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Tom tat

Trong nghién ctu nay, anh huong cia ap suat dén tan s6 va nhiét do Einstein, va hé s Debye-Waller cua cau tric
tinh té phd hap thy tia X mo rong (EXAFS) cua kim loai kém duoc ching tdi khao sat dya trén mo hinh Einstein twong
quan phi diéu hoa. Ching toi da xay dung duoc biéu thirc giai tich twong minh cua cac dai lugng nhiét dong nay theo ham
cua &p suat va ti 1é truc e = c/a. Tinh toan sé duoc ching tdi 4p dung cho kim loai kém dén 30 GPa. Két qua tinh sé cua
ching t6i cho thay, tan s6 va nhiét do Einstein ciia kim loai nay ting manh theo &p suat, trong khi hé s6 Debye-Waller lai
giam nhanh theo 4p suat. Ngoai ra, chiing toi ciing chi ra anh huong cua ti I¢ truc dén cac dai lugng nhiét dong nay va
khong thé bo qua.

Tir khéa: Ap suét cao; md hinh Einstein; tin sé Einstein; nhiét do Einstein; hé sb Debye-Waller.

Abstract

This study investigates the impacts of pressure on the Einstein frequency and Einstein temperature, along with the
extended X-ray absorption fine structure (EXAFS) Debye-Waller factor of zinc, using the anharmonic correlated Einstein
model. Analytical expressions are derived to represent these thermodynamic properties as functions of both pressure and
the axial e = c/a. We conduct numerical calculations for zinc metal up to 30 GPa. The findings reveal that the Einstein
frequency and Einstein temperature of zinc increase substantially with rising pressure, while the Debye-Waller factor
decreases sharply. Moreover, the influence of the axial ratio on these properties proves to be non-negligible.
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1. Mé& dau

K&m (Zn) 12 mot kim loai chuyén tiép véi sb
nguyén tir 30. O diéu kién thuong, kém c6 ciu
trdc tinh thé luc giac xép chit (hexagonal close-
packed - hcp) [1]. Kim loai ndy cd nhiéu tinh
chat vat ly va hoa hoc thi vi, duoc tng dung
rong réi trong nhiéu nganh céng nghiép. Ching
han, kém thé hién tinh siéu déo, kha ning chéng
an mon cao nén dugc tng dung nhu 16p pha
chéng dn mon trén thép [2], pin kém va san xuat
hop kim [3], [4] trong nganh céng nghiép 6 t6,
ky thuat hat nhan, hang khong v tru va van tai.
Vi vay, hiéu chinh xac cé4c tinh chat nhiét dong
kim loai nay trong pham vi rong cua nhiét d6 va
&p suat co y nghia quan trong trong viéc mé rong
cac (ing dung tiém ning ciing nhu phat trién vat
liéu tién tién dya trén kim loai kém. Ciing vi Iy do
do, tinh chét nhiét dong cua kim loai kém da thu
hat su quan tdm nghién ctru cua dong dao cac nha
vat ly ly thuyét ciing nhu thuc nghiém trong nhiéu
thap ky [4-6].

Tuy vay, trong hiéu biét cua ching tdi, cho
dén nay rat it cac cong trinh thyuc hién khao sét
anh huong cua &p suat dén cac dai luong nhiét
dong nhu hé s6 Debye-Waller, tan s6 va nhiét do
Einstein cua kim loai Zn. Gan day sir dung md
hinh Debye twong quan, Hong va cong su da
khao sat anh huong cua ap suit dén hé sb Debye-
Waller, tan sé va nhiét do Debye caa kém [7].
Nhitng nghién ciu khac chi yéu duoc thuc hién
& &p suat bang khdng. Mot khia canh quan trong
nita |2 & &p suat khong, kim loai nay két tinh theo
cau trlc hep vai ti 18 truc e = c/a khac véi gia tri
ly tuong \/i% [8]. Tuy nhién, cac nghién ctu

truge day vé tinh chat nhiét dong cua kdm cha
yéu chi xem xét truong hop kim loai kém co ti 1
c/aly tuong [9].

Trong bai bao nay, ching tdi khao st anh
huong cua ap suat dén tan sb Einstein, nhiét do
Einstein va hé s Debye-Waller (Debye-Waller
factor - DWF) cua tinh thé kim loai kém c6 cau
trdc hep. Nghién ciu duoc thuc hién dua trén
viéc phét trién mé hinh Einstein twong quan phi
diéu hoa (Anharmonic correlated Einstein model
- ACEM) trong trudng hop ap suat khac khong
va c6 tinh dén anh huéng cua ti 1¢ truc khong ly
tuong. Gia tri ly thuyét nhiét d6 va tan sb
Einstein ctia Zn thu duoc s€ duoc so sanh véi cac
két qua tir cac nghién ciru thuc nghiém trude day
dé kiém chimg phwong phap nghién ciu caa
ching toi.

