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Tom tat

Trong bai bao ndy, anh hudng cua ap suat dén duong cong néng chay caa kim loai crém dugc ching t6i nghién cau dua
trén phuong phap thong ké mémen trong co hoc thdng ké. Céch tiép can nay cho phép chung t6i tinh dén anh huong phi
diéu hoa do dao dong nhiét cua mang tinh thé ¢ nhiét do cao. Sir dung thé Lennard-Jones (m-n) dé mo ta thé ning twong
tac giita cAc nguyén tir, chdng ti thuc hién tinh sé cho tinh thé crém trong khoang &p suét tir 0 dén 150 GPa. Budng cong
néng chay cua crém c6 thé dwoc 1am khop tot (trong gan dang binh phuong tdi thiéu) véi ham bac ba cua ap suat
T,,(P) = 2298,8+23,186P —5,57 x10 °P* +1,23x10*P°. Két qua Iy thuyét cia chung i dugc so sanh véi cac so lieu
thuc nghiém ciing nhu tinh toan tir ly thuyét phiém ham mat do cho thiy su phu hop tét it nhit 1a dén &p suit 124 GPa.
Nghién ciru ndy cho thay phuong phap thong ké mémen cé thé dugc st dung hiéu qua dé nghién ciru anh huong cua &p
suat dén nhiét 6 néng chay cua vat ligu.

Tir khéa: Dudng cong néng chay; Ap suét cao; Thong ké momen; Crom; Didu kién Lindemann.
Abstract

In this work, the pressure effects on melting curve of chromium metal are studied based on the statistical moment method
in statistical mechanics. This approach allows us to take into account the anharmonicity caused by thermal lattice
vibrations of the crystal. By using the Lennard-Jones (m-n) potential to describe the interaction between two nearest-
neighbor atoms, we perform numerical calculations for chromium in the pressure range from 0 to 150 GPa. Melting curve

of chromium can be best-fitted with the third order polynomial T, (P)=2298,8+ 23,186P —5,57x10*P* +1,23x10*P*

in the least-square approximations. Our theoretical calculations are compared with those of available experimental
measurements and density-functional theory calculations showing the good agreements up to at least 124 GPa. This study
shows that the statistical moment method can be effectively used to study the influence of pressure on melting point of
materials.
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1. Mé& dau

Nghién ctru céc tinh chat vat 1y n6i chung va
cac tinh chat nhiét dong néi riéng cua vat liéu
du6i 4p suat cao 1a mot trong nhitng huéng
nghién curu thu vi caa vat 1y, dac biét la trong cac
linh vuc dia vat ly, vat ly hanh tinh, ly thuyét
chat rin va vat ly hat nhan. Crém (Cr) la mot
trong nhitng nguyén té thuoc cac kim loai
chuyén tiép 3d véi cau hinh electron [Ar]3d®4s?.
Kim loai Cr c6 dac tinh la cang, gion va kha
ning chdng an mon cao. Vi Iy do nay, crom
thuong duoc sir dung lam chat phu gia chinh
trong thép khdng gi va trong cac qua trinh luyén
kim khac. O diéu kién thuong tinh thé Cr ¢6 cau
trdc lap phuong tam khéi (BCC) va 6n dinh cho
dén hon 140 GPa [1]. Su chuyén pha cua crom
tir BCC sang cau trc luc gidc xép chit (HCP)
dugc dy doan dién ra ¢ ap suat 7-12,5 Mbar [2].

Khéc véi cac kim loai chuyén tiép khéc, co
kha it cac nghién ctu vé tinh chat co-nhiét dong
ctia Cr ¢ 4p suat va nhiét do cao. Cac nghién cau
nén tinh dau tién duoc thuc hién cho Cr & nhiét
d6 phong voi ap suat toi da d¢én 10 GPa [3]. Nam
2001, sir dung & mang dé kim cuwong (Diamond
anvil cell — DAC) dugc ddt nong bang laser,
nhom Errandonea va cong su [4] da thu duoc
duong cong néng chay cua Cr dén 4p suat 60
GPa va nhi¢t d6 2600 K. Gan day, nhom
Anzellini va cong su [5] dua trén phép do nhiéu
xa tia X (X-ray diffraction — XRD) (dén ap suit
131 GPa va nhiét ¢ 4500 K) va tinh toan phiém
ham mat do (Density-functional theory — DFT)
da xay dung gian dd pha, duong cong ndng chay
va phuong trinh trang thai cua Cr dudi &p suét
cao. Ngoai ra, trong ndm 2022, dya trén phuong
phap md phong dong hoc phan tir luvong tir, Baty
va cong su da thiét lap dugc gian 6 pha cua kim
loai Cr dén &p suat 2,5 TPa [6]. Tuy vay, trong
hiéu biét cua chung toi, chua c6 nghién ctu ly
thuyét nao duoc thuc hién dé nghién ctu anh
huong cua &p suat dén duong cong néng chay
cua Cr.

