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Fig. 1. Elastic modulus of rare earth metals (CeYb) (Experimental data are taken from Refs. [23,24], and theoretical data are taken

from Refs. [16,21,22], except for the computational results from this work): (a) Bulk modulus; (b) shear modulus.
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Table 1.  Calculated elastic constants, bulk modulus (B), shear modulus (G) and B/ G for rare earth Ce-Yb.
Method B/GPa G/GPa (&1 Cho Cyy Ci3 Cs3 B/G Ref.
f-band 39.80 33.24 63.20 28.10 50.90 — — 1.19 This work
GGA+OP, f-band 40.89 — — — — — — — [16]
Ce PBE, f-core 29.23 13.72 39.29 24.21 20.45 — — 2.13 This work
PBE, f-core 34.62 — — — — — — — [21]
GGA, f-core 30.21 15.86 43.46 23.59 21.71 — — 1.90 [22]
PBE+U 27.20 15.76 40.59 20.52 21.33 — — 1.73 This work
n-Ce Expt. 14.83 12.86 24.1 10.2 19.4 — — 1.15 [25]
PBE, f-band 20.64 18.75 39.30 11.31 22.80 — — 1.10 This work
GGA+OP, f-band 20.88 — — — — — — — [16]
PBE, f-core 31.66 16.45 44.80 25.10 23.20 — — 1.92 This work
Pr GGA, f-core 36.65 — — — — — — — [21]
GGA, f-core 34.57 18.83 60.77 25.36 17.4 17.88 67.34 1.83 [22]
PBE+U 24.27 11.58 35.20 18.80 14.60 — — 2.09 This work
Expt. 28.80 14.80 — — — — — 1.95 [24]
PBE, f-band 18.9 14.95 30.90 12.90 21.00 — — 1.26 This work
GGA+OP, f-band 20.98 — — — — — — — [16]
PBE, f-core 33.9 18.55 49.10 26.29 25.70 — — 1.83 This work
Nd GGA, f-core 39.12 — — — — — — — [21]
GGA, f-core 36.12 20.77 65.24 25.88 19.11 17.77 7177 1.74 [22]
PBE+U 28.57 25.65 46.90 19.41 38.90 — — 1.11 This work
Expt. 31.8 16.3 — — — — — 1.95 [24]
PBE, f-band 20.67 14.81 31.60 15.20 22.00 — — 1.2 This work
GGA+OP, f-band 19.92 — — — — — — — [16]
PBE, f-core 35.67 20.37 52.40 27.31 28.20 — — 1.75 This work
Pm GGA, f-core 39.21 — — — — — — — [21]
GGA, f-core 37.96 23.21 70.36 24.63 21.00 18.62 7717 1.64 [22]
PBE+U 16.80 10.94 24.20 13.10 17.20 — — 1.54 This work
Expt. 35.37 16.70 — — — — — 2.12 23]
PBE, f-band 18.70 4.87 18.10 19.00 18.50 — — 3.84 This work
GGA+OP, f-band 19.91 — — — — — — — [16]
PBE, f-core 36.81 21.72 54.60 27.91 30.10 — — 1.69 This work
Sm GGA, f-core 38.94 — — — — — — [21]
GGA, f-core 36.91 19.60 61.81 21.27 18.64 24.56 68.58 1.88 [22]
PBE+U 12.10 7.39 15.90 10.21 13.70 — — 1.64 This work
Expt. 29.46 12.68 — — — — — 2.32 [23]
PBE, f-band 14.33 7.51 16.60 13.20 17.70 — — 2.32 This work
PBE, f-core 12.93 9.07 17.61 10.60 16.80 — — 1.43 This work
GGA, f-core 14.67 — — — — — — — [21]
b GGA, f-core 12.52 8.40 16.46 10.55 16.34 — — 1.49 [22]
PBE+U 12.20 7.56 16.20 10.21 13.80 — — 1.61 This work
Expt. 14.75 5.90 — — — — — 2.5 [23]
PBE, f-band 30.50 16.31 42.70 24.40 24.00 — — 1.87 This work
ad GGA+OP, f-band 28.99 — — — — — — — [16]
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1 (8h) ERSEIRIERMAITR Ce-Yb HPENERT
Table 1 (continued). Calculated elastic constants, bulk modulus (B), shear modulus (G) and B/ G for rare earth Ce-Yb.

