TAP CHIf KHOA HOC - DAI HOC DPONG NAI, SO 33 - 2024 ISSN 2354-1482

NGHIEN CUU PHUONG TRINH TRANG THAI VA HE SO
DEBYE-WALLER CUA KIM LOAI RHODIUM BANG
PHUONG PHAP THONG KE MOMENT
Hé Khdic Hiéu*?

Vién Nghién ctru va Phat trién Cong nghé cao, Pai hoc Duy Téan, Pa Ning, Viét Nam
?Khoa Mbi truong va Khoa hoc Tu nhién, Pai hoc Duy Tan, Pa Nang, Viét Nam
Email: hieuhk@duytan.edu.vn
(Ngay nhan bai: 21/10/2024, ngay nhan bai chinh stra: 19/11/2024, ngay duyét dang: 21/11/2024)

TOM TAT

Phwong trinh trang thai cua Kim logi Rh dwoc nghién ciu dua trén phiong phdp
thong ké moment cé ké dén cdc déng gép phi diéu hoa do dao déng nhiét ciia mang
tinh thé. Chiing téi thuc hién cdc tinh todn s6 cho kim logi Rh dén dp sudt 50 GPa,
va suy ra module nén khoi K, =250,12GPa va dao ham bdc nhdt theo dp sudt
K, =5,23 bang cdch lam khép phwong trinh trang thdi cia ching téi véi phwong
trinh trang thdi Vinet. Ngodi ra, chiing t6i ciing khdo sat anh hwéng Cia dp sudt dén
dé dich chuyén trung binh binh phwong hay hé sé Debye-Waller cia Rh. Cdc tinh
todn Iy thuyét Cia chiing t6i cho thay si giam manh cua thé tich twong doi va hé s6
Debye-Waller cia kim logi Rh khi dp sudt ting, déc biét la & ving dp sudt nhé hon
10 GPa.

Tir khéa: Phuong trinh trang thdi, hé sé Debye-Waller, phirong phdp moment,
ap sudt cao, Rh
1. Giai thiéu 500 GPa (Cazorla, Alfé, & Gillan,

Rhodium (Rh) 1a mét kim loai quy,  2008; Smirnov, 2023). Su 6n dinh cau
noi tiéng voi kha ning chéng an mon va  trac nay gop phan vao dic tinh nhiét do
oxy hoéa vuot troi ngay ca & nhiét do cao. nong chay cao, do cung va tinh tro hoa
Kim loai nay dong vai trd quan trong hoc cua Rh (Yusenko et al., 2019). Tuy
trong viéc ting cuong d6 bén cua hop  nhién, cac nghién ciu thuc nghiém vé
kim, 13 vat liéu chu chét trong cip nhiét  tinh chét vat 1y cua kim loai nay & ap
dién ¢ nhiét d6 cao (Tougas, Amani, &  suat cao van con han ché. Cac nghién
Gregory, 2013) va cac qua trinh khir xic ~ ¢ctu véi té bao dé kim cuong (Diamond
tac (Dey & Dhal, 2020). Ngoai ra, cac anvil cell - DAC) da nén kim loai Rh
hat nano Rh duogc sir dung nhu chit xuc dén khoang 83 GPa ¢ nhiét d6 phong
tac dién dé san xuat nang luong xanh tir (Young, Cynn, Sdderlind, & Landa,
hydro (Jiang et al., 2021). Cac d@ong vi  2016). Piéu nay lam noi bat nhu cau
cia Rh ciing dugc ung dung trong cong nghién ctru thém dé hiéu rd hon vé tinh
nghé hat nhan, dac biét 1a trong cac san chat caa Rh trong diéu kién khac nghiét.

pham phan hach va tai ché chat thai hat Phuong trinh trang thai va tinh chét
nhan (Swift et al., 2019). nhiét dong caa Rh ¢ ap sudt va nhiét do

