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_TINH CAC THAM SO NHIET PONG VA CAC CUMULANT
CUA CAC TINH THE LAP PHUONG TAM DIEN (FCC) PHA TAP
THEO LY THUYET PHO CAU TRUC TINH TE CUA TIA X (XAFS)
CALCULATING THERMODYNAMIC PARAMETERS AND CUMULANTS

OF DOPANT FACE CUBIC CENTER (FCC) CRYSTALS IN LIGHT
OF X-RAY ABSORPTION FINE STRUCTURE (XAFS) THEORY

Nguyén Ba Dirc
Truong Pai hoc Tan Tréo, Tuyén Quang; -Email: hieutruongdhtt@gmail.com

Tém tht - Mot phuong phap méi dé tinh todn va phan tich cac
cumulant trong phd XAFS déi véi cac tinh thé fcc pha tap da duoc
xay dung trén co so 1y thuyét théng ké luong tir va tvong tac
phonon, v&i md hinh Einstein twong quan phi didu hoa dwoc tdng
quat héa. Nghién clru nay da xay dung duoc cac bidu thiec bidu
di&n thanh phan bét ddi xing clia phd XAFS phi diéu hoa gdm
cumulant bac médt hay hé s6 dan n& mang, cumulant bac hai hay
hé sé Debye-Waller, cumulant bac ba va cac dai lvong nhiét déng

" bao gdm cac dong gop cla higu teng phi dieu hoa clia cac tinh thé
lap phwong tam dién (fcc) bi pha tap. Cac két qua tinh s6 cho tinh
thé ddng (Cu) dwoc pha tap v6i tinh thé niken (Ni) da duoc thue
hién va triing tét véi thuc nghiém.

Tir khoa - cac tie khoa: phé XAFS phi didu hoa, tham sé nhiét
dong, cumulant, tinh thé pha tap, st phu thudc nhiét do.

1. Mé dau

Viéc nghién ciru clu tric ctia mang tinh thé qua céc tinh
chét nhiét ddng clia cdc nguyén tir trong vat chét 14 cén thiét
va da duoc thuc hién [3]. Tuy nhién, hién nay phuong phép
phan tich phé chu tric tinh té cua tia X (phd XAFS) dang
dugc phat trién va da trd thanh mot k§ thuat manh dé phan
tich chu triic clia vat chat. Qua ham cia phé XAFS ta xac
dinh dugc cac thong tin vé sb nguyén tir trén mdi 16p vo,
anh cta phép chuyén Fourier cia phd XAFS xac dinh duoc
thong tin vé ban kinh 16p nguyén tir [4]. (Phan nay da lam

r5 hon vé ndi dung nghién ctu 6 lién quan va xu the sir -

dung XAFS hién nay dé nghién ctru céu triic cha VAt rin).
Céc tham sb nhiét dong ctia cic tinh thé nguyén chét c6
cAu trac l4p phuong dd dugc xdy dung qua md hinh
Einstein twong quan phi diéu hoa trong ly thuyét XAFS [6,
7], tuy nhién véi cac tinh thé 1ap phuong tam dién (fcc) bi
pha tap chua dugc dé cap dén. (Phin bd sung niy lam o
hon nodi dung nghién ctru méi) Muc dich cia nghién clru
ndy la sit dung m6 hinh Einstein tuong quan phi diéu hoa
trong phd XAFS dé xdy dung cc biéu thirc tinh hing sb
luc hiéu dung, cumulant bac 1 hay hé s6 dan nd mang,
cumulant béc hai hay d6 dich chuyén tuong dbi trung binh
toan phuong (MSRD) hay con goi 1a hé s6 Debye-Waller,
cumulant bic ba, tAn sb va nhiét d6 Einstein cla tinh thé
fee bi pha tap. Tinh thé fcc pha tap bao gdm nguyén tir duge
pha tap dugc coi nhu nguyén ti hép thy, cac nguyén tir lan
cén gan nhat 1a cac nguyén tir gbe dugce coi nhu cic nguyén
ti tan xa trong phuong phdp XAFS. Viée tinh 58 cho tinh
thé ddng (Cu) dugc pha tap bai tinh thé niken (Ni) da dua
ra duoc cac hidu Ung nhiét dong cuia tinh thé fce bi anh

Abstract - A new procedure for calculating and analysing of X-ray
absorption fine structure (XAFS) cumulants of dopant fcc crystals
has been derived based on the quantum statistical theory in
correspondence with the generalized inharmonious correlated
Einstein model. This study has formulated the expressions
describing the asymmetric component in inharmonious XAFS
spectra comprising the first cumulant or thermal expansion, the
second cumulant or the mean square relative displacement
(MSRD) or the Debye-Waller factor, the third cumulant and
thermodynamic parameters including the inharmonious effects
contributions of dopant face cubic center (fcc) crystals. The
numerical results for copper (Cu) doped with nickel (Ni) and pure
Cu, Ni crystals are found to be in good agreement with the
experiment.