Trong bai bao nay, nhiét d6 nong chay cua
kim loai crom dudi &p suit cao s& duoc ching
t6i nghién ctu dua trén viéc két hop diéu kién
nong chay Lindemann va phuong phap momen
théng ké (PPTKMM) trong co hoc théng ké.
PPTKMM c6 vu diém la c6 ké dén tinh phi diéu
hoa cua cac dao dong nhiét & nhiét do cao. Noi
dung con lai cua bai bao nay dwoc ching tdi cau
tric nhu sau. Trong Phan 11, chiing t6i trinh bay
tom lugc vé diéu kién noéng chay Lindemann
cling nhu cic két qua lién quan rit ra tur
PPTKMM. St dung két qua giai tich thu duoc &
Phan I, chung ti thyc hién tinh s6 phurong trinh
trang thai va duong cong nong chay cho kim loai
crom dén &p suat 150 GPa trong Phan 111. Thao
luan chi tiét vé cac két qua tinh s ciing duoc
chiding tdi trinh bay trong phan nay. Cudi cung la
phan két luan cua nghién ctru dugc dua ra trong
Phan IV.

2. Phuong phap tiép cin

Trong cong trinh “The calculation of
molecular vibration frequencies” nha véat ly
Lindemann d3 d& xuét gi6i han nong chay véi y
tuong 1a vat liéu bat dau nong chay khi ti sb
£, = J(u?) /r giifa ciin bic hai ciia d6 dich
chuyén binh phuong trung binh (MSD) va
khoang cach lan can gan nhét giita hai nguyén tir
dat dén mot gia tri t6i han [7]. Luan diém nay
sau d6 duoc goi 12 gigi han Lindemann vé néng
chay hay diéu kién néng chay Lindemann cua
tinh thé. Piéu kién ndy xuét phat tir sy ting bién
dd dao dong nhi¢t cua nguyén tir khi nhiét do
tang. Khi nhiét dg tang dén gia tri nhiét d§ noéng
chay thi dao dong cua nguyén tr tai nit mang
cling s& dat dén mot gia tri té1 han. Nhu vy, dua
vao diéu kién Lindemann, ching ta cé thé uéc
luong duoc nhiét d§ ndng chay ctia mdt vat li¢u
néu biét dugc MSD va khoang cach 14an can gan
nhét giita cac nguyén tir.

PPTKMM la mét trong nhitng phuong phap
hiéu qua trong co hoc thdng ké dé nghién ctu
cac tinh chat nhiét dong va co hoc cua vat liéu
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[8,9]. St dung PPTKMM, cac tac gia Tang &  va MSD <u2> clia cac tinh thé c6 cdu truc lap
Hung d3 xay dung duoc biéu thie giai tich cia  phuong [10]. Cac dai luong nhiét dong nay co
khoang cach 1an can gilra cadc nguyén tu I’(T) dang 1an luot 1a

I‘(T): yo(T)"'ro’ 1)
trong do Y, (T) \/27/6’2 A/ 3k® 1a d6 doi ciia nguyén tir khéi nut mang tai nhiét do T, r, 1a khoang
cach lan can gan nhat gitta hai nguyén to o 0 K,

7262 7/393 7/494 595 7/606

A=a + o a, + " a, + 3 a,+ o as + oz a, voi cac hé s a (i=16) c6 dang nhu & tai
ligu [10]; va
<u2>=y§+HAl+§(X—l), 2)
Voi
11, 27°6°(, X
=—|1+ 1+— (X +1) |, 3
T A

va x=hw/26, X =xcothx, =k,T (k, la hang sé6 Boltzmann), m 1a khdi lwong nguyén ti.

