TAP CHI KHOA HOC PAI HOC TAN TRAO

XAC PINH BIEU THUC TiNH CAC CUMULANT VA THAM SO NHIET PONG
CUA CAC TINH THE CO CAU TRUC LAP PHUONG BANG MO HINH EINSTEIN
TUONG QUAN PHI PIEU HOA HIEU DUNG TRONG QUANG PHO XAFS

Define expressions to calculate cuamulants and thermodynamic parameters of cubic crystals
structure by the effective anharmonic correlated Einstein model in XAFS spectra.
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Nguyén Ba Dirc’

TOM TAT
St dung thé tuong tac hiéu dung trong mo hinh Einstein tuong quan phi diéu hoa trén co sé
thng ké luong tir va tuong tac phonon, cac biéu thic biéu dién thanh phan bat d6i xing (cumulant)
va cac dai luong nhiét dong qua cac tham sb cau triic méi bao gom cac dong gop cua hiéu ung phi
diéu hoa cua cac tinh thé 1ap phuong di duoc xay dung. Cac tham s cau trac moi da gitp mo ta su
phan bd cua cac nguyén ti. Viéc khai trién cac cumulant va cac dai luong nhiét dong qua cac tham
s6 cdu triic méi da duoc thuc hién.

T khoa: phi dieu hoa, XAFS, cumulant, nhiét dong, tham 50.

ABSTRACT
By using potential effective interaction in the anharmonic correlated Einstein model on the
basis of quantum statistical theory with phonon interaction procedure, the expressions describing
asymmetric component (cumulants) and thermodynamic parameters including the anharmonic
effects contributions and by new structural parameters of cubic crystals has been formulated. This
new parameters describing the distribution of atoms. The expansion of cumulants and
thermodynamic parameters through new structural parameters has been performed.

Keywords: anharmonic, XAFS, cumulants, thermodynamic, parameters.

1. Mé& diu

Trong phd XAFS (X-ray Absorption
Fine Structure) diéu hoa, viéc tinh toan ly
thuyét da trung tot v6i thuc nghiém & cac nhiét
d6 thap. Nhung tai cac nhiét do cao khac nhau,
phd XAFS dd cho thdy thong tin vé ciu tric
khac nhau do hiéu tmg phi diéu hoa va nhiing
hiéu (mg nay can phai duoc danh gid. Hon
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nita, pho XAFS 6 nhiét d6 thap khong cung
cép mdt hinh anh chinh xac ciu tric cta tinh
the, do d6 viéc nghién ciru phé XAFS bao gom
ca hiéu ung phi diéu hoa o nhiét do cao la can
thiét. Biéu thirc cia pho XAFS phi diéu hoa
thuong dugc viét nhu sau [4]:

1(k)= F(k)%w Im{e“"(” eXp[ZikR + Z‘:(zln—k’)“ ol )]} 1)
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trong d6, phan thuc Fk) biéu dién bién d6 tan
xa nguyén t, @ (k) la tong do dich pha cua
quang dién t, k 1a s6 song, A la quing duong
tu do trung binh cia quang dién ta va
6™ (n=1,2.3..) la cac cumulant biéu dién
cac thanh phan bat ddi xung, chiing xuat hién
do tinh trung binh nhiét ham ¢ ** | trong do
cac s6 hang bat ddi xtiing duoc khai trién theo
chudi Taylor xung quanh gia tri R =<R > v¢i
. 1a khoang cach tuc thoi giita nguyén tir hap
thu va nguyén tu tan xa tai nhiét 40 T va duoc
viét trong cac s6 hang cia cumulant.

Phép gan dung khai trién cumulant ban
dau chu yéu 1a dé lam khép cac phd XAFS ly
thuyét v6i cac két qua cua thuc nghiém ¢ nhiét
d6 cao. Sau d6 did c6 mot sd phuong phap
duoc xay dung voi muc dich tinh giai tich cac
cumulant va md hinh Einstein tuong quan phi
diéu hoa [7] 1a md hinh da cho két qua tring
hop tot v6i thuc nghiém. Su phat trién quan
trong trong phuong phap nay la da tinh dén su
tuong tac gitra nguyén tir hap thy va nguyén tir
tan xa voi cac nguyén ti lan can trong mot
chum nho cac nguyén tir khi nhiét do tang cao,
thé ning tuong tic gilta cdc nguyén t trd
thanh bat ddi xang do hiéu ung phi diéu hoa
va cac thanh phan bat d6i ximg da duoc viét
duoi dang cac cumulant. Cumulant bac mot
biéu dién su bat ddi ximg cta thé cip nguyén
to hay dan né mang, cumulant bac hai dong
gop chinh cho hé sb Debye-Waller nén duoc
goi 1a hé s6 Debye-Waller, cumulant bac ba
biéu dién su dich pha cua cac phd XAFS do
hiéu ung phi diéu hoa. Muc dich cua nghién
ciu nay la s dung mo6 hinh Einstein tuong
quan phi diéu hoa dé xay dung cac biéu thuc
vé cac cumulant, cac tham sb nhiét dong duai

dang tong quat qua cac tham so cau truc mai.
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2. Ly thuyét

