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Sy RS R S pR K, o TR [ R AH TR Y 231 3 A L, O 5 R — P IR R A R A S R A
RAEATXEEE, DU A 1k — 25 A A0 G b R PN A ) 285 Al A T - VAR 78 LA R P A 0T i T A A 4 4 T S Y
JE - R AL

1 HERFE
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1 Fi#x AR T 5 75 (embedded atom method, EAM ) i i 4% JF 7 B9 A BAE FHEY, i AR T Hoh il s fE
2 U A0 o O A AR FH RE A A R T RE
U= e+ F(p) (1)
R N BEJE TG ry R T IEEES 5 p, 0 JFT i Ab  Jay dul H ey 2385 88 5 F oM AR T BE, S Rl T
B PREL R TF B2 kBt ik, pMIF

()= a (=1 H(re=r) Hro—1) @
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Fp)==Np+ ) bilp=p)"H(p~py) 3
k=1
p=clr=r)'exp(-kn) H(r.=1) )

K HOo R Z AEFER A sR A, Y xAE ST 1, IR (e — r) H(re = r)H(r. — 1)l (o — p)* H(p — pi) 53 5]
A R BT T T e AT R B RS, Ty, 53 301 A ORTE AH BAR FH R A A BE H 1Y JE R a5 o FT by o3
I DAy JOF TR A IR A 2 80 v o B ek RO AT I B 5 HL A 2 SR ¢=0.029 106 3, d=4, k=0.25.
LA SRS, BB ES e, o, d. MERERAR, B, BT RAE Y 0S80 38 O AH B VR BE Ak
ANEFRETINES . € LSEEX
X: (abaZ’“'sak’bl""’bk) (5)
[ R, 2 L PREUEE @
¢=(‘Pu,soz,"',sDk,Fl,"',Fk)T (6)
K o= (=" H(re=r)H(re=r), HF = (o—p)" Hlp—pi) o KL, ERES AT LS s o B0 T AU
BRI
U=Xd 7
1.2 HEEBEE

K F LAMMPS #0408 847 28 8003 3l 240, 7 1E 0 J 550 IR BRI (NvT) A48 b i
T Nosé-Hoover fE iR 2857, 7Ef8 JE (NPT) & 2% T [F] iH{d ] Nosé-Hoover {H 15 &5 FIE K &5 . [HIRE#HY
FHJE BT[] 7 1% A 0.01 ps, BLHURT I 2P 4R 1.0 fso FETHE S 20T, i inE A8 10 5 33647 17 10 ps 1Y
B ISR . I TR, PAR AR R BRI KB AT 100 ps.

A i e I R R S5 T, SR VASP 5045 42k (1) 4400 5777 (body-centered cubic, BCC) #H . % HE7S 5
(hexagonal close-packed, HCP) #H LA R W 25 25 14 47 5% — VE R 38 03 1 3 J1 2% 840 Cab initio molecular
dynamics, AIMD) ™, B8+~ 25+ tH B AE HI i F 4% 52 80 % (projector augmented wave, PAW) J7 A0 3L, 22
-0 3¢ e K H] Perdew-Burke-Ernzerhof (PBE) JE 2 1) SC#% i it ) ( generalized gradient approximation,
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Table 1 Lattice constants and equilibrium pressures of BCC and HCP phases from ab initio simulations

Phase T/IK p/GPa alA Phase T/IK p/GPa a/A c/A
6000 396 2.37 6000 350 2.15 342

BCC 8500 665 2.27 HCP 8500 671 2.03 3.25
10000 1078 2.16 10000 1000 1.95 3.14

N E BCC AR5 HCP AR A 3 5 50, R ML xoc J5 ) e I B2 4 2 A2, T A2 48 ] 5 AL, = &l
Horr, &= 0.0124 xx J5 [0 B REAE, Lo M i MILE s J5 10 BORIAR I JEE o Bl , R AL 5 i 45 R 47 5 — 1
13 Sy B, T ROE AR B R R R A T ki o ARGEIE AR T L S RO AR AT B SR R, A
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XFF BCC A, MG SR XS B, AT 45 Ciy = Cis; XFF HCP M, Ciy . Cio . Cra e M 100 37 Y 3 5
B KM R Ik, X BCC 450t yz 77 18 (I TEAE LT3 Cug, X HCP 54t I vz A1 2z 5 1) A TR AR
I B Cys M1 Cy o i3 3R T 43 209 BCC AH AN HCP AH 1) #0500 F 3 2.