Method B/GPa G/GPa Ch Chs Cu Ci3 Cs3 B/G Ref.
PBE, f-core 39.54 24.12 59.60 29.50 33.10 — — 1.64 This work
GGA, f-core 36.74 — — — — — — — [21]
Gd GGA, f-core 41.73 22.11 68.26 21.00 21.01 30.04 80.3 1.89 [22]
PBE+U 31.64 19.06 47.10 23.91 26.60 — — 1.66 This work
Expt. 38.40 22.31 — — — — — 1.72 [23]
PBE, f-band 24.37 16.76 36.50 18.30 25.20 — — 1.45 This work
GGA+OP, f-band 30.15 — — — — — — — [16]
PBE, f-core 41.37 25.17 62.70 30.70 34.10 — — 1.64 This work
Tb GGA, f-core 36.28 — — — — — — — [21]
GGA, f-core 40.87 22.77 68.43 20.07 21.85 28.59 79.25 1.79 [22]
PBE+U 32.90 15.70 46.10 26.31 21.40 — — 2.09 This work
Expt. 39.99 22.90 — — — — — 1.75 [23]
GGA+OP, f-band 29.08 — — — — — — — [16]
PBE, f-core 41.27 25.48 62.80 30.50 34.60 — — 1.62 This work
Dy GGA, f-core 36.74 — — — — — — — [21]
GGA, f-core 42.14 24.48 70.93 20.53 23.97 20.53 28.75 1.72 [22]
Expt. 38.50 25.45 — — — — — 1.51 [23]
PBE, f-band 29.09 14.26 35.90 25.69 27.50 — — 2.04 This work
GGA+OP, f-band 29.88 — — — — — — — [16]
PBE, f-core 42.14 26.15 64.80 30.80 34.90 — — 1.61 This work
Ho GGA, f-core 38.20 — — — — — — — [21]
GGA, f-core 44.12 26.26 75.40 22.30 26.74 29.63 85.06 1.68 [22]
PBE+U 14.63 7.03 15.50 14.19 20.40 — — 2.08 This work
Expt. 39.75 26.73 — — — — — 1.49 [23]
PBE, f-band 32.73 9.51 34.40 31.90 26.00 — — 3.46 This work
GGA+OP, f-band 29.95 — — — — — — — [16]
PBE, f-core 42.60 27.78 65.60 31.10 34.80 — — 1.53 This work
Er GGA, f-core 40.12 — — — — — — — [21]
GGA, f-core 45.82 28.60 81.54 24.27 28.85 28.34 88.05 1.60 [22]
PBE+U 29.43 17.13 35.70 26.30 37.50 — — 1.72 This work
Expt. 41.15 29.68 — — — — — 1.38 23]
PBE, f-band 20.75 15.21 47.70 8.86 9.02 3.86 58.40 1.36 This work
GGA+OP, f-band 27.93 — — — — — — — [16]
PBE, f-core 42.93 26.46 67.00 30.90 34.20 — — 1.62 This work
Tm GGA, f-core 42.41 — — — — — — — [21]
GGA, f-core 48.23 31.02 88.44 25.58 30.28 28.04 94.21 1.58 [22]
PBE+U 21.81 10.97 25.60 19.92 24.59 — — 1.99 This work
Expt. 445 30.5 — — — — — 1.45 [24]
PBE, f-band 16.63 10.55 20.10 14.89 24.10 — — 1.58 This work
PBE, f-core 15.87 9.35 18.60 14.50 22.30 — — 1.69 This work
GGA, f-core 15.58 — — — — — — — [21]
A GGA, f-core 16.34 10.72 23.21 12.91 17.44 — — 1.52 [22]
PBE+U 10.68 3.82 17.66 13.33 20.75 — — 2.79 This work
Expt. 13.13 9.9 — — — — — 1.33 [24]

157102-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 15 (2025)

157102

FEA [R5 —VE R 3 2 B BRIy
T, bR B A RSN T HEA 1Y Ce, Eu, YbZ
Ab, f-band HJ 45 R AR T f-core AR 45 T i I 1 .
f-band AR B ABRTE Pr 2 Sm B9 + 4
J&F Gd 2 Tm B E R -4 )8 75 2 A4
EEARNZR-5, B 5 &R Z AR
BARA. SYIETE Ce & Sm |, 7€ Sm F1
Eu &b ik B AX, fEER L&) b2k LA EIE
PR RS, TR H f-core J7 LA ARG A AL
MY DI e 5 SRR A A (R B0
mEAR RN ETE, 78 Bu Al Yb 4353k B i
/N2 WA . X — ISR 5Bk Ce S, WIET
Jasy Af TIPS S A RIEALT 5 B

AR B DI () LU B/ Gl w9 AE
W 5 Je A 1 EE AR AR AR Pughll 42 &
WG, WAk B/ G > 1.75, AR LXK FhATRIE N SE
Pk, RZAMetE. FERBERNH, 1R T B/ G I
SRR T E 2(a). MRYELRETHR A M BHE R
W, %M+ &M Ce £ Eu BRIV IEYE, Gd I
T Ak T 4 P 0 P ) 320 5, 1 S 42 )& M Dy

2.25

(a) o Exp.
4 —o— Calc., f-core

2.00
o o

o \°\°
~ L1L75F———— @ . ———0O— O e -
Q e ©
—0_g o o o
1.50 F °
o
1.25 S S
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
5.0
® ()
A k
@] \
~
3 251
S *
|
©) \*
© 0 \
z %
n
()
1 \,
%u —2.5
= */* */*
3 SN

