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TOM TAT

Trong bai b&o nay, si: dung mé hinh Debye twong quan phi diéu hoa, ching toi
xdc dinh nhiét dé Debye va danh gid anh hwong cia nhiét dé dén cac cumulant phé
EXAFS cua cac kim logi Zn, Zr va Hf. Siz dung thé nwong tic cdp Morse dé md td
twong tdc giira C4c nguyén tiz, ching t6i thyc hién tinh so cho ba kim logi trén dén
nhiér dé 800 K. Két qua tinh toan ly thuyét cua nhiér d6 Debye va cac cumulant pho
EXAFS dwoc s0 sanh véi cac so liéu thuc nghiém thu thdp duroc cho két qud phu hop
tot. Chiing téi da chi ra su déng gép quan trong Ciia phi diéu hda do dao déng nhiét
ciia nguyén tiz vao cac cumulant phé EXAFS ¢ viing nhiér dé cao va déng gép cua
dao dong diém khong & ving nhiét dg thap. Mé hinh Debye tiwong quan phi diéu hoa
nay c6 thé duroc sir dung dé kiém chitng ciing nhw phdn tich cdc thi nghiém EXAFS
nhiét dé cao ciing nhw ¢6 thé dwot mé réng dé nghién cizu cac tinh chdt nhiér dong
bao gom phi diéu hda cia cac hop kim trong Iy thuyét EXAFS.,

Tir khéa: Phi diéu hda, EXAFS, cumulant, hé sé Debye-Waller, nhiét do Debye
1. Giéi thi¢u can gan nhat giira cac nguyén tu, s6 phoi

Céu trc tinh té phd hdp thu tia X tri va ciu trac hinh hoc (Beni &
mo rong (Extended X-ray Absorption Platzman, 1976). Ky thuat nay co thé
Fine Structure - EXAFS) la mot trong duoc str dung doc 1ap hodc phdi hop voi
cac ky thuat hiéu qua cho phép nghién phuong phap nhiéu xa tia X (X-ray
cliu Ciu trac dia phuong va nhiéu dong diffraction - XRD) hay quang pho cong
nhiét cua cc vat liéu c6 cau tric tinh thé  hwéng tir hat nhan. Biéu thic giai tich Iy
ciing nhu v6 dinh hinh (Bunker, 1983;  thuyét cua phd EXAFS c6 ké dén déng
Crozier va nnk., 1988). Dya trén viéc  gop cua phi diéu hoa thuong duoc biéu
phan tich phé EXAFS ching ta ¢6 thé  dién trén co s¢ phuong phéap khai trién
thu dwoc cac thong tin cau tric khac cumulant nhu sau (Bunker, 2010;
nhau cua vat liéu nhu khoang cach lan Frenkel & Rehr, 1993):

x(k) FK) gezmiat g {ei‘/’(k) exp{ZikR + Zn:%a(n) } .

T KR

trong d6 k va 1 twong mg la s6 séng va  tan xa nguge, ¢(k) la do dich pha,
quing duong tu do trung binh cia cac R =(r) la khoang cach trung binh nhiét
quang dién tu phat ra, F (k) la bién do voi r la khoang céach gitra cadc nguyén tir
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hdp thu va tan xa nguge, va
o-(n)(n:L 2,3,...) la cac cumulant phd
EXAFS. Tu phuong trinh (1) chdng ta
c6 thé nhan théy, cac cumulant bac 1é
anh huong dén pha ciua phd EXAFS,
trong khi d6 cac cumulant bac chan anh
huéng dén bién do ciia phd EXAFS. O
day cha ¥ rang, cumulant bac nhat o™
mo ta sy gidn nd nhiét mang, cumulant
bac hai o 1a phuong sai cia phan bd
dic trung cho hé s6 Debye-Waller va
cumulant bac ba o mo ta su bat ddi
xtng ctia ham phan bé.

Pé nghién ctru anh hudng cta nhiét
d6 dén cac cumulant phd EXAFS, co
nhiéu phuong phap va mé hinh khac
nhau duoc dé xudt nhu: phuong phép
thé hiéu dung tich phan dudng
(Yokoyama, 1998), m6 phong Monte—
Carlo tich phan duong (Beccara va
nnk., 2003), phuong phip théng ké
momen (Hieu & Hung, 2013), phuong
phap nhiéu loan trong mé hinh Debye
(Sevillano va nnk., 1979) va md hinh
Einstein (Frenkel & Rehr, 1993). Tuy
nhién, trong hiéu biét cua chung toi,
chua c6 tinh toan 1y thuyét nao duogc
thuc hién dé du doan anh hudng cua
nhiét d6 dén cac cumulant phé EXAFS
cua Zr va Hf. B4i v6i kim loai Zn, mot
sd nghién ciru 1y thuyét va thyc nghiém
da duogc thuc hién (Hung & Viet, 2004,
Hung va nnk., 2008). Tuy viy, két qua
thue nghiém gan day nhat thuc hién boi
John va cong sy (John va nnk., 2023)
van chua dugc xac nhan béi mot tinh
toan 1y thuyét nao.

