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TOM TAT
Trong nghién cizu nay, phwong phdap ban thuc nghiém dwa
trén mé hinh Debye twong quan phi diéu hoa dwoc chiing
toi s dung aé nghién cuu sy phu thuoc nhiét do va ap
sudt ciia cdc dai lwong nhiét dong bao gom tin sé Debye,
nhiét @3 Debye va hé s6 Debye—Waller (Debye-Waller
factor - DWF) cuia kim logi dong cdu triic lap phwong
tam mdt (face-centered cubic - FCC). Céc tinh todn sé
doi véi tan s6 Debye, nhiét do Debye duwoc thuc hién lén
dén dp sudt 450 GPa, déi véi DWF duoc thuc hién &
nhiét @ lén dén 1000 K va dp sudt 50 GPa bang cdch
sir dung thé nang twong tac Morse véi cdc tham sé dwgc
suy ra trong so do nghich ddo mang tinh thé Mébius.
Cdc két qua thu dwoc cho thdy su phu hop 16t v6i 56 liéu
thuc nghzem vd cdc cong bo Iy thuyet truoc dday, gop
phan bé sung co s¢ dir liéu va cung cdp théng tin hitu
ich cho viéc ung dung vat liéu nay trong cac linh vuc
khoa hoc va cong nghé.
ABSTRACT
In this study, a semi-empirical method based on an
anharmonic correlated Debye model was used to
investigate the temperature and pressure dependence
of thermodynamic quantities including Debye
frequency, Debye temperature, and Debye—Waller
coefficient of FCC-structured copper. Numerical
calculations for Debye frequency and Debye
temperature were performed up to a pressure of 450
GPa, and for DWF at temperature up to 1000 K and a
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pressure of 50 GPa using Morse interaction potentials
with parameters derived from the inverse Mobius
crystal lattice scheme. The results obtained show good
agreement with experimental data and previous
theoretical publications, contributing to the database
and providing useful information for the application of
this material in scientific and technological fields.

1. DPAT VAN BE

Dong (Cu) 1a kim loai chuyén tiép c6 do dan dién va dan nhiét cao, tinh déo va kha
ning chéng an mon tuong déi tét. O diéu kién thuong, Cu tdn tai & cu tric FCC va dugc
st dung rong réi trong cong nghiép dién tir, trong cac thiét bi truyén tai dién cao ap, hé
thdng trao d6i nhiét ciia 10 phan wng hat nhén, trong cong nghé vat lidu ciing nhu cong
nghiep hang khong vii tru va néng lugng [1]. Do do, trong nhung thap ky qua, cac tinh
chét nhiét dong cua Cu da dugc quan tam nghién ctu bang nhiéu phuong phap khac
nhau bao gom ca thuc nghiém va ly thuyet [1-17]. Mot trong nhimg phuong phap hiéu
qua nhat dé nghién ciru ciu tric va tinh chat nhiét dong hoc caa tinh thé 1a cau trac tinh
té ph6 hap thu tia X maé rong (X-ray absorption fine structure - XAFS) [1]. Khi chiéu
chum tia X vao tinh thé, ta thu duoc EXAFS, day la két qua giao thoa cua song quang
dién tr dén va song quang dién tr tan xa [1]. EXAFS phi diéu hoa cung cap thong tin vé
cac tinh chat cau tric va nhiét dong hoc cua vat liéu. Cac dao ddng mang anh hudng
manh mé& dén bién do EXAFS thdng qua DWF. Trong cong trinh [2], J. Freund va cong
su da trinh bay cac két qua ctua phép do EXAFS ciia dong & &p suat tir 0 dén 10 GPa, cac
tac gia ciing trinh bay hai mé hinh vé su phu thugc cia DWF vao &p suat: (1) mé hinh
Debye tuong quan cung véi cac tham sé hoa don gian ciia phuong trinh trang thai dang
nhiét va tham s Gruneisen; (2) mé hinh dé tinh toan cac momen cua phan bé khoang
cach 1an can gan nhat tir sy khai trién dén bac ba ciia thé nang. Trong cong trinh [3], J.
C. Cezar va cong su st dung phép do EXAFS va mo hinh Einstein twong quan dé nghién
ctru hé sé Debye-Waller, hay sy réi loan cia mau Cu va hop kim cua no theo nhiét do.
Tuy nhién, cac nghlen ctru vé tan sb va nhiét do Debye, DWF cua ddng trong ving ap
suit cao van con rat han ché, két qua gitra cac phép do van con c6 sy chénh léch dang
ké, chua co su thong nhat.