2. Phuwong phap 1y thuyét
2.1. ACEM va dp dung cho tinh thé hcp

Trong phan nay, chung t6i gidi thiéu so luoc
nhiing két qua chinh cia ACEM dugc sir dung
dé nghién ctru cac cumulant cling nhu dnh huéng
ctia phi diéu hoa dén phd EXAFS. ACEM dugc
phat trién boi nhom tac gia Hing & Rehr vao
nam 1997 [10] dya trén mo6 hinh Einstein [11].
Trong m6 hinh ACEM, nhém tac gia Hung &
Rehr da dé xuat mot thé tuong tac hiéu dung phi
diéu hoa Dust (X) Thé tuwong tac nay bao gdm
tuong tac gitra nguyén tir hap thu (A) va nguyén
tur tdn xa (B), cling nhu tuong tac gitra chiing va
cac nguyén tir 1an cin gan nhat. Theo do, thé
tuong tac hiéu dung @ (X) duoc biéu dién dusi
dang [10], [12]

Ao 1
P (X) =0 (X)+ > (D[Mi lez.Rijszkeff X2+ kX3 ... 1)

i=1,2
j#i

trong biéu thic trén X=r—r, 1a do doi cta
nguyén tir (voi r 1a khoang cach gitra hai nguyén
tir va I, 1a gid tri ¢ trang théi can bang); ¢(X)
1a thé twong tac cip gilta C4C nguyén tir va tong

;Z(D[Mi XIQIZ.IQ”] mo td dong gop tuong tac
i '

gitra cadc nguyén tir lan can cua cac nguyén tir
hap thu va tan xa; R 1a vector don vi; Ky 1a hé
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s6 dan hodi hidu dung; K, 13 hé sb phi diéu hoa va
MU= _M,M, 1a khéi lwong rat gon.
M, +M,

Trong ACEM, cic cumulant phd EXAFS
duoc xac dinh trong gan dung dao dong chuan
diéu hoa va la céac gia tri trung binh nhiét dong
cia y=x-a véi a(T)=(r-r)=c" Ia
cumulant bac 1. Biéu thuc gidi tich cua cac
cumulant bic 2 hay hé s6 Debye-Waller phd
EXAFS trong ACEM c6 dang [10], [11]

2(T)_ha’e 1+z  ,1+z

— _ , 2
2k, 1-7z °1-z @)

hao,
trong d6 o} = 5 =

la dong gop cua dao dong
eff
diém khong vao hé s Debye-Waller phd

Pu” (X) = @ (X) +49(C,X)+4p(—C,X)+20(C,X) + 20 (—C,X) +

EXAFS, @, = fky, /m 1a tin sé Einstein,
0. = ho, /K, 1a nhiét 46 Einstein, 7 13 hang sb
Planck thu gon, Kk, 13 hang s6 Boltzmann va

z=e""% =g %" B=1k,T.

Tiép theo, sir dung nhitng két qua cia ACEM,
chung t6i s& ap dung cho tinh thé co cau tric hep
[13]. O ciu tric nay, mdi nguyén tir s& c6 muoi
hai nguyén tir 1an c4n gan nhat, tao ra hai muoi
hai cd@p tuong tac gitra nguyén tr A va B véi cac
nguyén tir 1an cén (ngoai trir cdp twong tac A-B).
Luu y rang tuong tac gitra A va B da duoc mo ta
boi (p(x) trong biéu thuc thé twong tac (1). Do
d6, thé hi¢u dung ¢ ctia tinh thé hep c6 thé
duoc viét nhu sau [7], [14]

(3)

+20(C;X)+20(—C;X) + @ (C,X) + @ (—C,X),

trong d6 C,, C,, C; VA C, 1a cdc tham sb cu tric va duoc dinh nghia boi

B (2

o (2+3¢) o (4-3¢%) @

2(3e2+4)”2’ C2_2(4+3e2)’ To2(4+3¢7) " 2(4+3¢?)

Dé khai trién thé hiéu dung (3) chiing ti sir dung thé cip Morse dé mé ta twong tac giita cac

nguyén tir dudi dang

v(x)=D [eiza(%) B Zeia(rirﬂ z D(—1+ a’x? — a3X3) , (5)

trong d6 a 1a d6 rong thé va D 1a nang lwong phan ly.