Trong bai b&o nay, su dung mé
hinh Debye twong quan phi diéu hoa
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(Anharmonic correlated Debye model -
ACDM) (Hung va nnk., 2010) va thé
tuong tac Morse (Girifalco & Weizer,
1959), chung tdi xac dinh nhiét do
Debye ciing nhu xem xét anh huong
ctia phi diéu hoa do dao dong nhiét dén
cac cumulant phd EXAFS cua cac kim
loai Zn, Zr va Hf trong khoang nhi¢t do
tir 0 K dén 800 K. Trong khoang nhiét
d6 nay, cac kim loai Zn, Zr va Hf c6
cau trac lyc gidc xép chat (Hexagonal
Close Packed — HCP). Két qua tinh s
s€ dugc so sanh véi cac gia tri thuc
nghiém thu thdp duogc dé kiém nghiém
1y thuyét.
2. Phwong phap tiép can

ACDM 1 sy phat trién cia mo hinh
Debye, trong d6 xem xét btrc tranh dao
dong dia phuong bao gdm dong gop cua
cac nguyén tir hip thu, tan xa va cac
nguyén tir 1an cin gan nhat cta ching.
Trong md hinh nay, dao dong cua hé ké
dén déng gop tuong quan phi didu hoa
cua cac nguyén tur lan can, trong dé co
ké dén sy tan sic cua cac phonon. Do
d6, thé tuong tac hiéu dung bao gom ca
thanh phan phi diéu hoa do cac tuong
tac phonon — phonon gay ra, thanh phan
nay duoc coi 1a nhitng nhidu loan. Thé
nang hi¢u dung trong mo hinh Debye
twong quan phi diéu hoa V,, (X) c6 thé
duoc biéu thi nhu la mot ham cua su
gidn né nhiét do sy bat ddi xung cua thé
nang X=r—r, (voi r va r, tuong ung
la khoang céch tirc thoi va cin bang
gilta cac nguyén tir hip thy va tan xa
nguoc doc theo hudng lién két) dudi
dang (Hung va nnk., 2010)
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Vi (X) =

(9 2.¥ (V. RaR ] @)

;%keﬁx2+k3x3+k4x4+~-~,

trong d6 V(x) mé ta thé ning twong

tac giita cac nguyén tor hap thu va tan

0

phan déng gop twong tic giira C4c
nguyén tir lan can gan nhat va céc
nguyén tur hép thu va nguyén tur tan xa.
Téng theo | lay hai gia tri i = 1 d6i véi
nguyén tir hép thu va i = 2 d6i !
nguyén tir tan xa; tong theo j 1ay trén tat
ca cac nguyén tir 1an can gan nhét trir
Ccac nguyén ttr hap thy va nguyén tir tan

xa; sO hang ZV

j=i

xRABRJ] chinh la

Xa; FAQIZ la vécto don vi hudng tir
nguyén tir hap thu dén nguyén tir tan xa;
R; la vecto don vi hudng tir nguyén tir
ther i dén nguyén tu tha j; M1 va Mo
tuong tng la khoi lugng cua cac nguyén
MIMZ
M, +M,
khéi lugng rat gon; ke 14 hing sb luc
lién két hiéu dung; ks va ks 1a hang so
luc phi diéu hoa bac ba va bac bon gay
ra tu sy bat doi xung cua ham phéan bo
do dong gop cua hi¢u ung phi dieu hoa

0 nhiét do cao.

St dung thé tuong tac hi¢u dung,
chung ta c6 thé thu dugc biéu thuc tan
sac cho dao dong gilta nguyén ti hap
thu va tan xa boi (Hung va nnk., 2010)

a)(q)=2\/§sm( J d<Z. ®

trong d6 q 1a sé song phonon, M Ia
khéi lwong nguyén tir va a 1a hang sb
mang.

