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First-principle calculations of ductile CeAg intermetallic compound 

 
SHI Yao-jun1, 2, DU Yu-lei1, 2, CHEN Guang1, 2 

 
1. Engineering Research Center of Materials Behavior and Design of Ministry of Education, 

School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China; 
2. Jiangsu Institute of Advanced Materials, Danyang 212300, China 

 
Received 9 September 2011; accepted 12 January 2012 

                                                                                                  
 

Abstract: The first-principle calculations were performed to investigate the structural, mechanical, electronic and thermal properties 
of the binary ductile intermetallic compound CeAg with B2 (CsCl) structure. The calculated value of lattice constant a0 for CeAg 
with generalized gradient approximation is 3.713 Å, which is in better agreement with experimental data than local spin density 
approximation. The negative energy of formation implies that CeAg with B2 structure is thermodynamically stable phase. The 
greater separation between the d bands of Ce and Ag results in weaker bond hybridization of Ce d—Ag d, which prevents formation 
of directional covalent bonding. The three independent elastic constants (C11, C12 and C44) are derived and the bulk modulus, shear 
modulus, elastic modulus, anisotropy factor, and Poisson ratio are determined to be 57.6 GPa, 15.8 GPa, 43.4 GPa, 3.15 and 0.374, 
respectively. The elastic constants meet all the mechanical stability criteria. The value of Pugh’s criterion is 3.65. The ductility of 
CeAg is predicted if Pugh’s criterion is greater than 1.75. Furthermore, the variations of volume, bulk modulus, heat capacity, and 
thermal expansion coefficient with temperature and/or pressure were calculated and discussed. 
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1 Introduction 
 

Many binary intermetallic compounds (Ni3Al, NiAl 
and FeAl, etc) have a combination of low density, good 
oxidation resistance and high strength at elevated 
temperatures. These excellent properties make them 
potentially useful for high-temperature structural 
materials, but binary polycrystalline intermetallic 
compounds usually possess little or no ductility at 
ambient temperatures if they are fully ordered with 
stoichiometric compositions [1]. Recently, a new family 
of ductile intermetallic compounds has been discovered. 
They are fully ordered, stoichiometric binary rare-earth 
B2-type (CsCl-type structure) intermetallic compounds 
with formula RM, where R is a rare-earth element and M 
is a main group or late transition metal [2]. Then, many 
experimental works have been done to reveal the 
mechanism of high ductility for RM [3−5]. Their results 
indicate that multiple slip systems, fine grain size, and 
rare-earth element are factors which may contribute to 
high ductility of RM. However, up to now, the 

mechanism has not been understood completely. LnAg 
(Ln=rare earth element) is a typical family of ductile RM. 
Cerium is the first element with 4f electron of Ln group 
elements, and CeAg is an important member of the 
ductile RM intermetallic compounds. The magnetic 
properties of CeAg have been investigated widely both 
experimentally [6−8] and theoretically [9, 10] due to its 
unusual magnetic properties at low temperature and high 
pressure. However, the electronic structure, 
thermodynamic properties and ductile mechanism have 
not been understood completely. To get a better 
understanding of the anomalous ductility of CeAg, more 
fundamental studies of its electronic structural properties 
are required. 

In the present work, the first principle calculations 
are performed to investigate the fundamental properties 
of the RM compound CeAg with B2 structure including 
total energy, lattice constant, formation energy, electronic 
band structure, density of states, mechanical properties 
and thermodynamic properties. The phase stability, 
bonding character and account for high ductility were 
discussed on the basis of the calculation results. 
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2 Computational methods 
 

The first-principle calculations were based on the 
density functional theory (DFT). The total energies were 
calculated using full-potential linearized augmented 
plane-wave method (FP-LAPW) plus local orbital 
program as implemented in the WIEN2k package [11], 
and with the generalized gradient approximation (GGA) 
of PERDEW, BURKE and ERNZRHOF (PBE) [12] for 
the exchange-correlation energy. The spherical 
harmonics inside the muffin-tin are taken with an angular 
momentum lmax=10 while the charge density is Fourier 
expanded up to Gmax=12. The muffin-tin sphere radii (Ri) 
of Ce and Ag was chosen as 2.7 and 2.5 a.u., respectively. 
The basis function was expanded up to RminKmax=9.0 in 
order to achieve convergence, where Rmin is the 
minimum sphere radius and Kmax is the maximal value of 
the reciprocal lattice vector used in the plane wave 
expansion. Integration in the reciprocal space was 
performed by using the tetrahedron method with a k 
mesh of 12×12×12 k-points in the irreducible wedge of 
the Brillouin zone (BZ). The total energy is converged to 
within 0.01 mRy/unit cell during the self-consistency 
cycle. 

