H.Mai Thudn, N.Phuée Thé, H.Khdic Hiéu | Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 6(61) (2023) 67-73 67

TAP CHI KHOA HOC & CONG NGHE DAI HQC DUY TAN TRUONG DAT HOC DUY TAN

DTU Journal of Science and Technology 6(61) (2023) 67-73 DUYTAN UNIVERSITY

Nghién ctru anh huong cua higu img dong vi dén hé so Debye-Waller
cua cac tinh thé khi hiem

Investigation of isotopic effects in Debye-Waller factors of rare-gas crystals

Huynh Mai Thuan?®, Nguyén Phude Thé®, Hb Khic HiéuP®"
Huynh Mai Thuan?, Nguyen Phuoc The®, Ho Khac Hieu®®"

aTrwong Hermann Gmeiner Pa Nang, Pa Ning
aDanang Hermann Gmeiner High School, Da Nang
b Khoa Méi truong va Khoa hoc Tu nhién, Truong Pai hoc Duy Tan, Da chng, Viet Nam
bDepartment of Environment and Natural Science, Duy Tan University, 550000, Danang Vietnam
Vién Nghién civu va Phat trién Cong nghé Cao, Truong Pai hoc Duy Tan, Pa Néing, Viét Nam
CInstitute of Research and Development, Duy Tan University, 550000, Danang Vietnam

(Ngay nhdn bai: 21/10/2023, ngay phdn bién xong: 31/10/2023, ngay chap nhdn ding: 08/11/2023)

Tém tit

Trong bai béo nay, anh huong hiéu img dong vi dén hé s Debye-Waller cua tinh thé khi hiém duoc ching toi nghién cau
dua trén phuong phéap thong ké momen trong co hoc thdng ké. Cach tiép can nay cho phép ching toi nghién ciru hiéu ting
dong vi c6 ké dén anh hudng phi diéu hoa do dao dong nhiét ciia mang tinh thé. Sir dung thé Lennard-Jones dé mo6 ta thé
ning twong tac giita C&C nguyén tir cua tinh thé lugng tur, chdng tdi thuc hién tinh s§ cho cac dong vi ctia cac tinh thé
Ne (?Ne va 22Ne) va Ar (3Ar va “0Ar) trong khoang nhiét do tir 0 K dén nhiét d6 nong chay cua céc tinh thé. Su khéc
biét vé hé sé Debye-Waller gitra cac ddng vi dugc cho 1a c6 nguyén nhan bai sy khéc nhau vé khéi lwong nguyén tir cua
cac ddng vi. Ngodi ra, su khac nhau dang chi y giira hé sé Debye-Waller cua cac ddng vi 6 thé duoc quan sat ré rang &
nhiét do thip (khoang dudi 15 K) va giam dan & nhiét d cao (trén 20 K). Diéu nay dwoc giai thich la do sy khac biét cua
dong gop dao dong diém 0 & nhiét do thap va su chiém wu thé cua hiéu ung phi diéu hoa do dao dong mang & viing nhiét
d6 cao. Nghién ctru nay cho thay phuong phéap thdng ké moémen c6 thé dugc st dung hiéu qua dé nghién ctiu anh huong
ctia ddng vi 1én dai lwong nhiét dong cua vat ligu.

Tir khéa: Hidu Gmg ddng vi, Théng ké momen, Hé sb Debye-Waller, Tinh thé khi hiém.