Vi dao dong ciia mot cap nguyén tir hap
thu va tan xa c6 khdi luong M, M, bi anh
hudng bdi chum nguyén ti 1an cén, nén khi
tinh dén cac anh hudng nay, tuong tac giia
nguyén tir hap thu va tan xa qua thé hiéu dung
Einstein phi diéu hoa dang:
U, ()=U®)+...+ ZI: > U(MLX Iilz.liijj )

gL = i

trongdo R lavécto don vi, p=MM,/(M,+M,) 80l
1a khéi lugng rut gon, tong theo i, j 1a sy dong
gop clia chum nguyén tir 1an can. U(x)la thé
cap phi diéu hoa mé ta tuong tac hiéu dung

giita cap nguyén tir hap thy va buc xa:
U(X)z%keffx:+k3x3+ 3)

VOl x =r-r1, la do léch tirc thoi cua khoang
cach giita hai nguyén tir tir vi tri cin bang, "
1a hé s dan hoi hiéu dung, k, 1a tham sb bac 3
dic trung cho tinh phi diéu hoa va tao ra sy bat
d6i xtng cua thé tuong tac. Trén co so thong
ké luong tir v6i gan ding dao dong chuan diéu
hoa, toan tor Hamiltonian ciia hé duoc viét
dudi dang téng cua sb hang diéu hoa d6i véi vi
tri can bang tai mot nhiét do xac dinh va phan
phi diéu hoa duoc coi nhu mdt nhiéu loan:

p2
H=—+U =H,+U +oU R
2 () 0 E(a) E(y)’ (4)
P* 1
H =—+—k
0 22 s

y=x-a, a(M)=(x), (y)=0

v6i @ la hé s6 dan no nhiét mang, y 1a do léch

cua x tu gia tri can béng tai nhiét do T.
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Bang 1. Cdc biéu thirc biéu dién tham s6 nhiét dong ciia cdac hé tinh thé Idp phuong

Tham s6 Hé s.c Hé fcc Hé bee

ke -5Da’ /4 -5Da’/4 -5Da®/4

Koy 3Da’(l-5aal4) 5Da’(1-3aal2) 1NDa*(1-45aa/22)/3
d3U (V) Da2(3ay—5ay3/4) SDaz(ay—ay3/4) Daz(llay/3—5ay3/4)

Su dung thé tuong tac gilta mdi cip
nguyén tu bang the phi dieu hoa Morse cho cac
tinh thé 1ap phuong va khai trién té1 bac ba
quanh vi tri cuc ti€u cua no, ta co:

U, (x)=D(e? -2¢ )~ D(-1+a’x* —a’x’ +)(5)
trong d6 O 1a hé s6 dan nd nhiét, D 1a
nang luong phanly vi U (r,)= -D .

T cac biéu thirc (4) va (5) ta co thé

tuong tac hiéu dung Einstein tong quat:

U, ()= UE(a)+%keffy2 +8U,(v), (6)

Thay thé (5) véi x=y+a vao (2), st
dung biéu thic (6) va tinh toan s hang thu hai
cua (2) véi p=M/2, tong theo 1=1 ung vai
nguyén tir hap thu dén i=2 {mg véi nguyén tir
tan xa, con tong theo j chay theo tat ca cac
nguyén tir 1an cn gan nhat trir nguyén ta hap
thu va tan xa vi ching da dong gop trong U (x)
va tinh tich (R ,.R,)ddi véi cac mang tinh thé
cdu tric 1ap phuong nhu s.c, fcc va bee ta thu
duoc cac tham s6 nhiét dong k. , k,, va
oU , (y) theoBéng 1.

So sanh cac biéu thic trong Bang 1, ta
nhan thay mac du cac hé 18p phuong c6 cau tric
khac nhau nhung cac biéu thic c6 cac hé so
chung dac biét, ta goi cac hé so nay la cac tham
sO cAu truc mdi ¢, ¢, , cac hé sd nay duogc tinh
toan va thong ké trong Bang 2.