Kim loai Rh c6 ciu triic tinh thé 1ap cao 1a nhitng chii dé nghién cru quan
phuong tam dién (Face-centered cubic — trong. Phuong trinh trang thai cta Kim
FCC) va duoc cac nghién ciru 1y thuyét loai nay da dugc xac dinh tur cac thi

duy doan 6n dinh ciu trac dén ap suat nghiém song xung kich (Swift et al.,
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2019; Walsh, Rice, McQueen, &
Yarger, 1957) va nén tinh (Frost, Smith,
McBride, Smith, & Glenzer, 2023;
McHardy et al., 2024; Young et al.,
2016; Yusenko et al., 2019). Tuy nhién,
trong hiéu biét cua chung t6i, do dich
chuyén trung binh binh phuong (Mean-
squared displacement — MSD) va hé sb
Debye-Waller cua Rh ¢ ap suét cao van
chua duoc nghién ciru. Khoang tréng
kién thic nay dic biét gy trd ngai cho
cac tng dung lién quan dén dong hoc va
gia nhiét caa kim loai Rh & ap suét cao.
Chang han MSD c6 vai trd quan trong
trong nghién cuau nhiét do noéng chay
cia vat ligu dua trén diéu kién nong
chay Lindemann.

Trong nghién ctru nady, chung toi
thuc hién nghién cau phuong trinh
trang thai, MSD va hé s6 Debye-Waller
phu thudc ap suat caa kim loai Rh biang
phuong phap thong ké moment (Vu,
Tran, Vu, Duong & Ho, 2018; Nguyen
& Vu, 1988; Nguyen & Vu, 1990). Cac
tinh toan sé cho Rh s& duoc thuc hién
lén dén ap suit 50 GPa. Trudc tién,
chiing t6i xem xét sy phu thudc cua ap
suit vao sy thay doi thé tich twong ddi.
Tur d6 chung t6i xac dinh dugc module
nén khdi va dao ham bac nhat theo ap
suat dya trén viéc lam khop két qua ly
thuyét cua ching t6i v4i phuong trinh
trang thai Vinet trong gan ding binh
phuong t6i thiéu. Cac két qua thu dugc
sé dugc so sanh vai cac phép do thuc
nghiém va cac tinh toan 1y thuyét trudc
day dé kiém nghiém cac phuong phap
1y thuyét dugc sir dung.

2. Phwong phap nghién ciu

Phuong phap thong ké moment la
mot phuong phap dugc phat trién tir co
hoc théng ké va duogc sir dung hiéu qua
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trong nghién ctru cac tinh chéat nhiét
dong va co hoc cua vat ligu (Masuda-
Jindo, Vu, & Pham, 2003; Vu, Tran,
Vu, Duong & Ho, 2018). Trong phan
nay, chiing t6i tom luoc mot sé két qua
chinh cia phuwong phap théng ké
moment trong nghién ctu tinh chét
nhiét dong cua tinh thé.

Gia thiét hé luong tor co
Hamiltonian 1a
H—H,—aV, )

v6i o 1a tham sé va V 1a toan tir tuy ¥
~ Khi do, nang luong tu do cua hé co
thé dugc xac dinh boi (Nguyen & Vu,

1988)
v(@)=v,- (V) da
° 2)
Vi :_5‘//(“)’
“ oa

trong d6 v, la nang luong ty do Gng
vé6i Hamiltonian H, .

Ap dung phuong phap théng ké
moment cho hé tinh thé cé céu trac
FCC, cac tac gia thu duoc biéu thuc
nang luong ty do cua hé nhu sau
(Nguyen & Vu, 1988)

v =U, +3N9[x+ In(l—e‘zx)]+

2
g{yx%@gﬂ
3 )
6N&

4
x[gyzzx—2(712+2;/172)(1+X)}
trong do ¢(r) la thé ning tuong tac

gitra cac nguyén tu, U, :%Z%(ri)’
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N 1a sb hat trong hé, x=haw/26,
X =xcothx, @=k,T (ks 1a hing sb
Boltzmann), m 1a khéi lugng nguyén ti,
va cac tham so K, y1 va y2 dugc dinh
nghia la

— za(P.o: 2

(
|

y=4(n+r).

Trong ly thpyét nhiét dong luc hc_)c,
chung ta ¢c6 moi lién hé gitra ap suat P
va nang lugng tu do y nhu sau

J-alw)

Véi r 1a khoang cach gilra cac nguyén tir
va V la thé tich cua hé¢.