Abstract

In this work, the isotopic effects in Debye-Waller factor of noble gas crystals are studied based on the statistical moment
method in statistical mechanics. This approach allows us to study the isotopic effects taking into account the
anharmonicity caused by thermal lattice vibrations of the crystal. By using the Lennard-Jones potential to describe the
interaction between atoms of quantum crystals, we perform numerical calculations for Ne (*°Ne and 2Ne) and Ar (*°Ar
and “°Ar) isotopes in the temperature range from 0 K to the melting temperature of crystals. The difference in the Debye-
Waller factors between the isotopes is believed to be attributed to the difference of atomic mass of the isotopes.
Additionally, the significant difference in Debye-Waller factors between the isotopes becomes distinctly observable at
low temperatures (below 15 K) and diminishes gradually at higher temperatures (above 20 K). This is explained by the
disparity in the contribution of the zero-point vibrations at low temperatures and the prevalence of anharmonic effects
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caused by lattice vibrations at high temperatures. This study shows that the statistical moment method can be effectively
used to study the influence of isotopes on thermodynamic quantities of materia.

Keywords: Isotopic effects, Statistical moment method, Debye-Waller factor, Rare-gas crystal.
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1. Mé dau

Trong thoi gian gan ddy, cac nha khoa hoc tir
nhiéu nganh khac nhau nhu khoa hoc vat ligu,
vat ly ap suit cao va dia vat Iy rit quan tim dén
tinh chat co, nhiét dong cua cac tinh thé khi
hiém. Céc chat ran nay 6n dinh & nhiét do va &p
suit cao khién chiing tro thanh lua chon phé bién
dé sir dung 1am moi trudng &p suat thuy tinh
trong cac thi nghiém 6 mang dé kim cuong. Hon
nita, do tinh chét tro va c6 cau trdc 1ap phuong
don gian véi ciu hinh dién tir vo tuong tu nhu
cau hinh nguyén tir tu do, chat ran khi hiém tro
thanh &g ctr vién 1y tudng duoc sir dung dé xac
minh cac mé hinh vat ly [1,2].

Nhiéu bai bao di nghién ctru anh huong cua
khbi lugng dong vi dén céc tinh chat vat ly cia
tinh thé khi hiém. Sy khac biét vé khéi luong nay
c6 thé anh huong dén hang sé mang, do dan
nhiét, tan s6 dao dong phonon, nhiét dung riéng
va c4c tinh chat dién tir khac. V& mat thuc
nghiém, cac tinh chét ciu tric va nhiét dong cua
cac déng Vi neon da duogc xac dinh nhu nhiét
dung riéng dang tich va dang &p [3], hé sb gidn
nd nhiét tuyén tinh [4]. Vé mat ly thuyét, co
nhiéu cach tiép can (chang han nhu phép tinh
gan dung diéu hoa ty hop cua Koehler [5], md
phong Monte Carlo tich phan duong [6] va cach
tiép can ab initio trong md hinh Tolpygo bao
goém ca sy bién dang cua lép vo electron [7]) da
dugc sir dung dé xem xét cac tinh chit co nhiét
phu thudc vao nhiét do caa cac dong vi neon.
Nhiéu nghién cuu ly thuyét ciing nhu thyc
nghiém ciing dd duoc thyc hién dé dinh luong
cling nhu nghién ctu cé4c tinh chat vat ly cua
ddng vi argon [8,9]. Phuong phap momen thdng
ké (SMM) la mét trong nhitng phuong phap hiéu
qua trong co hoc théng ké dé nghién ctru cac tinh

chat nhiét dong va co hoc cua vat liéu [10-13].
Phuong phap nay c6 mét s6 wu diém nhu c6 ké
dén tinh phi diéu hoa cua cac dao dong nhiét &
nhiét do cao ciing nhu dong gép cua nang luong
diém 0 & nhiét do thap. Trong bai béo nay, sir
dung SMM trong co hoc théng ké 1am co s&
[14], chung t6i nghién ciru anh huong cua nhiét
d6 dén hé s6 Debye-Waller cua cac dong vi cua
Ne va Ar.

