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Tom tat

Trong bai b4o nay, chiing toi trinh bay mé hinh Einstein twong quan phi diéu hoa (ACEM) va &p dung mé hinh nay dé
nghién ciru sy phu thudc nhiét do cua hé sé Debye-Waller trong cau tric tinh té phd hap thu tia X mé rong (EXAFS).
Pong thoi, chiing t6i ciing trinh bay cach thie xac dinh nhiét do thi nghiém bang phwong phap 1y thuyét dua trén mo
hinh ACEM. Két qua tinh s6 duogc thuc hién cho kim loai titan dén nhiét d6 950 K. Nghién ciru cuaa ching toi cho thay,
nhiéu loan nhiét dong goép vai trd quan trong vao hé s6 Debye-Waller & nhiét d6 cao. Két qua tinh sé nhiét do thi
nghiém tir md hinh ACEM cho két qua ph hop tdt véi thuc nghiém, sai s6 16n nhat chi vao khoang 4%. Diéu nay cho
thiy, m6 hinh ACEM c6 thé &p dung hiéu qua va tin cay trong nghién ciru cac dai lwong nhiét dong trong Iy thuyét
EXAFS.

Tir khéa: Do nhiét 46, EXAFS; M hinh Einstein; hé sé Debye-Waller.

Abstract

In this work, we present the anharmonic correlated Einstein model (ACEM) and apply this model to investigate the
temperature dependence of extended X-ray absorption fine structure (EXAFS) Debye-Waller factor. Simultaneously,
we propose a theoretical development based on the ACEM to derive accurate actual temperatures. Numerical
calculations have been performed for titanium metal up to temperature 950 K. Our results show the significant
contribution of thermal disorder to the EXAFS Debye-Waller factor at high temperature. Theoretical temperatures
derived from ACEM are in good agreement with actual temperatures with small deviation (below 4%). It reflects the
fact that the ACEM is reliable and effective to study thermodynamic quantities in EXAFS theory.
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1. Mé dau

Trong nganh khoa hoc vat li¢u, phan tich
ciu trac tinh té phd hip thu tia X mé rong
(Extended X-ray absorption fine structure —
EXAFS) Ia mét trong nhitng k¥ thuat manh mé
dé nghién ctru cdu tric dia phuong ciing nhu
nhiéu loan nhiét cta vat liéu [1, 2]. Dua trén
phan tich phd EXAFS chiing ta c¢6 thé thu dugc
cac thong tin cdu trac nhu dang cdu trac, sd
nguyén tr trén cic qua cau phdi vi, khoang
cach 1an can gan nhat giita cac nguyén tir, do
dich chuyén trung binh binh phuong cua
nguyén ti,...[3]. Trong ly thuyét EXAFS, dé
nghién ctru anh hudng cua dao dong nhiét dén
phé EXAFS, nguoi ta dé& xuit phwong phap
khai trién cac cumulant [4]. Trong phuong phap
nay, cumulant bac mot dac trung cho gia tri
trung binh cua khodng cach giita cac nguyén tur,
cumulant bac hai 1a do dich chuyén trung binh
binh phuong cua nguyén tu hay con dugc goi la
hé s6 Debye-Waller phd EXAFS.

Boi vi phé EXAFS (ciing nhu cia cac
cumulant) phu thudc vao nhiét d6 nén chiing ta
¢ thé xac dinh dugc nhiét do thi nghiém dua
trén viéc phan tich phd EXAFS hay cumulant
thuc nghiém. Theo hiéu biét cua chung t61,
phuong phap xé4c dinh nhiét d6 thi nghiém tu
EXAFS dugc dé xuat 1an dau tién béi nhom
Yaakobi [5, 6]. Tuy nhién, Yaakobi va cong su
chi xem xét truong hop don gian trong gan
dung diéu hoa. Nhom di bo qua anh hudng phi
diéu hoa gay boi dao dong nhiét ciia mang tinh
thé. Gan day, nhom cia Ye dd d& xudt mot
phuong phap mdi dua trén mo6 hinh Debye
tuong quan phi diéu hoa [7]. Két qua cua Ye va
cong su cho két qua kha phu hop véi thuc
nghiém.