Cac dai luong k va y dugc xac dinh boi [10]

— Za(P.o: 2

1 ‘e o'p @
— i0 +6 i0 ,
"1 Z,: (au; ]eq (au;au;; L

trong do (o(r) 1a thé nang twong tac giita cic nguyén tir.

Nhu vay, tir cac biéu thuc (1)-(4), ching ta c6 thé xac dinh duoc ti s6 &=, /(u2>(T) / r(T) tai
nhiét d6 T bat ky. Dé xac dinh duoc nhiét d6 ndng chay cua vat liéu & ap suat P, ching tdi dua ra gia
thuyét 12 gié tri t6i han &, = [(u? /r khong thay déi theo ap suét [11,12]. Gia thuyét nay xuét phét

tir y twong 1a khi vat lidu bi nén ap suét cao thi khoang cach 1an can gan nhat gitra cac nguyén tu va
su dao dong cua nguyen tir tai NGt mang déu bi han ché. Khi d6, s dung két qua ti so gioi han

&0 = J / (V01 nhiét d6 nong chay T & 4p suat khong lay tir thuc nghiém) ching ti
tinh sb duqc gia tri nhiét d6 ndng chay cua vat liéu & &p suat P =0.
Str dung PPTKMM, ti s6 Lindemann &, (P,T) tai 4p sudt P va nhiét 46 T c6 thé duoc xac dinh

badi

(u*)(P,T)
r(P.T)
trong do <u2>( P,T ) var ( P,T) tuong tng 1a MSD va khoang cach lan can gin nhat giita cac nguyén

& (P.T)= : (5)

tir tai 4p sudt P va nhiét 46 T.
Ham (u®)(P,T) c6 dang [13]
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<u2>(P,T):<u>2(P,T)+9A1(P,T)+

Giatri r(P,T) c6 thé duge x4c dinh boi

r(P,T)=r(P,0)+y,(P.T),

27(P,0)02

0
k(P.0)

(X -1). (8)

(")

vai y, (P.T) :\/W A(P,T) 1ado doi cua nguyén ti khoi nit mang & ap suét P va nhiét do

T, 7(P,0), k(P,0), r(P,0) duoc tinh ¢ ap suat P va nhiét o T =0 K.

O day cht y rang, dé x4c dinh khoang cach 1an can gin nhat r(P,0) tai 4p sudt P va nhiét d6 0 K
chung t61 gidi phuong trinh trang thai trong PPTKMM sau [9]

Pv=—r{1%+ex
3 or

trong d6 v=V/N.

Nhu vay, dé xac dinh nhiét d6 néng chay caa
vat liéu & &p suat P =0, dau tién chung toi sir
dung PPTKMM dé xac dinh gia tri cia MSD va
khoang cach lan can gan nhét giita hai nguyén tir
cua vat liéu tai nhiét do0 nong chay T thuc
nghiém & 4p suat P = 0; va tir d6 tinh duoc ti sb
gi6éi han Lindemann & =, ’<U2>(Tm )/r (Tm) .
Dua trén ti s6 Lindemann c6 duogc, gié tri nhiét
do nong chay cua vat li€u tai cac ap suat khac
nhau s€ dugc xac dinh dya trén cac ham giai tich
ctia MSD va khoang cach 1an can gan nhét giita
hai nguyén tir trong PPTKMM.

3. Két qua tinh s6 va thio luin

Trong phan ndy, chdng t6i s& thuc hién tinh
s6 nhiét @6 nong chay cua kim loai Cr trong
khoang ap suat tir 0 dén 150 GPa. Trong khoang
&p suat nay cau trac BCC cuia kim loai Cr van 6n
dinh [5]. Pé don gian, ching tdi gia thiét thé
ning twong tac giira cac nguyén tir Cr c6 thé
dugc md ta bai thé Lennard-Jones (m-n) nhu sau
[14]

1
2k or

(8)

¢(r)=%{m(gn—n(%)m] (16)

trong d6 o la khoang céach gitra cac nguyén tir
khi hé ¢ trang thai can bang, D 13 ning luong
phan ly. Gia tri tham s6 thé cua tinh thé Cr dugc
cho boi o =2,4950 A, D/ky =12117,91 K,
n=7,12 va m=4,30 [14].