Trong nghién ctru nay, sy phu thudc cua nhiét do va ap suit 1én mot sb dai lugng
nhi¢t dong cua déng cAu trac FCC bao gém tan s va nhiét do Debye, DWF da duogc
khao sat dua trén viéc ap dung mé hinh Debye twong quan phi diéu hoa (Anharmonic
correlated Debye model - ACDM). Két qua nghién ctu cta chang t6i duoc so sanh véi
mot sb dir liéu thuc nghiém da dugc cong bé trude d6 va cho thay sy phu hop kha tot.

2. PHUONG PHAP NGHIEN CUU

2.1. Thé niing twong tac giira cAc nguyén tir cau tric FCC

Dua trén phép nghich dao Mabius trong Iy thuyét 6, Chen va cong su da dé xuat
phuong phap nghich dao mang dé thu dugc thé nang tuwong tac gitra cac nguyén ta [4].
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Trong cé4ch tiép can nay, ning lugng lién két trén mdi nguyén tir cua tinh thé E(r) co

thé duoc biéu dién bang téng cua cac thé ning twong tic (p(rij ) sau

=33 0(0) =32 a0(v(0a) @

I#J

2 ' s A A A A -~ 7 A ° r by
trong d6 a la khoang cach lan can gan nhat gitta cac nguyén tir, v(k) =v, == Ia
a

ty s6 giira khoang céch 1an can thi k va khoang cach 1an can gan nhat, va z, 1a s cac
nguyeén tir trén qua cau phdi vi thi k.
Thé nang tuong tac cdp ¢(r) dugc suy ra tir phép nghich dao c6 dang

® 2
=237 1 (K)E(v(k)a) @
k=1
trong @6 1 (k) Ia ham nghich dao Mébius phu thudc vao loai cu trdc cia vat ligu.
Trong nghién cau nay, thé ning tuong tac cap (p(r) gitra hai nguyén tir trung gian
duoc gia dinh c6 dang ham thé Morse nhu sau
¢)(r) _ D|:e—2a(r—r0) _ 2e—a(r—r0)] (3)

trong do6, tham sd D 1a nang lugng phan ly, o mo ta d6 rong cua thé nang va r, l1a
khoang cach 1an can gan nhat gitra hai nguyén tir ¢ trang thai can bang.
Trong gan dung khai trién bac 4 cia d doi x = r —r,, thé twong tic Morse c6 thé
duoc viét dudi dang:
2,2 33 7 4.,4 (4)
p(X) = D, | -1+ a°X" —a°x +Ea X*+.. |, X=r—-r,.
Dé danh gia anh huong cua hiéu tmg phi diéu hoa dén cac cumulant phd EXAFS,
GS. Nguyén Vin Hung va cong su da phat trién mo hinh Debye, trong do xem xét buc
tranh dao dong dia phuong bao gdm dong gop cua cac nguyén tir hap thu va tan xa, va

cac nguyén tir 1an can gan nhat cua ching. M6 hinh nay duoc dat tén 1a md hinh Debye
tuong quan phi diéu hoa. Thé ning hiéu dung trong ACDM c6 dang sau [5].