Ap dung ACDM cho tinh thé ciu
tric HCP, trong gan ding qua cau phdi
vi bac nhét, xung quanh cic nguyén tir
hap thy va tan xa co 22 nguyén tir 1an

tir hap thy va tan xa; u= la
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can (trr cic nguyén tir hip thu va tan
xa). Do d6, thé hiéu dung phi diéu hoa
d6i vai tinh thé HCP c6 thé dugc xac
dinh béi

Ve (X) =V ( )+v(6j+v( ;J

+6V(4J+GV( LXJ
(G (-3)

O nghién ctru nay, ching t6i gia
thiét twong tac giira cac nguyén tir Zn,
Zr va Hf c6 thé duoc mo ta boi thé
tuong tac cap Morse c¢6 dang (Girifalco
& Weizer, 1959)

V(r)= D[ “2alrh) _ g @ ”0] (5)

trong d6, tham s6 D 14 nang lwong phan
ly, @ mo ta d§ rong cua thé nang va r,

(4)

1a khoang cach lan can gan nhét gitra
hai nguyén tir ¢ trang thai can bang.
Trong gan dung khai trién bac 3 cua
d6 doi x=r-r,, thé twong tac Morse
c6 thé dugc viét dudi dang
V(X) D(—1+ a’x’ —a’x’ +...).(6)
Thay biéu thuc (6) vao phuong
trinh (4) ching t6i thu dugc biéu thirc
thé ning tuong tac hiéu dung V. (X)
ctia tinh thé ciu trac HCP nhu sau:
Vi ()= D[—lQJrgoﬂx2 —a’x

s).(?)

Tir phuong trinh (7), két hop véi
phuong trinh (2) ching t6i xac dinh
duoc cac hang sd lyc dan hoi K, va k,
ctia tinh thé HCP theo cac tham sb thé
Morse la

k. =5Da’, k, =—Da’. (8)

Do do, tan s6 Debye @, va nhiét
d6 Debye 6, cua tinh thé HCP duoc
xac dinh bdi



TAP CHI KHOA HOC - PAI HOC PONG NAJ, SO 29 - 2023

ISSN 2354-1482

k 2
a)D=2 off -9 5D« ’
, M M 9)
10)
O, =—=2,
D kB

trong d6 7 1a hang s6 Planck rat gon va
kg 12 hang s6 Boltzmann.

Dua trén ACDM, tac gia Hung va
cong su di xay dung duogc biéu thuc
tong quat cua cac cumulant phd EXAFS
dau tién (Hung va nnk., 2010).
Cumulant bac mdt mo ta sy gian nd
mang va cho boi

o =({r-r)
3nak, ", 1+Z (10)
=Tk T (g 2 g
27Ky 4 1—Z(q)
trong do Z(q):exp[ﬁha)(q)] va
B=1/k,T.

Cumulant bac hai phd EXAFS
chinh 1a d6 dich chuyén tuong dbi trung
binh binh phuong hay con goi 1a hé s6
Debye-Waller c6 dang

o = <(r -, _0(1))2>
(11)

3 A 2
6 day o, -=

la déng gop dao
eff
dong diém khong vao cumulant béc hai.
Cumulant bac ba mé ta sy bat dbi
xtng ctiia ham phan bd va co dong gop
vao su dich pha cua phé EXAFS.
Cumulant nay cé dang nhu sau

o¥ = <(r —r,—a" )3>

3h2a2k3 zla
= dg (12)
4r°KS, -[ '

0
rla—g

x j F(quz)d%v

—rla

vOi

F(Chaqz): P(ql’%)

x[1+6Q (0, d, )W (.0, ) ], 9
trong do
P(a,.0,)
_ o(q)o(q,)o(q+9,) (14)
o(4)+o(0,)+o(q+0,)’
Q(a..9.)
_ o(q,)+o(d,) (15)
w(q1)+w(Q2)_w(q1+q2),
W (q,.9,)
_Z(q1)z(q2)_z(q1+q2) (16)

[Z(a)-1][Z(a,)-1]
« 1

[Z (ql + qz)_]-] .

3. Két qua va thio luin
Trong phan nady, dua trén cac biéu
thirc giai tich thu duoc trong phan 2,
ching t6i thyc hién tinh sb nhiét do
Debye va cac cumulant phd EXAFS cua
Zn, Zr va Hf. Cac tham sb thé Morse
cta cac kim loai nay dugc chung to1 lict

ké ¢ bang 1.