Key words - inharmonious XAFS; thermodynamic parameters,
cumulants; dopant crystal; temperature dependence.

huong do su pha tap cia nguyén tir. Cc két qua tinh s6 da
tring tot vdi cac gia tri cla thyc nghiém.

2. Ly thuyét

Bidu thitc ciia phd XAFS phi diéu hoa thudng dugc viét
nhu sau [2,4]: .

)((k) =4 F(k)ﬂgﬁ%@(_k)l [u{ei(p(k ) ex;{ZikR+ E% G(H)D, (1 )

kR

Trong d6, F(k) 1a bién d0 tan xa ctia nguyén tu, ®(k)
13 thng do dich pha cia quang dién tir, k 12 sb song, A la
quing dudng tu do trung binh cia quang dién tir va o
(n =1,2 3,...) 1a cac cumulant bidu dién cac thanh phan bat
dbi xtmg, ching xudt hién do tinh trung binh nhiét ham
e [1], trong do céc sb hang bat di xting dugc khai trién
theo chudi Taylor xung quanh gid tri R =<r> v6i r la
khoang céch tirc thoi gitta nguyén tir hip thy va nguyén tir
tan xa tai nhigt do T. Theo mo6 hinh Einstein twong quan
phi diéu hoa [7], twong tac gilia nguyén tu hép thy va
nguyén tir tan xa vai anh huéng cia cac nguyén tir lan can
dugc mo ta qua thé hiéu dung Einstein phi diéu hoa:

1 2 3 e s
Up(i)= S heg® +hox’ +.4 3N U LRy Ry | @)
ot £ M; ;
i=1,2 j#i t
Thé nay bao gdm tham sb phi diéu hoa k, dic trung
cho tinh phi didu hoa va tao ra su bit déi ximg cia thé
tuong tac, hang so6 dan hoi hi¢u dung k. Cac dong gop
cua chium nguyén tu 1an cén dugc mo ta trong phuong trinh
(2) bang tong theo i tir i =1 Uing véi nguyén tir hip thy (1a

g
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nguyén tir pha tap) dén i i = 2 Ung v6i nguyén tir tan xa (1a
nguyén tir gbc), con tong theo j chay theo tht ca chc
nguyén tir 1an c4n gin nhét trir nguyén tir hap thu va tin xa
vi chung dd déng gop trong U(x), R 1a vécto don vi,
p=MM, /M, +M,)goi la khéi lugng rat gon cua
nguyén ti hép thy M, vanguyéntirtanxa M,, x=r-r,
1a d¢ léch tirc thoi ciia khodng cach giita hai nguyeén tir tir
vi trf cAn bing tmg v6i vi tri ¢ gia tri thé ning cuc tiéu.

Dao dong cua cac nguyén tir ¢4 dugc tinh trén co s&
théng ké lugng tir v6i gan ding dao dong chuén diéu hoa
[1], todn tr Hamiltonian cia hé dugc viét dudi dang tong
cua sb hang didu hoa d6i véi vi tri can bang tai mot nhiét
d6 x4c dinh va phan phi diéu hoa dugc coi nhu mdt nhiéu
loan, ta c6:

, H=§;+ug<x>=Ho+ue<a>+suﬁ<y>;
: p
H, =—I—:+ : K
ity @)

sm=(s), ()=0

V6i a 1a hé sb din ng nhlet mang, y la do léch cia x

tir gid tri cén bang tai nhlet do T. Su dung thé twong tac
gura mdi cap nguyén tir bang thé phi didu hoa Morse cho
céc tinh thé lap phuong va Khai trién t6i bac ba quanh vi tri
cuc tidu cua no, ta cb bidu thirc thé Morse cho tinh thé fcc
nguyén chét:

U, (x)=D( ™ -2e™)~ D(—1+ a’x? —a’x’ +) )

y=x-a,

Trong truong hop céac ch_ét bi pha tap, biéu thuc thé
Morse s€ c6 dang:

UE(X);D

Trong céc hé thie (4), (5) o 12 hé s6 dan n& nh1et D
12 ning lugng phan ly vi U( )——D Céc tham sb thé
Morse nay trong hé thic (5) 14 gié tri trung binh cua ching

dbi voi trwong hop cac tinh thé nguyén chét va dugc tinh
bdi cac hé thic:

(—-1+OL2,X2 —alx’ +) (5)