Ve (X ng( xRABR“J ;k X2+ kx* + Kk x* + .

j=i

()

& day, ¢(x) mo ta thé tuong tac cap gitta hai nguyén tr A va B, véi x=r—r, Ia
do léch khoi vi tri can bang. R,; va FAQU. lan luot 1a vécto don vi hudng tir nguyén tr A
dén nguyén tir B va vecto hudng tir nguyén tir i dén nguyén ti 1an can gan nhat j. Cac
dai lugng M, va M, lan luot 12 khéi lugng cua hai nguyén tir twong tac. Dbi voi kim
N " M e . -
loai dong tinh khiét thi u = % la khoi luong rit gon caa cap nguyén tir Cu-Cu, Kef

la hing s6 luc lién két hiéu dung; ks va ka 12 hing s6 luc phi diéu hoa bac ba va bac bon.
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Gia sir nguyén tir hip thu ¢ dinh A con nguyén tir tan xa B ¢ tam mat cua tinh thé
kim loai dong céu tric FCC. Néu xét dén gan ding twong tac trén qua cau phdi vi thir
nhét, khdng tinh dén twong tac gitra nguyén tir hap thu A va nguyén tir tan xa B thi mdi
nguyén tir A dugc twong tac vai 11 nguyén tir xung quanh khac, mdi nguyén tir B dugc
tuong tac vai 11 nguyén tir xung quanh khéc.

Tinh toan thé twong tac theo phwong trinh (5) chung téi thu dugc biéu thirc cua thé
tuong tac hi¢u dung nhu sau:

e R N

Thay biéu thirc (4) vao (6) chung toi thu dugc:

V< (x)=-19D +g DA*x* —DS*X° +@

DA*x*. 7
19 B (7)
So sanh véi biéu thire (5) ta thu dugc cac hang so luc hiéu dung cua hé tinh the
cau trac FCC tai 4p suat P = 0 twong ung la
133

k. =5Da’, k, =—Da’, K, —@Da“. 8)

2.2. Hé s6 Debye - Waller. Tan sé va nhiét do Debye

Khi phan tich phé EXAFS cua Cu, ngudi ta da dé xuat phuong phép khai trién gan
dung cac mémen cua su dich chuyén nguyén tir dugc goi 1a cac cumulant EXAFS. Trong
cac cumulant phd EXAFS dau tién cia chat rin [6], Cumulant bac hai o'? m6 ta phuong
sai cua phan bd khoang cach, twong wng voi do dich chuyén twong d6i binh phuong
trung binh song song ciling duoc goi 12 DWF cé dang sau

o? =<(r—r0)2>=<x2>. (9)

Trong ACDM, DWF duoc xac dinh boi [6]

wfa 1+Z(q)
(2) _ _ 42
o =-o; | w(q)——=—=dq,

1a dong gop cta dao dong diém khong. tan s6 dao dong phonon

(10)

ha

V6i of =

eff
w(q) va z(q) c6 dang:
keff

sin (%j
M 2

, - A s T < L2 L. R ap L U3 ;1 L2
véi q 1350 s6ng, || <—, M latong khoi lugng cua vat ran, a=a,(r7)  lahang
ah

) (11)

. 2(a)=exp(pra(q)), i

w(q)=2

4 V A z A gr - A A M A , - 4
SO mang, n = v Ia h¢ so nén the tich tinh thé, a, la hang so6 mang cua kim loai ¢ ap
0
suit khong. Vo 1a thé tich cua tinh thé ¢ diéu kién méi trudng.
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Hiéu tng phi diéu hoa cua mang tinh thé dan dén su phu thudc thé tich cua tan sb
dao dong phonon. Anh huéng cua thé tich tinh thé dén cac tan s6 dao dong phonon o,
duoc mo ta bai hé sé Grineisen . dudi dang [7].

dlnw(q)
__ohela) 12
e alnv (12)
Mot s6 nghién ctiru gan day [20] chi ra rang, hé s6 Griineisen s& giam dan theo ap
Suit & vlng &p suat cao. Pé danh gia anh huong cua thé tich (&4p suat) dén hé sb
Griineisen, kha nhiéu ly thuyét da duoc dua ra [9], [10], [11]. O nghién ctu nay, ching
t6i s& sir dung dé xuat cua Burakovsky va cong su vé hé sé Griineisen dé nghién ciru cac
tinh chat nhiét dong cia dong. Theo d6, théng qua viéc xem xét gia tri cua hé sd
Griineisen tai cac gigi han &p suét thap va ap suat siéu cao, Burakovsky va cong su da
xay dung dugc biéu thirc cua hé sé Griineisen dudi dang [12]
1
Yo =51y’ (13)
trong d6 y,, 7,, S>1 lacéc gia tri phu thugc vao vat liu nghién cuu.
Két hop biéu thire (12) va (13) va thyc hién cac phép bién ddi toan hoc ta cé:

14
1) = o ox0| 37 (1 ~1)~ L 17 -1 14

15
6’D(77) = 6’0D77’1/2 exp{_gy1 (771/3 _1) _ %(ns _1)} (15)

0
. h N N A e . a ., e ~
Voi wpp =2 '\e/l—ﬁ Oyp = % va kS 1a hing sé lyc hiéu dung tai p suit khong

B
duoc tinh toan dya trén ACDM theo biéu thirc (8).
Dé xem xét anh huong cua ap suit dén cac dai lugng nhiét dong dua ra & trén,
chting tdi sir dung phuong trinh trang thai Vinet dugc xay dung cé dang sau [13]

P =3K,7 " (1-1")exp B( Ko —1)(1-7" )} , (16)

véi K, la modun nén khéi dang nhiét va K la dao ham bac nhat theo &p suat ciia K.
3. KET QUA NGHIEN CUU VA THAO LUAN

Dé tinh toan cho cac dai luong nhiét dong da dua ra & Phan 2, chang tdi st dung
cac tham sb thuc nghiém tir cac cdng trinh di duoc cdng bd trude do ddi voi kim loai
ddng dugc dua ra & Bang 1. Viéc lua chon cac tham sé dugc thuc hién trén co so bao
dam sy tuong thich vé ¥ nghia vat 1y, dinh nghia, don vi, trang thai tham chiéu va pham
vi 4p dung cua chdng trong mé hinh ly thuyét duoc sir dung.
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Bang 1. Cac tham sb thé Morse D, & Vva r,, cac tham sé phi diéu hoa 7,, 7,, S, médun

nén khéi ding nhi¢t va la dao ham bac nhat theo ap suit cia né K, K, ciia kim loai Cu

& diéu Kién méi truong

Kimloai | K,(GPa) | K | 7 | 7 | s |D(ev)| @A) | n(AY)
oy | 13341 [ 537 | 09 | 078 |47 |03429| 13588 | 2866
[6] 61 | [12] | [12] |[12]] [14] | [14] [14]

Hinh 1 trinh bay su phu thudc 4p suat cta tan s Debye cta kim loai Cu vao ap
suét trong khoang tir 0 dén 450 GPa. C6 thé quan sat thay tin s6 Debye ting theo ap
sudt, tir khoang 0,45 x10" Hz & diéu kién gan ap suat thuong 1én dén xap xi 1,5x10™ Hz
tai 450 GPa, ttic 1 ting hon ba lan so véi ban dau. 6 thi ciing cho thdy & ving ap suét
thap tan s Debye ting nhanh, khi ap suét tiép tuc ting cao thi toc do ting giam dan
[chang han & ap suat 7,5 GPa, d6 doc cua duong cong la khoang 6,29.10'! Hz/GPa ,
nhung tai 4p suat 173 GPa thi d6 dbc cua dudng cong giam con khoang 2,18. 101t
Hz/GPa. Su ting theo 4p suét cua tan sé Debye c6 thé duoc giai thich vé mat vat 1i, khi
ap suat tang, khoang cach lién nguyén tir trong mang tinh thé cua Cu giam, lam ting do
ctmg cua lién két. Khi lién két cirng hon, cac nguyén tir dao dong nhanh hon tan s6 cao
hon kéo theo d6 tan sé Debye ciing ting 1én. Tuy nhién, & ving ap suat rat cao, nguyén
ttr bi nén chit, 1am giam dang ké kha ning nén khién d6 cimg ting cham lai va dan dén
viéc dudng cong tan sb (thuong 1a mode phonon) ting chdm dan thay vi ting tuyén tinh
nhu ban dau din dén d6 doc cua dudng cong giam dan.