Bang 1: Tham sé thé Morse ciia cdc kim loai Zn
(Hung va nnk., 2008), Zr va Hf (Baranov va nnk., 2004)

Kim loai D (eV) a (A1 ro (A)

Zn 0,1698 1,7054 2,7931
Zr 0,6848 0,8372 3,4873
Hf 0,7671 0,9717 3,5106
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Str dung phuong trinh (9) va cac
tham s6 thé Morse ¢ bang 1, chiing toi
xac dinh duoc hfmg s6 luc hiéu dung
K va tir d6 14 tan s6 @, va nhiét do
Debye 6, cua Zn, Zr va Hf. Két qua

tinh toan 1y thuyét k. , @,, 6, vanhiét
d6 Debye thuc nghiém 65* cua cac kim
loai Zn, Zr va Hf dugc ching toi liét ké
O bang 2.

Bang 2: Hdng $6 lue hiéu dung K, tan sé Debye @y va nhiét do Debye

0, va nhiét dg Debye thuc nghiém 65° cua cdc kim logi Zn, Zr va Hf

Kim loai ke (€V/A%) @y, (x10°Hz) 6, (K) 62° (K)
Zn 2,4692 3,8204 291,91 288,74
Zr 2,4001 3,1887 243,64 267+20°
Hf 3,6217 2,8003 213,96 217+20°

8Xac dinh tir nhiét @6 Einstein thuc nghiém (Hung va nnk., 2008);
bXRD (Shankar Narayana va nnk., 2001).

Nhiét d Debye 6, la mdt trong cac
tham sd quan trong cua chit rin. Pai
lugng nay c6 moéi lién hé chat ché voi
nhiéu tinh chit vat 1y khac nhau cua vat
litu nhu d6 bén lién két, nhiét dung
riéng, d¢ gian nd nhiét, do dan nhiét va
nhiét d6 nong chay (Hieu va nnk.,
2023). Tir bang 2 chung ta c6 thé nhan
thiy, nhiét d6 Debye 1y thuyét tur
ACDM phu hop t6t véi gia tri thuc

nghiém xac dinh tir phép do nhiéu xa tia
X (Shankar Narayana va nnk., 2001).
Chénh léch gitra két qua 1y thuyét va
thuc nghiém nhiét 46 Debye cua Zn, Zr
va Hf tuong ung la 1,1%, 8,8% va
1,4%. Ngoai ra, ¢ day do nhiét do
Debye ciia Zn 1a 16n nhat nén cé thé
khflng dinh Zn c¢6 do dan nhiét mang
16n nhét trong ba kim loai.

0.025

Zn

0.02

0.005

¢ Thuc nghiém (Hung & Viet, 2004)

400 600 800

Nhiét do (K)

Hinh 1: S phu thudc nhiét do cia cumulant bic 1 phé EXAFS ciia cdc kim logi
Zn, Zr va Hf. Ky hiéu O la ket qua thuc nghiém cua Zn (Hung & Viet, 2004)
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—Zn
¢ Thuyc nghiém (Hung & Viet, 2004)
= Thwc nghiém (Jehn va nnk, 2023)

0 200 400 600 800
Nhiét do (K)

Hinh 2: Si phu thudc nhiét dg ciia cumulant bic 2 phé EXAFS ciia cdc kim
loai Zn, Zr va Hf. Ky hiéu ¢ va B [a két qua thwc nghiém ciia Zn (Hung & Viet,
2004; John va nnk., 2023)

x10°

——2Zn

¢ Thuc nghiém (Hung & Viet, 2004)
—-—=2Zr
== Hf

0 100 200 300 400 500 600 700 800
Nhiét @6 (K)

Hinh 3: Su phu thudc nhiét do ciua cumulant bdc 3 phé? EXAFS cua cac kim
loai Zn, Zr va Hf. Ky hiéu 0 la két qua thire nghiém ciia Zn (Hung & Viet, 2004)

Trén hinh 1, hinh 2, hinh 3, ching khong (hi¢u tng lugng tr) vao cac
t6i biéu dién sy phu thudc nhiét do cua cumulant bac 1 va bac 2 phé EXAFS.
cac cumulant bac 1, bac 2 va bac 3 phd Cu thé 1a dong gbp cua dao dong diém
EXAFS cuia cac kim loai ciu trac HCP khong vao cumulant bac 1 ctua cac kim
Zn, Zr va Hf. T cac hinh v& c¢6 thé  loai Zn, Zr va Hf twong ung la
nhan thay, cic cumulant ph(?) EXAFS o) (Zn) =2,53x10° A, ol (Zr)=1,07x10" A,
tang nhanh theo nhi¢t do. Pi€u nay cod
nguyén nhan do dong gop phi diéu hoa
cua dao dong mang tang ¢ nhiét do cao.
O nhi¢t do thap, chung toi quan sat
dugc dong gop cua dao dong diém

o) (Hf )=0,72x10" A. Péi véi cumulant
bac 2 hay hé sb Debye-Waller phd
EXAFS, dong gop dao dong diém
khong cua Zn, Zr va Hf tuong tng la