Do’ +D,a’ D,a’ +D,a]
Gk -_ o 4 ST AR
1] D, +D, ; D, +D,
_D] D
12 2 (6)

Tir cac biéu thirc (2) va (4), ta co thé twong tac higu
dung Einstein tong quat:

UE(X):UE(a‘)+ )

Thay thé (5) véi x =y+a vio (2), st dung biéu thic

-
Ky +8U.(y)

(7) va tinh toan s6 hang thir hai cta (2) véi p,, dugc tinh
bano trung binh cdng cla khdi lugng rit gon clia nguyén
w co\, vd nguyén tu pha tap tonﬂ theo i ng véi nguyén
tor pha tap va nguyén tir gbc, con tdng theo j chqy theo tit

ca cac nguyén ti 14n cin gin nhét va tinh tich (Rl:.Rn) ddi

vl cac mang tinh thé pha tap chu tric fec ta thu duoc céc

tham s6 nhiét dong K, k;,va oUy(y):
k3 = —SD]ZQ,; /4 I (8)
kc(l' = SDlzanzz e uuzmé 2 %)

8U,(y) = 5D, 0 (ay—a,2y3/4) (10)
Dé xdy dung céc cong thuL tinh giai tich cac cumulant
cho c4c tinh thé c6 chu tric lap phuong, ta stt dung ly thuyét
nhiéu loan [5]. Dao ddng clia cac nguyén tir ¢4 dugc luong
tir hoa 1a phonon, nén khi tinh twong tac phonon-phonon
bao gbm hidu (mg phi diéu hoa chiing ta thu dugc céc
cumulant:

G(l)___a:_ﬁl_mL_(H’z)
40D ,a,, (1_2) (11)
Y ho (l+z)
P £ Doy B i
) 10D,,a, (1-2) (12)
g A (1+102+7%)
200D4a},  (1-2) (13)

-Bhog

Véi z=e = =e'T 13 bién sb nhiét do va duge xéac
dinh bing nhiét d¢ Einstein 0, = 7o, /k; .

3. Két qua tinh s6 va so sanh véi thuc nghiém

Ching ta st dung cic hé thirc d& nhan duoc & phan
trudc dé tinh s6 dbi v6i tinh thé pha tap Péng - Niken
(CuNi). Tur cac tham s6 thé Morse D va ot ctia céc tinh the
Cu, Ni nguyén chét da biét [6], ta tinh dugc cac tham 56

D12 va O, theo h¢ thire (6) dbi véi cac tinh thé fec pha
tap (Bang 1)."

Bdng 1. Gid tri cdc tham 56 ' thé Morse ciia cac tinh thé Cu, Ni
nguyén chdt va tinh thé pha tap CuNi

Tinh thé D(eV) oA
Cu-Cu 0,3429 1,3588
Ni-Ni 0,4205 1,4149
Cu-Ni 0,3817 1,3900

Thay céc tham sé nhiét dong D,, va o, , tir Bang 1 vao
cac dai lwong trong hé thuc (8), (9), (10) véi hing 56
Boltzmann kg =8.617x107%eV4™", hing sb Plank
h=6.5822x10""%eV.s , ching ta tinh dugc cac tham s6
nhiét dong khac nhu hé s6 dan hdi hiéu dung k., khéi
luong rit gon W, thn s Einstein ®, va nhiét d Einsteir
0, cua tinh thé ddng pha tap véi niken (Bang 2).

Bing 2. Gid tri cdc tham 56 nhiét déng K g\ 1y O, 0,

Tinh thé kg 21(x10726) O,

AT e PH) %

Z\ 57
Cu-Cu 3,1656 0,3313 3,0928 2359
Ni-Ni 4,2091 0,3060 3,6102  275,8
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Cu-Ni 3,6874 0,3186 3,4019 2598

Thay céc gia trj ¢ Bang 2 vao cac hé thic (11), (12),
(13), ta thu duge cc hé thirc cia cic cumulant biéu dién
theo bién s6 nhiét 0 z=e™"", sau d6 thay gi4 tri ciia
nhiét d6 Einstein 0, (K) vao hé thirc ciia bién sb nhiét d6
z, chung ta c6 céc hé thirc chi phu thude vao nhiét 4o T cua
cac cumulant.

259,86
l+e T

x—55 (A)
Lt 14
25986

) Guilde it
o =3,036284x10° xS (A?)