Thay (5) vao (3), thé twong tac hiéu dung cta tinh thé cau trac hep trd thanh [7], [14]

" (x) =—19D +(1+8¢; +4c] +4c; +2¢; ) Da’x* - Da’x’. (6)

Tir d6, hé s6 dan hoi hiéu dung K. 12

(e )hcp =2(1+8¢; +4c; +4c] +2¢; ) Da®

112 +60e” +63¢”
(4+3¢%)
2.2. Cac dai luwgng nhi¢t djng dudi anh
hwong cua ap suat
Dé danh gia anh hudng ciia ap sut dén tan sb
Einstein, nhiét d6 Einstein va hé sd Debye-

Do

(7)

Waller phé EXAFS chung t6i dya trén dinh
nghia cta hé sé Griineisen sau [15]
_OInag

olnv ' ®)

Ve =
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& day V 14 thé tich cua tinh thé.

O vung ap sut thip, hé s6 Griineisen gan nhu
khong phu thudc vao su thay dbi ap suit. Tuy
nhién, & ving ap suit cao, cic nghién ctru cho
thdy su giam dan cua hé s Griineisen khi ap suat
tang. C6 nhiéu ly thuyét ciing nhuw mé hinh khéc
nhau di dugc dé xuat dé nghién ctru anh hudng
cuaap suét dén hé s6 Griineisen, trong do dé xuét
ctia Burakovsky va cong su co tinh tong quat
nhit [16]. Theo Burakovsky va cong su, hé sb

Griineisen ¢6 thé duge mo ta theo ham cua hé sb
nén n =V /V, dudi dang [16]

1
Ve = Tm“ +7,1°, 9)

trong d6 y,, 7,, 4 >1 l1a cac dai lugng phu thudc
vao vat li¢u nghién cuu.

Két hop biéu thtrc hé s6 Griineisen (9) va dinh
nghia (8), ching t6i rut ra dugc biéu thirc phu
thuéc hé sd nén n=V /\/O cia tan sb Einstein,
nhiét d6 Einstein va hang sb luc hiéu dung tuong

img I
we(1) = @pen™* exp{Syl (1—771’3)+%(1—77q )} , (10)
0u(17) = Opery ™ exp{Syl (1—77“3)+%(1—77q )} , (11)
Koo (17) = Koy 77" exp{6;f1 (1—771’3)+%(1—77q )}, (12)

trong d6 @ye, Gy VA kg, tuong ung 1a tan sd
Einstein, nhiét d0 Einstein va héng s6 luc hiéu
dung & ap suat P = 0.

o’ (nT)=

trong d6 z(7,T)= g BT

ha. (1) 1+2(n,T)
2k (7)1-2(n,T)"

Do d6, biéu thirc cia cumulant bac 2 phd
EXAFS phu thudc hé s6 nén va nhiét do 1a

(13)

Dé mb ta mbi lién hé giira ap suat va hé sd nén n =V /V, chung t6i sir dung phuong trinh trang thai

Vinet c6 dang [17]

P =3K, (1~ 77”3)expB( K, -1) (1—77“3)} , (14)

trong d6 K, K, twong tmg 1a hé s6 nén khdi va
dao ham bac nhét theo ap suit cta no.

Nhu véy, dua trén sy két hop giita phuong
trinh trang thai Vinet (14) va cac phuong trinh
(10), (11) va (13) chiing ta c6 thé xac dinh duoc
sy phu thudc ap suét cua tan sd Einstein, nhiét
d6 Einstein va cumulant bac 2 phé EXAFS cta
vat liéu.

3. Tinh toan sé cho kim loai kém va théo luin

Trong phan nay, ching tdi s& thuc hién tinh
s6 dé khao sat anh huong caa ap suat dén tan sé
Einstein, nhiét do Einstein va hé sb Debye-

Waller cua kim loai kém tir 0 dén 30 GPa. Trong
khoang &p suat nay kim loai kém van 6n dinh &
c4u tric hep. Dé thyuc hién tinh sb, ching t6i sir
dung cac gia tri tham sé thé Morse [9]
a =1.7054 A1, D =0.1698 eV; hé s6 Griineisen
[16] 72 = 0.99, 72 = 1.05, q = 3.8; modun nén khéi
Ko = 66.4 GPa va dao ham bac nhit theo ap suét
ctia mo dun nén khéi K1 = 5.20 cua Zn [5].