x10™

1200 T T LI T T T T

1.6
Két qua nghién ciu

+ Liuetal (2007)
o Greff et al. (2006)

e 1100

\

7 1000 |

—_
(]
©
f=4
o

800 ]
£ 700 F g 1

g 60 [ 1

o
(=]

Tan so Debye cua Cu (Hz)
o - :
= -
Nhiét dp Debye cia Cu (Hz)
+ &
I

400

j=]
=,
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(=)
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Hinh 1. Tan s6 Debye cia Cu
phu thudc ap suit
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Su phu thudc ap suat caa nhiét do Debye 4, cia Cu dugc biéu thi trén Hinh 2. D6
thi cho thdy nhiét d6 Debye ting theo ap suat trong toan khoang ap suat khao sat dén
450 GPa. O viing ap suat thap, 6, ting kha nhanh gan nhu tuyén tinh theo 4p suat (d¢
déc cua duong cong nhiét do Debye & ap suit 7,5 GPa la khoang 4,805 K/GPa), diéu
nay phu hop véi thuc té 13 khi ap suét thip, su thay doi nho vé ap suét gay ra sy nén thé
tich dang ké, ap suit ting dan dén khoang cach giira cac nguyén tir giam xudng nhanh,
lam lién két trong mang tinh thé trd nén cimg hon. Ap suét cao 1am ting mo-dun nén va
tan s6 dao dong mang dan dén nhiét do Debye ciing ting theo. O viing 4p suat cao, nhiét
d6 Debye tang cham hon theo 4p suit do hiéu ing “bdo hoa” ciia do cirg mang tinh thé
(d6 déc cua duong cong nhiét d6 Debye & ap suat 173 GPa la khoang 1,66 K/GPa). Khi
ap suit cuc cao, cac nguyén tir da bi nén rét chat, khién viéc ting thém ap suat it 1am
thay d6i khoang cach lién két, dan dén téc do ting nhiét do Debye giam di dang ké so
v6i ving ap sudt thap. Trén Hinh 2, mot s6 dir liéu thuc nghiém da duoc cong bd ciing
duoc chung t6i dua vao dé so sanh, két qua nghién ciru ciia chiing tdi ¢ su phu hop kha
t6t véi cac két qua nghién ciu cua Liu [15] va cua Greff cung cac cong su [20].

Két qua tinh toan sy phu thudc nhiét do cia DWF ciia Cu duge dua ra trén Hinh 3.
Trén do thi, & ving nhiét d6 thap (khoang T < 100K ), DWF ciia Cu tang cham theo nhiét
d6. Trong khoang nay, cac nguyén tir Cu chi dao dong yéu quanh vi tri can bang va chu
yéu chi co cac dao dong mang tan sé thap dugc kich thich nén bién d6 dao dong chua
tang nhiéu. Khi nhiét d6 tang lén (T >100K), DWF téc d6 ting ciia DWF theo nhiét
d6 16n hon. Nhiét do cang ting 1én cang nhiéu dao dong mang tinh thé duoc kich hoat,
dc biét khi nhiét do tién gan dén nhiét do Debye ctia Cu (6, ~ 343K). Vi vay, bién do
dao dong cua cac nguyén tir Cu ting rd rét kéo theo DWF ting manh theo nhiét do. O
vung nhiét d6 cao hon (T > 343 K), hau hét cac dao dong mang da duogc kich thich day

du. Trong vung nay, DWF ting gan tuyén tinh theo nhiét do, cho thiy dao dong nhiét
dong vai tro chi phdi va hé dao dong mang cua Cu dan tuan theo céc quy luat cé dién.
Diéu nay ciing phu hop véi quy luat Dulong-Petit d6i vai céc tinh chét nhiét dong caa
chat ran & nhiét do cao. Trén Hinh 3, mot sé dit liéu thuc nghiém da duoc cong b ciing
duoc chung t6i dua vao dé so sanh, két qua nghién ciru ciia chiing tdi ¢6 su phu hop kha
t6t véi cac dir liéu caa F.D. Vila [19] va cua 1.V. Pirog cung cac cong sy [20].