Bang 2. Cac tham so cdu triic moi

doi voi cdc tinh thé ldp phirong

Cau tric 1 C2
s.c 3 1
fcc 5 6/5
bce 11/3 18/11

Tham sb k, nhu nhau v6i moi cAu truc,
cac tham s nhiét dong &+ > dU (y) cho cau
trac 18p phuong duoc viét lai dudi dang téng
quat hoa theo tham s0 cau tric mdi nhu sau:

K =¢ (Daz +Czak3):l'w)é ;
SUE(y):Dotz[clay—Scxy3/4] (7)

Pé xay dung cac cong thic tinh gidi tich
cac cumulant qua cac tham sd cau triic méi cho
cac tinh thé co cau tric 1ap phuong, ta sir dung ly
thuyét nhiéu loan [5]. Dao dong cua cac nguyén
tu di duoc luong tir hoa la phonon va tinh phi
diéu hoa la két qua cua twong tac phonon. Theo
do, ta biéu dién y trong cac cong thic trén qua
cac toan ¥ sinh hat va huy hat 4, a:

y=6°(é+é*);

¢’ =\h/2moy ;

a‘a=n, ®)
va st dung cac trang thai dao dong diéu hoa |n>
nhu cac trang thai riéng vdi cac nang luong la
cAc gia tri riéng E, = nho , , d€ thuln tién ta
b6 qua ning luong diém khong. Cac toan tir 4,
i thoa man cac tinh chat [a.a'j=1;
§+<n| = \/n+1|n+l>; é<n| =\/H|n—l>. Cac
cumulant duoc tinh trén co sd gia tri trung binh
<ym> = Tr(py“‘)/Z véi m =1,2,3..., trong do
Z 1a tong thong k&, p = exp (- pH ) 1a ma tran
mat do théng ké, p=(k,T)", k,la hr?mg $6
Boltzmann. Tuong tng véi truong hop khong
nhiéu  loan  thi Z,=Tr(p,), VOI
p, = exp (— f)HO). Nhu dﬁ blét trong nhiéu loan

8U,, p =p, +8p VOI dp choboi:
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op=-Hpdp ;
0p, = -H,p,0B ©

ta nhan duoc:

B ~
8p=—[ e""5U, (B)dB';

38U, (B) =™ sU e
Dit nang luong diém khong bang khong,
ta s€ co:
% 1
Z,=Trp, = Zexp(— npho, )= Z 1
=0 Z

trong d6 z=¢**r =¢*/'T goi la bién
s6 nhiét d6 va duoc xac dinh béi 0, = ho, /k,
la nhiét do Einstein. Sau day ta s€ su dung cac

cong thuc trén dé tinh giai tich cac cumulant

) Cdc cumulant bic chan

)

~ —Tr ~— Tr
py™ Z, Py

mchin 7 N

Véi m=2, ta co:
1 “n|
(v)=0 =™ (nly’m). (10)
0 n
St dung yéu t6 ma tran
<n|y2|n> = <n|é+§ + §é+|n> =(c,) (2n+1).
Thay vao (10), bién dbi toan hoc va st
dung (7) ta nhan duoc cumulant bac hai:

ho, (1+2)

&= (y?) = : 11
° <y > 2¢,Da” (1-2) (b
° Cdac cumulant bic lé
m ~l m Ni m
<y >mlé~ZTrpy ~7 Tropy (12)

0

Véi m=13 ta s& co biéu thirc tinh
cumulant bac 1 va bac 3. Bién ddi theo cac yéu
t6 ma trin tuong ung vdi <y> va <y : > , ta co:

(nls{n+1)=o,(nfa +4'[n+1) = o,n+1(n]n) =0, (n +1)* ,(13)
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<n‘}v3‘n+l> =(50)3(3nm +3«/ﬁXn‘n> =3(GO)3(I‘1+1)3/2, (14)
<n‘y3‘n+3> =3(GO)3[(n +1XH+2)(H+3) 1/2 (15)

+ Cumulant bic mot (m=1):

1 e—l}nhmg _ e—l}u 'hox.

o =)= X

D
Y e a1l ey =S’y Jw)ayin)

voi n'=n+1, tu (13) va (12) sau khi
bién d6i, ta co:

[4qa—15a(<fo) 7)}

(1-2)

\ \ A A ’ 2
vi <y> =0 va lay gan dung k 4 ~c,Da”,
bién doi va rat gon ta s€ c6 cumulant bac mot:

G(l):a: IS?COE (1+Z):15a><6(3) (16)
8c;Da (1-z) 4,

+ Cumulant bic ba (m=3)

1o o) gl (y?) = Ly e sy (17
o Y I R b Vs nfsuidmalyln)- (17

0 mn'

Tu (7) va (17) ta co:

Da.2 R 5
()= D e e s~ ol S o) ol )

Z, ‘o nhog—n'hog
(18)