Str dung cac s6 liéu trén ching t6i xac dinh
duoc gid tri tAn s6 va nhiét do Einstein cua Zn &
&p suat bang khong. Ching t6i xét hai truong
hop: Truong hop tinh thé hep 1y tudng
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c/a=/8/3 ~1.633va thuc nghiém a = 2.665 A,
c = 4.947 A [18], hay
c/a=4.947/2.665~1.856 (khong 1y tuéng).
Cu thé 13, khi c/a = 1.633, tan s6 va nhiét do
Einstein trong tinh toan cuaa chang toi cé gia tri
twong Gng 13 2.7x10% Hz va 206.4 K. Trudng
hop c/a = 1.856, tan s6 va nhiét do Einstein
tuong ung l1a 2.75x10'® Hz va 210.3 K. Nhiing
gia tri nhiét do Einstein ma ly thuyét chang toi
thu dugc kha phu hop vai cac gia tri do thuc
nghiém 223.4 K [7], 221.3 K [19] va 226.3 K
[19]. Trén Hinh 1, ching t6i biéu dién sy phu
thudc &p suat cua tan s6 va nhiét do Einstein caa
kim loai kém trong hai truong hop ti s6 truc ly
tuong (c/a = 1.633) va khong ly tuong (c/a =
1.856). Tur Hinh 1 c6 thé nhan thay, tan s va
nhiét d¢ Einstein cta kém tang nhanh theo ap
suat, khoang 67.8% trong khoang &p suat 0-30

GPa. Ddi vai truong hop ti s6 truc 1y tuéng, tan
s6 va nhiét do Einstein cua k&m c6 gié tri nho
hon truong hop ti 1€ truc khong 1y tuong. Nhu
vay c0 thé thiy, ti Ié truc anh hudng dén tan sb
va nhiét do Einstein. Do d6 khi khao sat cac vat
liéu c6 cau trdc hep ching ta can cha ¥ dén anh
hudng cua ti 1€ truc c/a.

Tur su phu thudc &p suat cua tan sé Einstein
chiing ta c6 thé xac dinh dugc anh huong cia ap
suit dén hing sé luc hiéu dung va cumulant bac
hai phd EXAFS. Trén Hinh 2, ching t6i biéu
dién d6 thi hé s6 Debye-Waller theo ham cua ap
suat. Trai nguoc vai tan s6 va nhiét do Debye,
hé s6 Debye-Waller pho EXAFS giam nhanh
theo ap suat va cumulant bac 2 truong hop ti sb
truc 1y tuong co gié tri 1én hon treong hop ti 1€
truc khong 1y tuong. O diéu kién thuong (P =0
va nhiét d6 phong), moé hinh

400
13
5 =10
F
380 =
w
E]
3
w 300
)
2501
—ocf/a = 1.633
— —cla =1.856
200 ' " " ' '
0 5 10 15 20 25 30

Ap suat (GPa)

Hinh 1. Anh huéng cua 4p suat dén tan s6 Einstein va nhiét do Einstein ciia kém trong truong hop 1y tuong
(c/a=1.633) va khong ly tudng (c/a = 1.856).

ACEM cua ching toi cho gia tri o2 la
10.89x10° A? (c/a 1y tuong) va 10.51x10°3 A?
(c/a khong 1y tuong). Két qua nay kha phu hop
v6i gia tri 10.4(9)x10° A? trong phép do phd

EXAFS gan ddy ctia John va cong su [1]. C6 thé
nhan thay, gia tri Iy thuyét trong trudng hop c/a
khong 1y tudng phu hgp hon véi phép do thuc
nghiém [1].
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Hinh 2. Anh huong cia ap suat dén hé sb Debye-Waller phd EXAFS cua kém trong trudng hop 1y tuong
(c/a=1.633) va khong ly tuong (c/a = 1.856).

4. Két lun

Trong bai bao nay, dua trén ACEM chung t61
da khao sat anh huong ciia ap suédt dén cac dai
lugng nhiét dong (bao gdm tan s6 va nhiét do
Einstein, va hé sb Debye-Waller) ctua kim loai
kém co ké dén anh huong cua ti 18 truc c/a.
Chung t61 da thuc hién tinh s6 cho Zn trong
khoang ap suét tir 0 dén 30 GPa. Két qua cho
théy, tan sb va nhiét do Einstein cua kim loai nay
ting manh theo ap suit (khoang 67.8% trong
khoang 4p suit duoc khao sat) nhung hé sb
Debye-Waller phd EXAFS lai giam nhanh theo
ap sudt. Ngoai ra, chung t0i cling chi ra anh
hudng cua ti 1¢ truc c/a dén tan sé va nhiét do
Einstein cling nhu hé s6 Debye-Waller phd
EXAFS cua kém 1a khong thé bo qua.
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