1

a4¢|0
T

6u,X j
eq

64(Dio
duouy

(4)
_6
2= g

oy
or

oy

P--(2

Y ()

oV

Thay biéu thirc nang luong tu do
(3) vao biéu thitrc (5) ching ta c6 thé dé

dang thu duoc phuong trinh sau

(Nguyen & Vu, 1988)

py——r| 1, L Kyl 6)
6 or 2kor

v6i v=V/Nla thé tich nguyén tir va
= z ¢i0 (r )

dung 1én nguyén tir tha 0.

la tong thé niang tac

Phuong trinh (6) cho chung ta mbi
lién hé gitta 4p suét, nhiét 4o va thé tich
hay phuong trinh trang thai cta tinh thé
d6. Bang cach giai phwong trinh (6)
ching ta ¢ thé thu dugc khoang cach
lan can gan nhét gitta hai nguyén tu
r(P,T) & nhiét do T va ép suat P. Do
d6, su thay doi thé tich tuong ddi (hay
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con goi 1a hé sb nén) cua tinh thé tai
nhiét do T khi ap suat tang tir 0 1én P ¢co
thé duogc xac dinh bai

trong d6 Vo 1a thé tich cta hé & ap suit
khong.

_V
=y

r(P.T)

r(o,T) @

Hon thé, khi xem xét tong cc ngoai
luc tac dong 1én nguyén tir trung tam co
ké dén luc phu p do dao dong nhiét caa
mang tinh thé, cac tac gia di thu duoc
phuong trinh vi phan sau

, d’y
d2

+?9(X—1)y—p=0,

00 S 3,0y jy ky

(8)

trong d6 y =(u;).

Phuong trinh vi phan phi tuyén bac
hai (8) c¢6 nghiém gan dung la do doi
Y, dugc xac dinh bai (Masuda-Jindo,

Vu, & Pham, 2003; Nguyen & Vu,
1988)

2y0° A
Yo & 3k3
trong do

(9)

22
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A:a1+7/Ta A

kG
7/595
klO

)t a,

7/494
k8

7/696

+ klZ

a, + a, + a,,
V&i cac hé s6 a, (i =1,6) co dang nhu &
tai liéu (Nguyen & Vu, 1988).
Hé s6 A1 c6 dang (Nguyen & Vu,
1988)
27292
k5

A=%+ (1+§J(X +1). (10)
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Ngoai ra, trong phuong phap thdng
ké moment chiing ta c6 méi lién hé gitta
cac moment bac mot va bac hai nhu sau
(Nguyen & Vu, 1988)

<u'au'7> - <ui0‘ >p <ui7>p

trong do, &, =1 néua=y,va 6, =0

néu a #y.

Sur dung phuong trinh (11), chung
ta dé dang thu duogc biéu thic xac dinh
dugc MSD ctia nguyén tir 6 nhiétdo T
<u2>(T):y§+9Ai+§(X—l). (12)

Tai ap sudt P va nhiét do T, biéu
thuc cua <u2>(P,T) ¢6 thé duoc viét lai

(U)(P.T)=ys (P,T)+0A(P.T)

0 (13)
+k(P,T)(X_1)'

véi y(P,T), k(P,T) va do doi

yO(P,T)z\/%A(P,T)dmc

tinh ¢ ap suat P va nhiét do T.
3. Két qua va thao luan

Trong phan nay, dua trén cac két
qua giai tich da trinh bay & phan trudc,
chung t6i s& thuc hién tinh toan s cho
kim loai Rh dén ap suat 50 GPa. O day
chung ta cling can luu y rang, Cazorla
va cong su da du doan cAu trac cua Rh
6n dinh ¢ pha FCC it nhat dén 4p suat
500 GPa (Cazorla et al., 2008). Gia su
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rang, tuong tac giita cac nguyén tur
trong hé Rh c6 thé dugc mo ta baoi the
Lennard-Jones c6 dang (Magomedov,

2021)
b a
D Iy I
ry=—-»Ja|2| -b|2] | (14
o1=25 (3 {3 } o
trong d6 D 1a nang lugng phéan ly, ro 1a

r
gia tri khoang cach can bang, a va b la
cac tham so khong thir nguyén. Doi véi
kim loai Rh, gia tri cua cac tham s0 the
duoc st dung dé tinh so la
D/ks; =11203,27K; 1, =2,6847 A; m =
3,45 van=5,88 (Magomedov, 2021).