St dung hé thuc (14, 15), tinh (18)

lan luot voi n'=n+1, n'=n+3 va chl ¥ cac

yéu t6 ma tran chi co tac dung véi v, két
hop voi (7), (8) ta thu duoc cumulant bac 3:

o 10, ) (1+102+7°) 150, (1+107+7°)
8;D’o’  (1-zf  4¢Da (1-2)°

(19)
Thay gia tri cua cac dai luong trong cac hé
thirc cumulant va tinh s6 cho tinh thé dong
(Cu), ta thay gia tri tinh toan theo ly thuyét
phu hop véi két qua cia thuc nghiém [6]
(Bang 3). Cac d6 thi biéu dién cumulant bac
hai (Hinh 1a) va cumulant bac ba (Hinh 1b)
cho thay cac két qua tinh sd trung tot voi
thuc nghiém hon cac 1y thuyét khac.
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Bang 3. So sanh két qua ciia o* va ¢ duoc tinh
theo ly thuyét hién tai véi cdc $6 lidu thuc nghiém doi
Vo tinh thé ddng (Cu) tai mot s6 nhiét do khdac nhau

TK) o’ (A?) o} (A?)
Present Expt. Present Expt.
10 0,00298 | 0,00292 - -
77 0,00333 | 0,00325 | 0,00010 -
295 | 0,01858 | 0,01823 | 0,000131 | 0,000130
683 | 0,01858 | 0,01823 - -

3. Thio luan va két luin

Tiép tuc phat trién mo hinh Einstein
tuong quan phi diéu hoa ta da thu dugc mét ly
thuyét tong quat dé tinh cac cumulant va tham
sO nhiét dong trong 1y thuyét XAFS phi diéu
hoa. Cac biéu thuc duoc biéu dién qua cac
tham s6 cdu trac méi phu hop voi cac két qua
da duoc cong bd [8]. Biéu thirc trong bai bao
nay la truong hop tong quat ciia phuong phap
da dugc cong b khi dat d6 1on cua ¢, , ¢,, tir

Bang 2 vao biéu thic tinh toan cac tham sb
nhiét dong va cac cumulant thu duoc & cac hé
thac (11, 16, 19). Két qua tinh toan cua ly
thuyét hién tai cho cac cumulant trung tot véi
56 lidu cua thuc nghiém ddi voi tinh thé dong
(Bang 3) va duoc minh hoa qua céc do thi
trong Hinh 1.

o018 __Prasent theory, Cu +]

+Expt. , Cu (Ref, B)
o Different theory ( Ref. 4,2

Second Cumulant

07 Present theary, Cu
~ Experiment (Ref.4)
(=11 o Differant theory ( Ref.4,2)

T a i
(] 100 200 300 400 500 600 700
T

Hinh 1: Cdc do thi minh hoa su phu thudc vao
nhiét do cua cdae cumulant bdc hai ¢* va bdc ba
6 ®, s0 sdnh vdi cdc gid tri cia thuc nghiém

chu y rang cac sb liéu thuc nghiém duoc lay tir
phép do phd XAFS tai phong thi nghiém
HASYLAB (DESY, Germany) va do thi duoc
chay bang phan mém MATLAB.

Véi viéc tim ra phd XAFS di cung cip
s6 luong va ban kinh cia nguyén tir, phd
XAFS di tré thanh mot ki thuat phan tich cau
trac manh mé&, nhung van con van dé can giai
quyét d6 1a su phan bd cia cac nguyén tir nay.
Céac tham s6 ¢, , C,, trong bai co chira goc gifta
duong ndi ctia nguyén ti hip thu véi nguyén
tr lién két lan can va duong ndi gita cap
nguyén t hap thu va tan xa cho nén chung mo
ta phan bd ciia cic nguyén t lan cin bao
quanh nguyén tir hap thu va nguyén tir tan xa.
Biét c4u tric ciia cac tinh thé va do 16n cua
¢ ,C,, tr Bang 2, chung ta c6 thé tinh toan cac
cumulant va cac tham sb nhiét dong khac. Pbi
v6i cdu trac cua cac chit chua biét, ching ta
c6 thé rat ra sb nguyén tir tir phép do phd
XAFS, ciing nhu cac tham sb ¢, ¢,, theo Iy

thuyét tir phép do cac cumulant, ta s& c6 duoc
thong tin vé phan b hodc ciu tric nguyén tu.

Cac biéu thuc cia tham s6 nhiét dong
déu duoc biéu dién qua cumulant bac hai ¢®
1a rat thuan tién boi vi khi xac dinh duoc o
cho phép ta du doan cac cumulant khac (Eq.
16, 19), do d6 s& lam giam cac tinh toan s6 hoc
va cac phép do thuc nghiém.

Loi cam on

Tac gia xin cam on GS. TSKH Nguyén
Véin Himg da dong gép y kién thao ludn va cho
phép sir dung mét s6 két qua da dioc cong bo.
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