O nghién ctru nay, ching t6i dé xuat mot
phuong phéap xac dinh nhiét do thi nghiém khéc
dwa trén mé hinh Einstein tuong quan phi diéu
hoa (Anharmonic Correlated Einstein Model —
ACEM) trong 1y thuyét EXAFS [8]. Sir dung
mod hinh ACEM ching t6i s& nghién cuu anh
hudng ctia nhiét do dén cumulant bac hai phé
EXAFS cua kim loai titan dén nhiét 46 950 K.
Tur d6 ching t6i thyc hién xac dinh nhiét do thi
nghiém tir cumulant bac hai thyc nghiém. Két
qua tinh s6 cho kim loai titan s& duoc chung toi
so sanh vo&i céac gia tri thuc nghiém cling nhu
mo phong thu thap duoc dé kiém nghiém ly
thuyét.

Bai bao nay duoc chia 1am 5 phan. Ngoai
Phan M¢ dau, chung t6i gidi thiéu mo hinh
Einstein twong quan phi diéu hoa & Phan 2.
Trong Phan 3 ching ti trinh bay két qua ap
dung ACEM cho kim loai sit. Két qua tinh s6
va thdo luan cho kim loai sit dugc thé hién
trong Phan 4. Cubi cung, Phan 5 13 phan két
luan cua bai bao.

2. M6 hinh Einstein twong quan phi diéu hoa

Trong phan nay, ching tdi trinh bay tong
quan vé md hinh Einstein twong quan phi diéu
hoa (Anharmonic correlated Einstein model —
ACEM) dé xac dinh hé s6 Debye-Waller phd
EXAFS. M6 hinh ACEM dugc dé xuét boi
nhom tac gid N. V. Hung va J. J. Rehr vao nam
1997 [9]. M6 hinh nay d& xuit mot thé twong
tac hiéu dung Vi (X) co ké dén twong tac giita
nguyén tir hap thu (A) va nguyén tir tan xa (B)
V&1 cac nguyén tir 1an can ctia nd (xem Hinh 1).

Thé twong tac hiéu dung Vi (X) trong mo
hinh ACEM c6 thé duoc biéu dién dudi dang

Ve (X) =V (X)+ ZV (Mi XﬁlZ'éisz%keﬁ X* kX +. 1)

i=12
j#i

O biéu thac (1), r la khoang cach gilra hai
nguyén tir; I, la khoang cach gitra hai nguyén

tir & vi tri can bang; X=r-r, la d6 doi cta

nguyén tir khoi vi tri can bang; R 1a vector don
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vi; V(X) la thé twong téc cap giita nguyén tir A Khi nay, toan tir Hamiltonian H cua hé c6
va B, h¢ s6 thir hai mé ta dong goép twong tac  theé viet dudi dang
gilra cac nguyén tu lan can ctia cac nguyén tir A

2 D, LA A an A: pia . N A 2 2
va B; K. 1a hé so dan hoi hiéu dung; K, 1a hé H =P—+Veﬁ (%) zp—+1keﬁ N @)
L e M.M .. 2u 2u 2
so phi diéu hoa va g =—"="—2— la khoi luong
M, +M,

rat gon.

Hinh 1. M6 hinh Einstein twong quan phi diéu hoa.

Trong ACEM, cac cumulant phd EXAFS dugc tinh trong gan dung dao dong chuan diéu hoa. Do
d6, toan tir Hamiltonian cua hé can duogc viét dudi dang tong cua thanh phan diéu hoa dbi véi vi tri
can béng tai mot nhiét do xac dinh va phﬁn nhiéu loan phi diéu hoa. Vi vay, ta dat y=X—-a va
a(T)=(r-r,)= o 1a do gian né nhiét cua mang. Khi do, toan tir Hamiltonian H cua hé duoc viét
lai nhu sau

=P v, ()= L,y v, (a)+ v, (v)
2/,[ eff 2/1 2 eff E E (3)
EHO+VE(a)+é\/E(y)1
trong do:
P> 1
Ho=z+5keﬁy2, (4)
1
Ver (¥) =5 K Y Ve (2) +0Ve (¥), ()

Vva 6V (y) la thanh phan nhiéu loan ciia thé hiéu dung do dnh huéng cua phi diéu hoa.