Trén hinh 1, ching t6i biéu dién sy
thay doi thé tich tuong dbi V/Vo ciia Rh
khi 4p suat taing dén 50 GPa & nhiét do
phong. O hinh vé& nay, ngoai két qua
tinh toan 1y thuyét, ching toi ciing dua
vao dir liéu thuc nghiém do bing
phuong phéap nhiéu xa tia X trong DAC
(Frost et al., 2023) va thi nghiém dot
néng bang laser cia McHardy va cong
su (McHardy et al., 2024) dé so sanh.
Nhu c6 thé quan sat trén hinh 1, gi4 tri
ti s6 V/Vo ciia kim loai Rh thay doi
(giam) dang ké theo ap Sut. Ngoai ra,
ching ta cling c6 thé thdy rang moi
quan hé ap suét-thé tich cua Rh trong
du doan 1y thuyét tir phuong phép thdng
ké moment cua ching t61 kha phu hop
v6i két qua thuc nghiém cua McHardy
va cong su (McHardy et al., 2024), va
phu hop tbt vai phép do dugc thuc hién
boi Frost va cong sy dén ap suét 50
GPa. Két qua nay cho phép ching to1
két luan ring su két hop gitta phuong
phap théng ké moment va thé nang
Lennard-Jones c6 thé du doan tét su
thay doi thé tich twong d6i V/Vo theo ap
suat (trc 13 phwong trinh trang thai) cta
kim loai Rh.
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Hinh 1: Sy thay doi thé tich tiwong doi cia kim logi Rh dudi dp sudt. Két qua thuc
nghi¢m cua Frost va cong su (Frost et al., 2023), McHardy va cong sw (McHardy et
al., 2024) ciing diege chiing téi biéu dién dé so sanh

Ngoai ra, thyc hién lam khép két
qua cia phuong phap thdng ké moment
v6i phuong trinh trang thai Vinet
(Vinet, Ferrante, Rose, & Smith, 1987)
trong gan dung binh phuong téi thiéu,
chiing t6i thu dugc gia tri cia module
nén khoi Ko va dao ham bac nhat cua né
theo 4p suét Ky tai P = 0 ctia Rh tuong
tmg 1a K, =250,12GPa va K, =5,23.0
day cha y rang, phuong trinh trang thai
Vinet ¢6 dang sau (Vinet et al., 1987)

P= 3K077_2/3 (1_ 771/3)

X X E(K1 —l)(l—nm’)}.

(15)

Gia tri Ko va K trong nghién ciru
ctia ching t6i phu hop tot vai két qua
K, :241,3(65) GPa va Ky = 5,34(24)
cua Frost va cong su (Frost et al., 2023),
va K;=257(2) GPa va Ki = 5,44(8)
cia McHardy va cong su (McHardy et
al., 2024). Cac két qua nay cia K,va
K,dugc ching t6i tom lugc & bang 1
cung voi gia tri sai 6 cla phuong phap
thong ké moment so voi két qua thuc
nghiém. Tur bang 1 c6 thé nhan thay, su
khac nhau gifra tinh toan ctuia ching t61
va cac gia tri thuc nghiém (Frost et al.,
2023; McHardy et al., 2024) nho hon
5%.

Bang 1: Module nén khoi K, va dao ham béc nhdt ciia module nén khoi theo dap
sudat K, ciia Rh xdc dinh bang phwong phdp thong ké moment (PPTKMM) va cdc gid
tri thuc nghiém

K,(GPa) &, K, O

1

PPTKMM 250,12 - 5,23 -
Frost va cong su 241,3(65) 3,66% 534 2,06%
McHardy va cong su 257(2) 2,68% 5,44(8) 3,86%

Trén hinh 2, chung t6i biéu dién
su phu thuoc ap suit (dén 50 GPa ¢
nhiét d6 phong) cia MSD cua kim loai
Rh. Tir hinh v& c6 thé nhan thiy, MSD
giam rat nhanh theo ap suat, dac biét 1a

viung 4ap suat duéi 10 GPa. Do dbc
‘d<u2>/dP‘ cia dudng MSD trong
0-10 GPa Ila
va trong toan

khoang 4ap suat
3,6211x10° A%GPa;
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khoang 0-50 GPa la 2,2742x107

