc mé phong ting (hinh 2). Nhu vay rd rang chuyén
d6i dong vai tro nhat dinh ddi v6i qua trinh dong hoc trong hé. Dé lam rd hon vai trd clia qua
trinh chuyén doi chiing t6i tiép tuc tién hanh khao sat qua trinh tao dam cua 3 nhém nguyén tir
Ao, As va A, Két qua minh hoa trén hinh 3 cho thiy sb lugng dam tao bai cac nguyén tir nhom
A ludn 16n hon so voi nhom Az va A, Xu hudng nay duge quan sat thiy ¢ tat ca cac ap suat
trong dai ap suat duoc khao sat, nhung thé hién rd rang nhat & ap suat 0 GPa. Sy két dam cua cac
nguyén tir xay ra chuyén déi thuong xuyén va cac nguyén tir it xay ra chuyén dbi con duoc thé
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hién thong qua hinh 4. Vi nhoém Ao, s6 nguyén tir cua dam lon nhét chi dao dong trong khoang 5
+ 11 nguyén tu. Trong khi d6 vdi nhom Az va A, SO lugng nguyén tor dam 16n nhat lan lugt 1a 11
+21 va 1l + 22 nguyén tu (0 GPa).
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Hinh 2. B¢ dich chuyén binh phuwong trung binh trén nguyén tir <r*> (hinh a) va 56 lrong chuyén doi
trung binh trén nguyén tir <mg> (hinh b) o ap suat 0 GPa
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Hinh 3. S6 luwgng ddm (m,) tao béi cdc nguyén tir thugc nhom Ao, As va As
tai cdc thoi diém mé phong khdc nhau 6 dp sudt 0, 6 va 15 GPa

S6 luong chuyén dbi trung binh va d¢ dich chuyén binh phuong trung binh ciia cac nguyén tir
nhom A, Az va A, c6 mdi tuong quan 1an nhau nhu dugc chi ra trén hinh 5, déu giam theo thir tu
Az— Ay — A, Xu hudng tuong ty cling dugc quan sat thay & nhitng ap suat 16n hon. Su khac biét
dang ké vé do dich chuyén binh phuong trung binh cta nhém A; va A, cho thdy c6 méi lién hé
giita chuyén d6i va do linh dong ciia nguyén tir. Chuyén doi xay ra thuong xuyén ¢ ving linh
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dong va it xay ra hon & ving kém linh dong. Trong khong gian mé phong, ludn ton tai nhing
ving ma tai d6 cac nguyén tir chuyén doi thuong xuyén twong ng véi ving linh dong va nhiing
viing ma tai d6 cac nguyén tir it khi xay ra chuyén doi tuong tng véi viung kém linh dong. Nhu
vay, bang cach tiép can mdi nghién ciru nay tiép tuc khang dinh sy ton tai dong hoc khong dong
nhét trong hé GeO, long, nhu da duoc chi ra trong nhimg nghién ctru trusce [8], [9]. Lan dau tién
chung t6i da chi ra sy phan bd khong ddng déu cua cac chuyén doi trong khong gian 1a nguyén
nhan gay ra dong hoc khong ddng nhat.
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Hinh 4. S6 luwong nguyén tir dam 16n nhdt (m,,) tao béi cdc nguyén tir thuge nhom Ao, Ag va Ay
tai cdc thoi diém mé phong khdc nhau 6 dp sudt 0, 6 va 15 GPa

)

g

<

> 200 ~* %o -—"
= —E—Ag _——

=
~Q

S 100

C
)

>

2

s 9]

/é"‘ T T T T T
\Y

— .

2 204 N

[ 3

D ——A,

S

2 10
&
<
N/: 0

\"

T T T T T T T T T T
0 2 4 6 8 10

n x 10000 bwéc mé phdng

Hinh 5. P¢ dich chuyén binh phwong trung binh (<r?>) vd so lwong chuyén doi trung binh (<m;>) cho
cdc nguyén tir thuge nhom Ao, Ag va Ay tai cdc thoi diém mé phong khdc nhau o dp suat 0 GPa
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4. Két luan

Phuong phap md phong dong luc hoc phén tir dugc sir dung dé nghién ciu hé GeO, long &
nhiét d6 3500 K va ap suat 0 + 15 GPa. Cac két qua nghién ciru vi cau trac cho thay trong dai ap
suat dugc khao sat mang GeOz long dugc hinh thanh boi cac DPVCT GeOy, V6i x =3+ 6 va
OGe,v6iy =1+4.Ti phan cac DVCT thay dbi khi ap suat thay doi. Ching toi cling quan sat
thiy xu huéng dich Chuyen tir mang tt dién sang mang luc dién trong pham vi ap suét dugc khao
sat. V& mit dong hoc, so lugng dam tao baoi cac nguyén tr nhom Ag ludén 16n hon so véi nhom Ay
va Ay, va thé hién rd nhat & 0 GPa. Pay c6 thé xem 1a bang chimg cho sy két ¢am ctia cac nguyén
tir linh dong nhat — kém linh dong nhat so véi cac nguyén tir duoc lya chon ngiu nhién trong hé.
Su két dam nay cho thdy dong hoc trong hé GeO, long 1a khong dong nhat. Voi nhom Ao, Ag va
Ay, két qua khao sat qua trinh tao dam ciing cho thiy cac nguyén tir chuyén doi nhidu nhét va it
nhét ciing phan b khong déng déu trong khong gian. D6 dich chuyén binh phuong trung binh va
s6 luong chuyén ddi trung binh ciia cac nguyén tir nhom Ag 16n hon nhdm A4 va nho hon nhém
As. Nhu vdy, qua trinh chuyen doi gitta cac PVCT anh huong toi tinh linh dong cia nguyén tur.
Sy phén bb khong ddng déu cua cac chuyén dbi trong khong gian dan t6i sy hinh thanh cic mién
linh dong wng Véi cac nguyén tir thuong xuyén chuyén doi va mién khong linh dong &ng véi cac
nguyén tir it xay ra chuyén doi.
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