Trong Phan 11, chiing t6i trinh bay SMM c6
ké dén cac hiéu img phi diéu hoa dé xay dung
biéu thuc cua hé sb Debye-Waller phu thudc
nhiét 6. Trong Phan I, st dung két qua giai
tich thu duoc ¢ Phan 11, ching toi thyc hién tinh
s6 hé sb Debye-Waller cho cac ddng vi cua tinh
thé Ne va Ar dudi dang ham cua nhiét do va khoi
luong dong vi. Thao luan chi tiét vé cac két qua
tinh s6 ciing duoc chling t6i trinh bay trong phan
nay. Cudi cuing la phan két luan caa nghién ciu
duogc dua ra trong Phan V.

2. Phuong phap tiép cin

Trong phan nay, chiing t6i tom lugec mot s6
két qua chinh cia phuong phap SMM trong
nghién ctru tinh chét nhiét dong cua tinh thé. Gia
st Hamiltonian cua hé luong tir c6 dang
H=H,-aV, 1)
V6i a 14 tham s6 va V 1 toan tir tly .

Khi @6, nang lugng tu do cta hé co thé duoc
xac dinh boi [14]

oy (a)

l//(a):%_z<\7>ada’ V, =— Fo (2)

Béng cach khai trién thé niang tuong tac (0( I’)
gitra c4c nguyén tir dén bac 4 va sir dung cong thirc
truy hdi gitra cac moémen bic cao va mémen bac
thap, cac tac gia da thu dugc phuong trinh sau [10]



H.Mai Thudn, N.Phuéc Thé, H.Khdc Hiéu | Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 6(61) (2023) 67-73 69

76° %+3y€y tky+ 2 (X -1)y-p=0,
a 3)

trong d6 y= <ui >, X=hw/20, X =xcothx, =Kk, T (ks la hing sb Boltzmann), m 1a khéi luong

nguyén tr va

— za(P.o: 2

1 ‘e, ‘e
— i +6 i0
T Z[( ou l (au;;au;;
“ A (4)

C6 thé thay (3) la mot phuong trinh vi phan béc hai cua y. Nghiém cta phuong trinh (3) c6 thé
dugc xac dinh gan ding boi [14]

Y=Y+ Aia' (5)

trong do, Yo 1a do doi cia nguyén tir khoi nit mang trong truong hgp khong c6 ngoai luc tac dung.

Gia tri d6 doi Yo duoc xac dinh boi

2y0° A
~ [, 3]
Yo ,/ e (6)

22 33 4 n4 55 6 6 J—
trong do A:a1+7k? a2+7k§ a,+7 a4+7/k16; a5+7k§ a, voi cac hé sé a (i=16) co dang

k8

nhu & tai liéu [14] va hé s6 Ay

A=1{1+27/292 (1+§)(x +1)] @

k k
Khi x4c dinh dugc d¢ doi Yo, ching ta c6 thé xéc dinh khoang c4ch 1an can gin nhat a(T) giira
hai nguyén tir & nhi¢t do T
a(T)=y,(T)+a, 8
v6i ao 14 khoang cach 1an can gan giira hai nguyén tir ¢ nhiét d6 T =0 K.

Do dich chuyén twong ddi trung binh binh phuong MSRD hay hé s Debye-Waller ciia phd
EXAFS duogc dinh nghia [15]

az=<[ﬁ.(ui—UO)]2>:<ui2>+<u§>—2<uiuo>, (9)
o day R 1a vector don vi huéng tir nguyén tir thir i dén nguyén tir 0.

Trong SMM, ching ta ¢6 mbi lién hé giita cdc moment bac mot va bac hai nhu sau [14]

o{uy, ),

he.  (he) 65,
<u,au,y> :(uia)p<uiy>p+0 =y +2m;coth(2—9)—m—w72. (10)

St dung phuong trinh (10), chung ta d& dang thu dugc biéu thirc xac dinh d6 dich chuyén trung
binh binh phuong (MSD) ctia nguyén tir trong tinh thé boi