A?/GPa. Trong gan dung binh phwong
ti thiéu, duong cong MSD trong tinh
toan cua chung toi c6 thé dugc lam
khép bang ham bac ba theo P nhu sau
(u*) =3,2831x10° ~4,0649x10 °P

+5,1298x107" P? —3,3371x10°P®
(A?). O day cha ¥ rang, do chua cé cac

34

nghién ctu vé anh hudéng cua ap suét
dén MSD cua Rh, phép so sanh dugc
ching t6i bo qua. Va két qua nghién
ctru vé anh huong cua ap suat dén MSD
ctia Rh c6 thé duoc sir dung 1am tai liéu
tham khao cho cac thi nghiém DAC &
ap suét cao trong twong lai.

10

20

30 40 50

Ap suét (GPa)

Hinh 2: D¢ dich chuyén trung binh binh phwong ciia kim logi Rh dwéi dp sudt

Str dung gia tri MSD thu dugc cua
kim loai Rh, trén hinh 3 chung t6i biéu
dién anh huong cua ap suat dén hé sé
Debye-Waller exp(—k <u2> VGi cac
gia tri k khac nhau. Hé s6 Debye-Waller
exp(—k<u2> theong duoc sir dung
trong vat ly chat ran dé mo ta sy suy
giam tan xa tia X hoac tan xa neutron
c6 trat ty do chuyén dong nhiét gy ra.
Co thé thiy, hé s6 Debye-Waller ting

cham theo 4p suit. Piéu nay trdi nguoc
v6i anh huong cua nhiét do dén hé sé
Debye-Waller. Ngoai ra, voi gia tri Kk
cang 16N, anh huong cua ap suat dén hé
s6 Debye-Waller cang 16 rang. Cu thé
1a, trong khoang 4p suat 0-50 GPa, sy
thay d6i ciia hé s6 Debye-Waller vai k
=2 A?vak=6 A?tuong tng 1a 0,2%
va 0,7%.

0.996

0.994

10 20

30 40 50

Pressure (GPa)

Hinh 3: Anh huwéng cia dp sudt dén hé sé Debye-Waller exp(—k<u2>) cia Rh
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do DAC truéc day 1én dén 50 GPa
nhung co6 su sai léch nho so vai phép do
d6t nong bang laser gan day. Két qua
nghién cttu vé& anh huong cua ap suit
dén MSD cua Rh ¢6 thé duoc sir dung
lam tai liéu tham khao cho cac thi
nghiém & ap suét cao trong tuwong lai.
Ngoai ra, chiing t6i ciing suy ra module
nén khdi K, =250,12GPa va dao ham
bac nhat theo ap suat K; = 5,23 ciia Rh
bang cach lam khép phuong trinh trang
thai cua ching t6i vdi phuong trinh
trang thai Vinet.

4. Két luan

Trong bai bao nay, sir dung phuong
phap théng ké moment c6 ké dén dong
g6p phi diéu hoa do dao dong nhiét cua
mang tinh thé, chung toi da nghién ciu
phuong trinh trang thai va hé s6 Debye-

Waller phu thudc ap suit cua Rh dén 50

GPa. Két qua tinh sé cta ching t6i cho

thiy su phu thugc manh cua ca thé tich

tuong dbi (hay tham sé mang) va MSD

cia Rh vao ap sudt, dac biét 1a ving

nho hon 10 GPa. Phuong phap thong ké

moment tai hién chinh x4c phuong trinh

trang thai cho Rh, phu hop véi cac phép
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ABSTRACT

Equation-of-state of Rh metal has been studied using the statistical moment
method taking into account the anharmonicity caused by thermal lattice vibrations.
Numerical calculations have been carried out for Rh metal up to a pressure of 50
GPa. The bulk modulus K, =250.12GPa and its first pressure derivative at zero
pressure K, =5.23 are obtained by fitting our derived equation-of-statewith the Vinet
equation-of-state. Furthermore, we also investigate the pressure effects on the
atomic mean-squared displacement corresponding to the Debye-Waller factor of Rh.
Our theoretical calculations indicate the strong reduction of the relative volume
change and Debye-Waller factor of Rh when pressure increases, particularly at
pressure below 10 GPa.

Keywords: equation-of-state, Debye-Waller factor, statistical moment method,
high pressure, Rh
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