94



TAP CHI KHOA HOC - PAI HOC PONG NAJ, SO 29 - 2023

ISSN 2354-1482

ot (2n)=3,25x10° A%, 52 (zr)=2,79x10° A%,

o? (Hf )=1,62x10° A%,

O day chu ¥ ring, cac cumulant bac
nhit ¢ va bac ba o dong gop vao
su thay doi pha ciia phd EXAFS, trong
khi d6 cumulant hai ¢ lai 4nh hudng
dén bién do phd EXAFS thong qua hé
s6 Debye-Waller. Céac hinh 1 va 3 cho
théy, su thay ddi coa nhiét d6 anh
hudng manh dén cac cumulant bac 1 va
bac 3 (tc anh huéng manh dén pha caa
ph6 EXAFS) ciia kim loai Zn so véi hai
kim loai Zr va Hf. Trong khi do
cumulant bac 2 cua Zn va Zr lai cé6 gia
trj kha gan nhau. Piéu nay co thé dugc
giai thich do sy trong dong cta hang sd
luc hiéu dung cua hai kim loai Zn va Zr
(bang 2).

Trén ca ba hinh (hinh 1, hinh 2,
hinh 3), két qua do thuc nghiém cac
cumulant bac 1, bac 2 va bac 3 cua kim
loai Zn (Hung & Viet, 2004; John va
nnk., 2023) cling dugc chung t6i dua
vao dé so sanh. C6 thé nhan thiy, két
qué tinh cac cumulant phd EXAFS dya
trén ACDM cua ching t6i phu hop rat
t6t v6i cac phép do thuc nghiém cua
(Hung & Viet, 2004; John va nnk.,
2023). Sai sb giita 1y thuyét va thuc
nghiém ddi v6i cd ba cumulant phd
EXAFS dau tién déu nhd hon 5%. O

day cha ¥ rang, do chua c6 cong bd nao
vé cumulant phd EXAFS cua Zr va Hf
trudc day, ching t61 bo qua viéc so sanh
d6i v6i hai kim loai nay. Vi vay, két qua
tinh cadc cumulant cho Zr va Hf co tinh
chit tién doan va c6 thé duoc sir dung
lam dir liéu tham khao cho cac thi
nghi¢m trong tuong lai.
4. Két luan

Trong bai b&o nay, anh hudng cua
nhiét d6 dén cac cumulant phd EXAFS
cua cac kim loai Zn, Zr va Hf da duoc
ching t6i xem xét dua trén ACDM. St
dung thé twong tac cap Morse dé md ta
tuong tac gitra CAC nguyén tir, ching toi
thuc hién tinh sé cac cumulant bac mét,
bac hai va bac ba phoé EXAFS cho Zn,
Zr va Hf dén 800 K. Céc tinh toan cua
chung t6i da chi ra rang phi diéu hoa cua
dao dong mang dong goép vai trd quan
trong dén cac cumulant phd EXAFS,
dac biét la ¢ nhiét d6 cao. Ngoai ra, gia
tri nhiét d6 Debye dugc xac dinh tir
ACDM pha hop tét voi gia tri thyc
nghiém thu thap dugc. M6 hinh ACDM
nay c6 thé dugc sir dung dé kiém ching
cling nhu phan tich cac thi nghiém
EXAFS nhiét do cao trong tuong lai
cling nhu co thé dwoc mo rong dé
nghién ciu cac tinh chat nhiét dong bao
gom phi diéu hoa cua cac hop kim trong
ly thuyét EXAFS.
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ABSTRACT

In this paper, based on anharmonic correlated Debye model, we determine the
Debye temperature and investigate the temperature effects on extended X-ray
absorption fine structure (EXAFS) cumulants of Zn, Zr, and Hf metals. Using the
Morse potential to describe the interaction between atoms, we have implemented
numerical calculations for these metals up to a temperature of 800 K. Our
theoretical calculations of Debye temperature and EXAFS cumulants have been
compared with experimental results showing good and reasonable agreements. We
have demonstrated the significant contribution of anharmonicity caused by the
thermal vibration of atoms to EXAFS cumulants at high temperatures, and the zero-
point vibration contribution at low temperatures. This anharmonic correlated Debye
model can be used to verify and analyze high-temperature EXAFS experiments as
well as can be expanded to study thermodynamic properties, including
anharmonicity of alloys, in EXAFS theory.

Keywords: Anharmonicity, EXAFS, Cumulant, Debye-Waller factor, Debye
temperature
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