Theo dinh nghia, hé s6 Debye-Waller hay cumulant bac 2 phd EXAFS o° = o? dugc xéc dinh
dya trén viée tinh gid trj trung binh (y°)

o’ =(y2)=%Tr(py2) , (6)

trong d6 p=exp(—AH) 1a ma trdn mat do thong k&, B=1/k,T (K 1a hiang s6 Boltzmann),
Z =Trp 1a téng théng ké cua hé. Tong théng ké cia hé trong trudng hop khong nhiéu loan 1a

= 1
Zo =Ze—nﬁhw=22n :ﬁ 1 Z:e—ﬂhmze—ﬁE/T, (7)
n n=0 -

voi 6 =hol kK, 1a nhiét d6 Einstein.
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Tir d6, phuong trinh (6) c6 thé duoc viét lai

1 1
O_z :<yz> ~ Z_Tr(poyz) :Z_Ze—nﬁ'ha) <n| y2|n> » Py :e—n/}h(u. (8)
0 0 n

trong d6 p, = exp(—ﬂ HO) 12 ma tran mat do cua hé trong trudng hop khong nhiéu loan.

Dao dong nguyén tir trong mang tinh thé khi dugc lugng tir héa 1a cac phonon va phi diéu hoa 1a
két qua cuia twong tac giita cac phonon nén ta biéu dién y qua cac toan tir sinh &* va toan tir huy &

phonon dudi dang:

y=o-0(é++é.),0'0=1/h/2ya),é*é:n. 9)

<n|y2|n>:(a§)<n|éé++é+é|n>:(2n+1)(a§). (10)

Tt d6 ta co:

Thay (10) vao (9) chiing ta thu duoc biéu thirc giai tich tudng minh cua hé s Debye-Waller phd

EXAFS
O'Z(T)= ha 1+z:G§1+z
2Ky 1—2 1-z

3. Ap dung ACEM cho kim loai Titan

O ap sudt khong kim loai titan tdn tai & cau
trac luc giac xép chat (Hexagonal Close Packed
— HCP) [7]. Pbi véi cau trac HCP, mdi nguyén
tor trung tdm s€ c6 muoi hai nguyén tir lan cén
gan nhat. Do d6, s& c6 hai muoi hai cip tuong
tac gilta nguyén tir hap thu (A) va tan xa (B)
vOi1 cac nguyén tu 1an can (trur cdp tuong tac A-

v, (x):V(x)+2V(—§j+8v(

, Voi o) = f : (11)

2k

B). O day cha ¥ twong tac ctia cip nguyén tir

hap thu va tan xa di dugc mod ta boi V(X)
trong biéu thirc thé twong tic hiéu dung

V¢ (X). Nhu vay, thé hiéu dung Vi (X) cua
tinh thé HCP c6 thé duoc viét nhu sau

i (-3
4 4). (12)

Gia thiét rang, tuong tac giita cac nguyén tir ¢ thé mo ta boi thé cap Morse c6 dang

Vv (X) = D[e‘za(r‘ro) _ ze—a(r—ro)} ’

(13)

trong d6 D 13 nang luong phan ly va a 1a d6 rong thé cip Morse.

Khai trién thé cap Morse dén bac 3 cua do gian no nhi¢t X=r—1r, ta dugc

V(x)~ D(—1+ a’x? —a3x3).

(14)

Thay biéu thirc (14) vao (12) va rat gon chung t6i thu dugc biéu thirc cta thé tuong tac hiéu

dung V¢ (X) nhu sau:

V4 (x)=-19D +g Da’x* —=

a®xe. (15)

Do d6, chiing t6i thu duoc hé sé dan hoi hiéu dung K., va hé s phi diéu hoa K, nhu sau:

3

ks =5Da’ ; ksz—z Da’.

(16)
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4. Két qua tinh s6 va thao luin

Trong phan nay, ching toi trinh bay két qua
tinh s6 hé sb Debye-Waller cuia kim loai titan.
Dong thoi, sir dung két qua thu duoc ching t6i
s€ xac dinh nhi¢t do thi nghiém. Cac tham )
thé Morse cia kim loai titan c6 gia tri D =
0,9323 eV, a = 0,8590 A [7].