ARTIF T AL B G HLER P 25 1 K 0 61 A5 o, 75 2 5 S EL ) A A ) 908 2 Ak A 4 ) 5
FEFRAE, K UL, 7F 35 ok BI0R A vp 5 | AGHIRCHR 9 2 RO B 1Y o Rt TR T RSk I 5 — M R 4 3
F1 2R, AL T 3 AN R O TR - B Ak, 3% 3 B M T ML A PR RS . S bR, T AR
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KOS 2 N WS BRI AR [0 0 A1 R g(r)o @(r) A2 SO DAZRE— I Dy vt PRI L A0 45 3 H Al 5T
RO BB 38 B, S IR i [ 8 OO0 SRR AR AIE o SR SCHR [37] YT IS g(r)o XTI T 5Ty B
BOETHR I AR TP F X J1 F(r), IERIH F(r) = ke TdIng(r)/dr B3R ) 7 G R (ky PR 252 W B0, H5
FIAR g(r) 55 sk ER3 pR H0™ 2E 09 i A0 B 41 189 J R BB, 2 TR 3 o e S B 5 6 A o e e/ —
e ), BT A R ACSA R B S H AR g(r) AR A3 R B S0, IR S R B — 00 73 223t |
g =P ¥ T I B HOF R B S 8 — T — U R s B, RN

#2 FE—MEFEEELISER BCC HHF HCP HAIE 4 E

Table 2 Elastic constants for BCC and HCP phases from ab initio simulations

Phase T/K p/GPa C,/GPa C,,/GPa C,5/GPa C,,/GPa C,/GPa
6000 396 1462 1462 331
BCC 8500 665 2146 2146 457
10000 1078 3243 3337 667
6000 350 1571 1173 1042 4134 211
HCP 8500 671 2639 2158 1767 2886 318
10000 1000 3407 3151 2427 1882 488

®3 F-MEERUGHREEEMTEERS

Table 3 Liquid densities and equilibrium pressures from ab initio simulations

T/K p/GPa Density/(g-cm ™)

6000 360 13.441

8500 596 15.202
10000 958 17.428

Ry T[] Ast 220 1 [ A 5 VAR 2 8] R 5 S AT R, FE SRR BRSO A T S I A5 A HCP AR 4% Ak il 217
YE R 2o, HEHL 360, 584 F1 990 GPa Ab (4 S VE L& H AR, 45 He it T 2l %2k i 4 A5 (7o) B8 B | 52
9545 s A il 28, HAUE S T3 4.
F4 I SBH HCP AEREER T AIE A

Table4 Melting temperatures of HCP phase at different pressures from experiment!”

p/GPa i /K
360 6503
584 8342
990 11027

22 MEETHRIEMERNUSER
B, BT — PRI 3 1 8l g 2 A B A [ S RORI RS AR 1) 3 A1 R RSORS00 U A Y D1
Wk ARm, 1R ERL b, K SR S BE S ALS BAR R 2 AT A AL . i i B ek HOR AL AL i

BRI, 158 A, SO X, I T B U X, T 00, S L4 044 B
P X _Ptar et
. O AL BRI 2 AR 55 RS R R (X, = X, - oo s

R ZHX, — Xt (Y, Poe W HERYERT, P(X,) 0 YT R BN AT, VP(X,) 1A R e T
PRSI FED, EEELL Fad R, H RS R B S B bR AR A AR

T [ RE SR B BT, 43 B P A 2000 F1 1920 A5 1~ 4 i A48 BCC A A1 HCP #H . JRAH
g(r) BTFRCR AL 6750 AR T YA . 7 - AL AA ALl b, 23 504l FH AL & 65520 45T HCP AH-
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H.#4 5 #i% 2% (root mean square error, RMSE) #J/x