Két qua nghién ciu cho DWF cuia Cu theo Iy thuyét cia chung tdi va cac gia tri
thue nghiém duoc dwa ra dé so sanh cé sy chénh léch nam trong khoang tir 0,1% (& nhiét
d6 khoang 120.,4 K) dén khoang 8,8% (& nhiét d6 khoang 473,27 K). Sai léch trong cac
tinh toan cua ching tdi co thé dugc giai thich do cac nguyén nhan nhu tinh toan cua
chung t6i duoc gigi han & gan dang, mot s cac tham sé thuc nghiém duoc thu thap tir
tai liéu khac nhau ciing Ia mot nguyén nhan quan trong dan dén sai s6. Tuy nhién, muc
d6 chénh léch nay tuong di thap, didu nay co thé xac nhan do tin cdy trong phuong
phap ciing nhu cac tinh toan Iy thuyét caa chiing toi.
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Két qua tinh toan sy phu thugc ap suat cia DWF cua Cu dugc trinh bay trén Hinh
4. B4 thi cho thldy DWF giam dan theo 4p suat. Sy giam cia DWF tuy khong nhiéu
nhung ciing la dang ké so voi bién do EXAFS. DWF giam theo ap suét chu yéu vi ap
suat nén ép 1am giam bién do dao dong nhiét ciia cac nguyén tir xung quanh vi tri can
bang trong mang tinh thé. Khi 4p suit tang, khoang cach lién két nguyén tir thu hep, 1am
tang hang s luc lién két, dan dén céc nguyén tir kho dao dong manh hon, do d6 d6 dich
chuyén binh phuong trung binh giam kéo theo su giam cua DWF.

Do hién nay chua tim thy céc sb liéu thuc nghiém ciing nhu cac két qua ly thuyét
tuong ung vé vé Tan sé Debye cua Cu phu thudc ap suat va Hé sb Debye - Waller cua
Cu phu thudc 4p suit, chung toi chua thé thuc hién phép so sanh truc tiép véi két qua
thuc nghiém. Vi vay, cac két qua trinh bay trong nghién ctru nay duoc xem la cac két
qua du doan 1y thuyét, cung cip nhirng dit liéu tham khao ban dau vé sy phu thugc cua
cac dai lugng nhiét dong ciia Cu vao ap suat. Cac két qua nay co thé 1a co so cho viéc
thiét ké va dinh huéng céc nghién ciu thuc nghiém ¢ diéu kién ap suét cao trong twong
lai, ddng thoi cho phép danh gia va hoan thién mé hinh khi cac dir liéu thuc nghiém
tuong tmg duoc cong bé.

4. KET LUAN

Trong bai bao nay, anh huong cua nhiét do va ap suét 1én cac dai luong nhiét dong
bao gom tan sé Debye, nhiét d6 Debye va DWF cua kim loai déng da duoc khao sat dua
trén md hinh Debye tuong quan phi diéu hda. Nghién ciiu nay da xay dung duoc biéu thic
giai tich cua thé twong tac gitra cac nguyén tir trong tinh thé co bao ham yéu tb phi diéu
hoa. Tinh toan sb da dugc thuc hién 1én d&én nhiét d6 1000 K, ap suat dén 50 GPa ddi véi
DWEF va 4p suit |én toi 450 GPa ddi voi tan sb va nhiét ¢ Debye cua kim loai dong. Két
qua nghién ciru caa bai bao nay cho thiy hiéu tng phi diéu hoa dong gop dang ké dbi véi
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cac dai luong nhiét dong duoc nghién ciru. Sy phit hop kha tht gitra cac két qua tinh toan
cuia ching tdi véi cac dit liéu thuc nghiém da dugc cong bé trude do cho thiy hiéu qua
ctia md hinh duoc phét trién. Diéu nay cho thiy phuong phap hién tai ma chung toi dé
cap c6 thé dugc ap dung dé nghién ciu tinh chat nhiét dong cua cac kim loai khéc trong
nhitng diéu kién khic nghiét hon.
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