0 P S SN
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

E 2

Melting point/K

£ Lu MR MM f-core THHEIRIGH B/ G &55%
WA E T FEEA 3, AR GE B Nd-Eu
FEPEZHTE R R . — R, T e B R
PE, G @ AR — i B B i S e k. AR & AR
SEPE B AR AR s R FRATTHE T T A A o3
Br. Bl 2(b) FrR N f-core FT iR RAG s, d ML
TR R P B AR . g5 R R, B L
BEGEXEBEHI T BN s, d B FIHAHEE
1k, FH 4 E A LA+ B s BUA M
FHEZH d PUBEM BT EMENF, 6s FLAR T
AEXF R, 2 B4 T B, T 5d s Fe - AH X =)
BOFRA I mYE. X5 s B FIEHARZ R - IX
BOEPERGR  d LI AR 2 I M 1 DX B e
PGP R AE— 2. Rk, B - X BT RE
T s, d BT R ESIEM 2SS, VIR —5F
R FRATTHE— 20T ] TR R D A
Fehs B2 AP R S Cpy- Oy, JBAR T 2(c). —
M, AT PG R g 8 N W B P % S 1 i
TE d 2B 1 X B, AIvg R 13 e,
MFRPEMR AR d B R PR R —

3.0 1.2
(b)
2.5}
) o—0—0—9 111
2.0 F
1.5 110 =

Lo X\Q/;/Nqumber of s-electrons

—@— Number of d-electrons

0 0.8

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

10.9

2000

(d)

1800
1600
1400

A
1200 + A/ \
/ { )

100

0 P S
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

(a) i 4 J MACAE 1 0 85 UIRE 1 1) LUAH. B/ G, I 5 T AT B S0 524 JEAT LA (b) fcore J7 BTG s, d fir il TR ST
(c) MV 1 Ciy — Cpy BT T BLAL s (d) Hi 2 10445 a5 29

Fig. 2. (a) Ratio of bulk modulus to shear modulus (B/G) for rare earth metals. Comparisons are made with the experimental re-

sults??4. (b) The s- and d-valence electron occupation numbers calculated using the f-core method. (c) The variation of Cauchy

pressure (Cy, — Cyy) with the atomic number. (d) Melting points for rare-earth metals/?®.
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Fig. 3. (a) Bulk modulus B for Ce as a function of pressure. (b) Shear modulus G as a function of pressure. (c¢) Longitudinal wave

velocity Cf, as a function of pressure. (d) Transverse wave velocity Cp as a function of pressure. Comparisons are made with exist-

ing experimental results 1133, The dashed line in the figure marks the experimentally reported Y- phase transition pressure.
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Fig. 4. (a) B/G ratio as a function of pressure. Comparisons with existing experimental results!'' 33 are provided. (b) The s-

valence electron occupation as a function of pressure. (¢) The d, f-valence electron occupation as a function of pressure. (d) Cauchy

pressure (Cjy — Cyy) as a function of pressure.
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Fig. 6. (a) Bulk modulus for Yb as a function of pressure, with the inset showing the bulk modulus variation near the phase trans-

ition pressure. (b) Shear modulus as a function of pressure. (¢) Longitudinal wave velocity Cf as a function of pressure. (d) Trans-

verse wave velocity Cp as a function of pressure. Comparisons with existing experimental results?) are provided.
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Abstract

Rare earth metals are of significant importance in engineering and technological applications, and their
unique f-electron-related behaviors have attracted widespread interest in condensed matter physics. In this
work, we investigate the elastic properties of rare earth metals ranging from Ce to Yb by combining first-
principles calculations with systematic data compilation. Taking Ce and Yb as representative cases, we
investigate the evolution of their elastic properties under high-pressure conditions (0-15 GPa), and we
systematically compare the simulation performances of different f-electron treatment approaches. The results
indicate a significant difference in ductility between light and heavy rare earth metals under ambient pressure.
Under pressure, the elastic properties of Ce and Yb undergo marked changes in phase transitions. Specifically,
the B/ G ratio, a key indicator of ductility, decreases from about 2.0 in light lanthanides to around 1.5 in heavy
lanthanides, crossing the critical threshold of 1.75. Notably, during the fcc iso-structural phase transition in Ce
and the fce-bee phase transition in Yb, a significant brittle-ductile transition is observed. These transitions are
closely related to the bonding characteristics modulated by atomic number or pressure condition. For instance,
as the atomic number increases, the Cauchy pressure (Cjy—Cyy) decreases with the variation of s and d valence
electrons, indicating an enhanced covalent bonding tendency. In addition, this study reveals that simulating
f-electrons as core electrons can adequately describe the elastic properties and trends of rare earth metals under
ambient pressure. However, when modeling high-pressure structural phase transitions and their related elastic
evolution, the method of treating f-electrons as valence electrons and performing electron correlation correction
shows better accuracy. The datasets presented in this paper are openly available at https://doi.org/10.57760/
sciencedb.j00213.00150.
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