T 0.04, Ui Wiz S R B RE S 1E 6 P B S R R A M R o e TR () B4 S B Ji—F o 22 ] ) A
HAERE B, Hit, FaRES R L, B E R EAM #7E 400~ 1000 GPa JE 7 78 Bl 4 g% 1T 5 b i ik
BRI TR ) AH BLAE o

1 BCC A1 HCP HIfsie i 4L
Fig. 1 Elastic constants for BCC and HCP phases
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Fig. 2 Liquid radial distribution function
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WFFE 095 A0 M R AE SE 0 R 22 E BN 5 L S5 R W) S AR GF o S RAEKE sl B 9 09 8 AL O &R, SR
_ B

Simon 7 & T, = To(l + %) PTG, Hrh AR B LA S, T, M p, WIS % S, p=

360 GPa, T,=6546 K. & 1521/ HCP AJA s 7 1N

—3600 0.378
Tm=6546(1+p227.133) (11)

s T, B K, p B0 GPa.

T M 0 J5T 34 BB, WU T BCC ARE K
IR 4 F kL4 . WP 3 B7%, 15 400 GPa~ ) ]
1 TPa J 3 [ 4, HCP A 0 2 A5 S5 85 0 8 . DFT™, HCP =
4] HOP A E PR 33 R o 03 % ik il . w0 This work THCP
X —25 58 5 Stixrude®” & Bouchet 2% [i4) 55 — : | /
A A A LR B sk, R 27 e
BCC HI7E % F 776 [l P b F W Ra 25, {H 128 N
SEEIRBELT _

AT SR 0 34 R BT 35E— 2 FH T4 4 A
Hb B A% 0 S 2R AT RE A BT A% 5 OO, S B A 400 600 800 1000
s 4 E R (55 LB 4R LB T RO F B ik p/GPa
Hh, AT AR A BT 7= A R 5 — M BRSO R AR Sl B3 Ekikibih sk
JTREI 4, F T 8ER 22 X 3 pr A =50 L%t Fig. 3 Melting temperature lines of iron
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Interatomic Potentials for Iron under Extreme Conditions
WEI Liangrui, SUN Yang
(Department of Physics, Xiamen University, Xiamen 361005, Fujian, China)

Abstract: The physical properties of iron under extreme high-pressure and high-temperature conditions are
crucial for understanding the internal structure and evolutionary processes of Earth and terrestrial planets. To
characterize the dynamic behavior of iron under the extreme conditions inside super-Earths, we combine
first-principles molecular dynamics simulations with experimentally measured high-pressure melting curves
to construct an embedded-atom potential applicable across ultra-high pressures and temperatures. This
potential is fitted to multiple properties of the body-centered cubic (BCC), hexagonal close-packed (HCP),
and liquid phases over 400 GPa to 1 TPa and 6000 to 10000 K, including the elastic constants of the solid
phases, the radial distribution functions of the liquid, and experimentally determined melting data. We
systematically validate the potential across different pressure-temperature conditions and found that it
accurately reproduces the pressure and temperature dependence of solid elastic constants, and matches liquid
radial distribution functions at three representative pressure-temperature conditions. Moreover, it predicts
melting curves that lie within experimental uncertainties and agree well with previous first-principles
simulations. Thermodynamic calculations based on this potential further show that the HCP phase remains
thermodynamically stable between 400 GPa and 1 TPa, while the BCC phase is metastable. This potential
provides a reliable atomistic tool for large-scale simulations of nucleation, crystallization, and solid-liquid
coexistence in the cores of super-Earths. Moreover, the potential and associated dataset lay the groundwork
for future extensions to multicomponent Fe alloys and their properties under ultra-high-pressure conditions.

Keywords: iron; high temperature and high pressure; embedded atom method; melting curve; molecular

dynamics
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