(u2>=y§+ea+§(X—1). (11)
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Déi v6i cac tinh thé ¢6 ciu trac 1ap phuong don gian nhu cac tinh thé 1ap phuong tim dién (FCC)
thi ham MSD (u?) 1a déi ximg theo céc phuong khac nhau. Mat khac, khi nghién ciru mot hé rat 16n
so v61 do dai tuong quan ctia do doi U; thi trir cAc nguyén tur 1an can, d6 doi U; cuia hat thir i co thé

xem la doc 1ap véi do doi U,. Do d6, ching toi sir dung cac biéu thirc gan dung sau [15]

(uf)={ue)

va  (uuy) ~{u)(uy). (12)

Khi d6, biéu thirc hé sb Debye-Waller phd EXAFS (9) tré thanh [15]
02z2<ui2>—2<ui>2:2¢9A1+2k—9(X—1). (13)

Két hop véi biéu thirc (7) ching t6i thu duoc biéu thic su phu thudc nhiét d6 ciia hé s6 Debye-
Waller pho EXAFS ciia céc tinh thé ciu tric FCC nhu sau

N 4}/203

o ()~ 7

X, (14)

(1+§j(x +1)+ 5

O gidi han nhiét do thap, ching t6i xac dinh duoc gia tri dong gop diém 0 ctia hé s Debye-Waller

phd EXAFS 1a

3. Két qua tinh s6 va thio luin

Trong phan nay, tir biéu thirc giai tich cua hé
s6 Debye-Waller thu duoc & Phan 2, ching toi
thue hién tinh sb cho cac ddng vi cua céc tinh thé
Ne (®Ne va ?Ne) va Ar (°®Ar va “°Ar) trong
khoang nhiét do tir 0 K dén nhiét ¢6 néng chay
cua c4c tinh thé (24,6 K d6i véi Ne va 83,8 K ddi
V6i Ar). Pdi vai cac tinh thé luong tir, tuong tac
giira c4c nguyén tir 1an can c6 thé duoc mo ta boi
ham thé Lennard-Jones don gian. Trong bai bao
nay, thé Lennard-Jones (6-12) ciing dwoc ching
t6i sir dung dé md ta tuong tac giita CAC nguyén
tir cua tinh thé Ne va Ar. Bong thoi, ching toi
gia dinh rang, thé ning tuong tac 1a nhu nhau cho
cac dong vi caa cung mot tinh thé. Ham thé
Lennard-Jones (6-12) c6 dang

oo (23]

(16)

(15)

trong do I, la khoang céach gitra cAc nguyén tu
khi hé & trang thai can bang, ¢ la ning luong
phan ly. Bang gia tri cac tham sé thé cua tinh thé
Ne va Ar dugc chung toi dua ra ¢ Bang 1.

Bang 1. Tham sb thé Lennard-Jones ciia Ne
va Ar.

Tinhthé | &/kg (K) r (A)
Ne [5] 52.21 2.7012
Ar [16] 119.8 3.4050

Trén Hinh 1, chdng t6i biéu dién su phu thudc
nhiét 6 caa hé s6 Debye-Waller cua hai dong vi
2ONe va #Ne thu duoc bang phuong phap SMM.
Tir hinh vé& ¢6 thé nhan thay, hé sé Debye-Waller
ctia Ne di bao ham dong gop cua dao dong diém
0 ¢ nhiét do thap. Gia tri hé s6 Debye-Waller tai
e T =0 i 390 ) 2N 220
SO N2 4 Fa0? o A2

0 A2. Khi nhiét do tang hé
s6 Debye-Waller ciing ting nhanh theo nhiét do.



H.Mai Thudn, N.Phuéc Thé, H.Khdc Hiéu | Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 6(61) (2023) 67-73 71

95
20,
9l Ne| |
— — 22y
/7
851 7
/
. 8r S 7
(\é: i
o /S J
L5 Yy
Al e
L / J
w7 ///
7
6.5 /// -
/// ’
6 /,,,w/ s 4
~ 4
55 e J
-
~
5L - J
45 ' ' '
0 5 10 15 20 25
Nhiét d6 (K)

Hinh 1. Sy phu thugc nhiét do cua hé sé Debye-Waller cia hai ddng vi 2°Ne va %Ne.