—— Mb hinh ACEM
O Thue nghiém
® M6 phdng ddng hoc phan tir

0 200 400 600 800
Nhiét b (K)

Hinh 2. Hé s6 Debye-Waller phé EXAFS cua kim loai
tintan. Cac két qua do thuc nghiém ciing nhu mé phong
ddng hoc phan tir [7] cling dugc chung t6i biéu dién dé

so sénh.

Db thi cumulant bic 2 phd EXAFS o (T)
theo ham cua nhiét do cua kim loai titan dén
950 K duoc ching t6i biéu dién trén Hinh 2.
Cac két qua do thuc nghiém ciing nhu mé
phong dong hoc phan tir cling dugc chung toi
biéu dién dé so sanh [7]. Quan sat Hinh 2 ching
ta c6 thé nhan thay, gia tri tinh toan 1y thuyét tir
mo hinh ACEM cuia chiing toi phtt hop 6t voi
s6 liéu thuc nghiém dén nhiét d6 900 K. Sai
khac gitra 1y thuyét vao khoang 2,3%. O ving
nhiét d6 thap cumulant bac hai thay d6i cham
theo nhiét do. Khi nhiét d6 tién dan vé 0 K,
chung t61 thu dugc dong gép cia dao dong
diém khong vao cumulant bic hai 1a
o¢ =3,57x10°A?. G vung nhiét d6 cao, hé sd
Debye-Waller pho EXAFS o*(T) ting nhanh
va bién thién tuyén tinh theo nhiét 6. Didu nay
cho thdy, nhidu loan nhiét déong goép vai tro
quan trong vao h¢ $6 Debye-Waller ¢ nhi¢t do
cao. Po dbc cua dudong cong o7 (T) ¢ vung
nhiét do 16n hon 200 K c6 gia tri vao khoang

2,46x107° AYK.

Tur phuong trinh (11), ching ta c6 thé xac
dinh dugc nhi¢t do thi nghiém (bﬁng cach giai
phuong trinh (11)) néu biét gia tri thuc nghiém
cua cumulant bac 2 (dugc xac dinh bﬁng cach
lam khép phd EXAFS thuc nghiém). Trén
Bang 1, chung t6i trinh bay gid tri nhi¢t d§ xac
dinh tr mé hinh ACEM ciing nhu két qua do
thuc nghiém va tinh toan tr mo6 hinh Debye cua
Ye va cong su [7]. C6 thé nhan thay, phuong
phép tinh 1y thuyét dya trén mo hinh Einstein
ctia chung t6i cho két qua phu hop tt voi gia tri
thuc nghiém véi sai s6 nho. Gia tri sai s6 16n
nhat chi ¢& 4%.

Bang 1. Nhi¢t do thi nghiém cua kim loai
titan.

ﬂ';,”;]'ﬁ-’;%‘-r’n Mo hinh | Mohinh | o
(gK) “M | ACEM | Debye [7]
300 312|312 8% | 4.0%
500 504 | 505 7% | 0,3%
600 613 | 614+ 7% | 2.2%
700 708 | 710 £6% | 1,1%
800 794 | 794 8% | 0,8%

916 * )

900 916 | 18%

5. Két luan

Trong bai bao nay, chung to61 da trinh bay
mo hinh Einstein twong quan phi diéu hoa va ap
dung mo hinh nay dé nghién ctru su phu thudc
nhiét d6 ctua cumulant bac hai hay hé sé Debye-
Waller phd EXAFS cua kim loai titan. Ddng
thoi, ching t61 cling trinh bay cach thic xéc
dinh nhiét d6 thi nghiém bang cach giai phuong
trinh cumulant bac hai tur $6 ligu thyc nghiém.
Két qua tinh sb coa chang t6i cho thay,
cumulant bac hai trong mo6 hinh Einstein da bao
ham déng gop cua dao dong diém khong &
nhiét do th?ip. O nhiét do cao, cumulant bac hai
bién thién tuyén tinh theo nhié¢t d§. Ngoai ra,
két qua tinh s6 nhiét do thi nghiém tir md hinh
ACEM cho két qua phu hop t6t véi thuc
nghiém, sai sd 16n nhat chi vao khoang 4%.
Diéu nay cho thdy, mé hinh ACEM la phu hop
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va tin cay trong nghién ctru cac dai lugng nhiét
dong trong 1y thuyét EXAFS.
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