T

l-¢ (15)

1+10e T +(e T )
o® =0,0064072 x 10~ x ' (A%

(1 3 e_zsaT.ss )3
(16)

Tt cac phuong trinh (14, 15, 16), ching ta cd cac db thi
mo ta sy phy thuge cua cdc cumulant vao nhi€t do T cua
céc tinh thé Cu, Ni nguyén chét v tinh thé Cu bj pha tap
bang tinh thé Ni biéu dién theo cac Hinh (1), (2) (3)

0.02 T T T

¥=3.165326110"
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Trong céc hinh vé& ta nhan thiy dudng dd thi biu dién

sy phu thudc vao nhiét do clia cdc cumulant vé6i tinh thé

bi pha tap CuNi dwgc xdy dung bang ly thuyét hién tai,
déu tiém cén véi cic gia tri do dugce cua thuc nghiém.
Diéu d6 ching to su dang dan cia ly thuyét hién tai (phin
nay chi rd khi nhin vao do thi cho théy sy tring khop gitta
Iy thuyét hién tai va sé do cua thue nghlem ¢ nhiét dé
phong-theo ¥ kién PB, db thi duoc vé bing phin mém
Matlab 7.2). Hinh 1 va Hinh 3 m6 ta sy phu thudc véo
nhiét 4 ctia cumulant bac 1 ¢"(T) hay hé sé dan né
nhiét mang va cumulant bic 3 ¢*(T) cia tinh thé Cu
dugc pha tap véi Ni va céc tinh thé Cu, Ni nguyén chét.
Ching déng gop vao do dich pha ctia phd XAFS do hiéu
Ging phi diéu hoa. Céc két qua tinh toan 1y thuyét dbi voi

o™ (T) di tring tot vdi céc gié tri thuc nghiém tai nhiét
dd 77K, 295K, 700K [8, 9] clia tinh thé Cu nguyén chét,
tai nhiét ¢6 300K, 683K cua tinh thé Ni nguyén chit va
tinh thé CuNi pha tap Céc két qua tinh ly thuyét ddi véi

¢ (T) cling trung tdt véi cac gia tri cua thuc nghiém tai

nhiét d6 295K déi véi Cu nguyén chét va tinh thé pha tap
CuNi, tai nhiét d6 300K dbi voi tinh thé Ni nguyén chit
[8, 9, 10]. Hinh 2 m6 ta su phy thudc vao nhiét do cta
cumulant bac 2 ¢®(T) hay d6 dich chuyén tuorng dbi
trung binh toan phuong (MSRD), con goi 13 hé s6 Debyle-
Waller ctia tinh thé pha tap CuNi va céc tinh thé nguyén

chit Cu, Ni va so sanh véi cac gia tri do duogc tai cac nhiét
d6 77K, 295K va 700K cho tinh thé pha tap CuNi [9] va
tai nhiét do 10K, 295K va 683K dbi véi Cu nguyén chit
va tai nhiét do 295K d6i voi Ni nguyén chit[8, 9, 10], cac
két qua cta ly thuyét ciing tring tbt véi cac gia tri cla
thure nghiém.

Chu ¥ rang céc gié trj thuc nghiém l4y tix phép do phd
XAFS tai HASYLAB [7] va BUGH Wuppertal (DESY,
Germany) [8]. Trong cdc db thi, chung ta nhan thay tai
céc nhiét d6 thip, cac cumulant 6™,0%, ¢ chira cic
déng gop cua nang luong diém khong, d6 14 mot hiéu tng
lugng tir. Tai cc nhiét do cao 6, ty 18 tuyén tinh voi
nhiét d0 T va "' ty 1& v6i binh phuong nhiét dd (T%),

tring voi cac két qud cua ly thuyet cb dién va thuc
nghiém.

3)
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4. Két ludn ,

Mot 1y thuyét phéan tich méi dé tinh toan va ddnh gid
c4c tinh chit nhiét dong cla cac tinh thé fcc pha tap da duoc
phat trién trén co s ly thuyét théng ké lugng tir v6i mod
hinh Einstein twong quan phi diéu hoa mo rong cho tinh thé
ch pha tap. Céc h¢ thirc cua cac tham sb nhiét dong, h%\ng
50 luc hiéu dung, tan sb va nhiét do Einstein, cic cumulant
béc mdt, bac hai va béc ba trong phé XAFS phi didu hoa
clia céc tinh thé fec bao gdm ca céc tinh thé pha tap trung
v6i cac tinh chit chudn cta cac dai lugng nay. Viée tinh
todn céc dai lugng cho cac tinh thé pha tap ¢ dang gidng
nhu tinh cho cac dai luong véi cac tinh thé nguyén chét ctia
ching. >

Su phtt hop tét giita két qua cua tinh toan ly thuyét v6i
cac gia tri cia thue nghi¢m da chimg minh khé niing c6 thé
sir dung 1y thuyét hién tai trong viéc phén tich dir liéu phd
XAFS.
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