O 4p suat P =0, kim loai Cr ndng chay & nhiét
d6 2180 K. Sir dung cac cong thuc (1)-(2) chung
t6i xac dinh dugc khoang lan can gan nhat
r(0,2180K) vaMsD (u*)(0,2180K) va tir do
tinh duoc ti s6 gidi han Lindemann tai ap suat
khong va nhiét d6 nong chay 2180 K la
&no = 0,0613. Tai dp suat P =0, sir dung khoang
lan can gan nhat r(P,0) va r(P,T)ching toi
x4c dinh duoc gié tri cua y(P,0), k(P,0), va tir
d6 1a (u®)(P,T). Giai s6 phuong trinh (5) véi
& (P,T) =& o, ching t6i xac dinh dugc nhiét
do nong chay cua kim loai Cr ¢ cac ap suat khac
nhau.
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Hinh 1. Su phu thudc &p suit cua dudng cong néng chay caa kim loai crém.

Trén Hinh 1, ching t6i biéu dién su phu thudc
&p suat cia duong cong néng chay cua Cr dén
150 GPa. O hinh nay, ngoadi két qua cua
PPTKMM, gia tri nhiét d6 noéng chay thuc
nghiém va tinh toan mé phong DFT tir phuong
phap Z ciing duoc hién thi dé so sanh [5]. Tu
Hinh 1 cd thé nhan thay, khi &p suat ting, nhiét
d6 ndng chay cua kim loai crém tang nhanh theo
&p suat. Trong khoang ap suat tir 0-150 GPa,
nhiét d6 ndng chay tang tir 2292 K dén 4935 K.
Do ddc ban dau caa duong cong ndng chay trong
tinh todn cua ching toi la dT, /dP=24,19
K/GPa. Tai ap suat 150 GPa, 46 déc nong chay
giam va c6 gia tri dT,/dP =20,00 K/GPa.
Trong khoang 4p sudt ma chiing t6i xem xét,
duong cong 1y thuyét c6 thé dugc 1am khép tot
(trong gan dung binh phuong t6i thiéu) theo
phuong trinh bic ba cua ap suit sau
T, (P)=2298,8+23,186P —5,57x10*P* +1,23x107*P°

Ngoai ra chiing ta ciing c6 thé nhan thay, két
qua tién doan 1y thuyét cia PPTKMM phu hop
t6t v6i cac gia tri thuc nghiém ciing nhu mo
phong DFT dén &p suat 124 GPa. Cu thé, gié tri
nhiét d6 néng chay thuc nghiém tai ap suat (55
+5) GPa va (90 + 5) GPa tuong ting 1a (3500 +
150) K va (4000 + 150) K [5]. Piém néng chay
cua Cr theo tinh toan DFT sur dung phuong phap
Z tai 47,9 GPa va 124 GPa tuong ung 1a (3330 +
125) K va (4460 + 187.5) K [5]. Trong khi do,
két qua PPTKMM tai c4c 4p suat 47,9 GPa, 55

GPa va 90 GPa va 124 GPa tuong tng la 3295
K, 3425 K, 4023,69 K va 4554 K. Sai sé giira
tién doan tir PPTKMM va thyc nghiém vé nhiét
d6 néng chay ciaa Cr chi dudi 2%. Chénh léch
gitra tinh todn cua ching t6i va gia tri tinh tir
phuong phap Z ciling dudi 2%.

4. Két luan

Trong bai bdo nay, chiing t6i trinh bay mot
cach tiép can don gian dua trén sy két hop gitra
PPTKMM véi diéu kién néng chay Lindemann
dé nghién ctru anh hudng cia ap suat dén duong
cong néng chay ctia kim loai crom. Str dung thé
Lennard-Jones (m-n) mo ta thé ning twong tac
gifta cac nguyén tir, chiing toi thuc hién tinh s6
nhi¢t do nong chdy cho kim loai crom trong
khoéang ap suat tir 0 GPa dén 150 GPa. Trong gan
dung binh phuong tdi thiéu, dudng cong néng
chay cua Cr c6 thé dugc 1am khdp t6t véi ham
bac ba cua ap sut
T, (P) =2298,8+23,186P —5,57x10°P? +1,23x107*P°.
Két qua tinh toan 1y thuyé€t ctia chiing t61 duoc
so sanh v6i cac s6 liéu thye nghiém va mo phong
DFT thu thap dugc cho thiy sy phu hop tt.
Nghién ctru nay cho thdy PPTKMM c6 thé dugc
stt dung hiéu qua dé nghién ctru nhiét d6 nong
chay cua cac vat liéu ¢ 4p suit cao.
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