O day can chu y rang hé s6 Debye-Waller cua
cac ddng vi thé hién sy khac biét do sy khac nhau
vé khdi luong cua c(ygn A Voi khéi luong nhe

091( gu’orjg cong e) cao hon duc‘rng cong
Su khéc biét gitta hé s6 Debye-

Waller ctia hai dong vi °Ne va ??Ne c6 thé dugc
quan sét rd rang ¢ nhiét do thap. Su chénh léch
giam dan & nhiét d6 cao (trén 20 K) va sy khac
biét dang chu ¥ c6 thé quan sat duoc dudi 15 K.
Piéu nay c6 thé duoc giai thich nhu sau: O nhiét

do thap, su khéc biét gitra cac hé s Debye-
Waller 1a do su chénh léch vé dong gop cua dao
dong diém 0 cua hai dong vi trong d6 bién do
dao dong nguyeén tir caa ddng vi nhe hon 16n hon
bién d6 dao dong nguyén tir cua déng vi ning
hon. Khi nhiét d6 tang, hidu tmg ddng vi giam
do dong gop phi diéu hoda cua dao dong mang
tang nhanh va chiém vai trd chu dao & viing nhiét
d6 cao. Piéu nay ciing phu hop véi két qua cua
gidi han ¢ dién & nhiét do cao.

]
o° (107°A%)

40

50

Nhiét do (K}

Hinh 2. Sy phu thudc nhiét do cua hé sé Debye-Waller cua hai ddng vi 36Ar va “0Ar.
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Hinh 3. Sy phu thugc nhiét d6 caati sé & (Ne) = 02(22 Ne)/GZ (20 Ne) va §(Ar)=o? (‘“’Ar)/a2 (SBAr).

lwong  m(*’Ne)/m(*Ne)=+/20/22 ~0.9535

va m(36Ar)/m(4°Ar) =/36/40 ~0.9487,

tuong tu nhu gia tri ky vong trong gan dang diéu
hoa ¢ nhiét 36 T = 0 K [13].

4. Két luin

Trong bai bao nay, chiing t61 da st dung SMM
c6 ké dén tinh phi diéu hoa cia dao dong mang
dé nghién ctru anh huong cua su chénh 1éch khoi
lugng dong vi dén hé s Debye-Waller cua tinh
thé khi hiém. Sir dung thé Lennard-Jones dé mo
ta thé nang tuong tac gitra cic nguyén tir cia tinh
thé luong tir, chung t6i thuc hién tinh s6 hé sb
Debye-Waller cho cac ddong vi cia Ne va Ar
trong khoang nhiét d6 tir 0 K dén nhiét d6 nong
chay ctia tinh thé. Su khac biét vé hé sd Debye-
Waller giita cac dong vi dugc cho 1a ¢6 nguyén
nhan béi cac hiéu tng dong vi phu thudc vao
khéi lwong nguyén tir ctia cac dong vi. Ngoai ra,
su khac nhau dang chi ¥ giita hé s6 Debye-
Waller ctia cac dong vi co thé dugc quan sat rd
rang ¢ nhiét d6 thap (khoang dudi 15 K) va giam
dan & nhiét do cao (trén 20 K). Piéu nay duoc
gidi thich 1a do su khac biét ctia dong gop dao
dong diém 0 ¢ nhiét do thép va su chiém uu thé
cta hiéu ung phi diéu hoa ¢ ving nhiét d6 cao.
Nghién ctru nay cho thdy SMM c6 thé duoc sir

dung hiéu qua dé nghién ctu anh huong cua
dé)ng vi 1én dai lugng nhi¢t dong cua vat licu.
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