The structure of CeAg was firstly optimized and 
then the elastic constants were calculated by the strain—
energy method. An set of strains were applied to the unit 
cell lattice of optimized structure. Then, the elastic 
constants were determined from the resulting change in 
total energy on the deformation. For the cubic crystals, 
there are three independent elastic constants, which are 
usually referred to as C11, C12 and C44. Three strains were 
employed to determine all the elastic constants. The 
detailed description of this method can be found in Ref. 
[13]. 

To investigate the thermodynamic properties of 
CeAg, the quasi-harmonic Debye model was applied 
[14]. The non-equilibrium Gibbs energy G*(V; P, T) can 
be written as:  

))(,()(),;( Dvib VTAPVVETPVG Θ++=∗         (1) 
 
where E(V) is the total energy per unit cell; ΘD(V) is the 
Debye temperature; Avib is the vibrational Helmholtz free 
energy, and can be written using the Debye model of the 
phonon density of states as [15−19]:  
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where D(ΘD/T) represents the Debye integral; ΘD is the 
Debye temperature; n is the number of atoms per formula 
unit. Assuming an isotropic solid, ΘD can be computed as 
[15]: 
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where Mr is the relative molecular mass per formula unit; 
f(σ) was given in Refs. [17,18]; BS is the adiabatic bulk 
modulus, which is approximately given by the static 
compressibility. 
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Thus, the non-equilibrium Gibbs function G*(V; P, 
T) can be minimized with respect to volume V: 

0),;(

,

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂ ∗

TP
V

TpVG                         (5) 

By solving Eq. (5), the thermal equation of state 
(EOS) V(P,T) can be obtained. The specific heat capacity 
cV and the thermal expansion coefficient α are given by 
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where γ is the Grüneisen parameter defined as 
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Through the quasi-harmonic Debye model, 

thermodynamic parameters including the bulk modulus, 
thermal expansion coefficient and specific heats at 
constant volume, heat capacity cV under different 
temperatures and/or pressures can be obtained from the 
calculated E—V data. A detailed description of this 
method can be found in Ref. [14]. 
 
3 Results and discussion 
 
3.1 Crystal structure parameters 

CeAg with B2 CsCl-type has two atoms in one unit 
cell with mPm3  space group. Figure 1(a) illustrates the 
crystal structure of CeAg. The Ce atoms are positioned at 
(0, 0, 0), Ag atoms at the centre of unit cell (0.5, 0.5, 0.5) 
[20]. Before starting the calculations of electronic 
structure and the lattice parameters are optimized with 
different approximations to the exchange-correlation 
energy for a comparison. Figures 1(b) and (c) show the 
variation of total energy with volume for the local spin 
density approximation (LSDA) [21] and GGA, 
respectively. The calculated values of the crystal lattice 
constants and equilibrium unit cell volume, as well as the 
corresponding experimental results for CeAg are given in 
Table 1. The computed lattice parameter values are 3.595 
Å with LSDA and 3.713 Å with GGA, respectively. Our 
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Fig. 1 Crystal structure of CeAg (a), variation of total energy 
with volume for LSDA approximation (b) and variation of total 
energy with volume for GGA approximation (c) 
 
Table 1 Theoretical and experimental lattice constants as well 
as unit cell volumes of CeAg in B2 cubic phase 

Method a0/Å Volume/Å3 
LSDA 3.595 46.46 
GGA 3.713 51.19 

Experimental 3.746 [20] 52.57 [20] 

 
theoretical lattice constant a0 for CeAg with GGA is only 
0.88% smaller than the experimental one, while it is 
4.03% with LSDA. Hence, the theoretical lattice constant 
with GGA is used in all calculations. 
 
3.2 Energy of formation 

The energy of formation is known to be a measure 

of the phase thermodynamic stability, so the energy of 
formation (ΔEform) for CeAg is calculated according to 
the following expression [22]: 

ΔEform=
2
1 [Etot(CeAg)−Etot(Ce) −Etot(Ag)]          (9) 

where Etot(CeAg), Etot(Ce) and Etot(Ag) are the total 
energies for CeAg (space group mPm3 , 2 atom/cell, Ce 
(space group mFm3 , 1 atom/cell) and Ag (space group 

mFm3 , 1 atom/cell), respectively. The calculated value 
for CeAg is −0.04 eV/atom. The negative energy of 
formation implies that CeAg with B2 structure is 
thermodynamically stable phase. 
 
3.3 Electronic properties 

Figure 2 exhibits the calculated energy band 
structure of CeAg at equilibrium lattice parameters along 
selected high-symmetry directions within the first 
Brillouin zone. The valence bands of CeAg can be 
divided into two groups, i.e., a low-energy group mainly 
composed of Ag 4d states, and the upper valence bands 
composed of Ce 4f and 5d states. As shown in Fig. 2, 
valence and conduction bands overlap considerably at 
the Fermi level and as a result there is no energy gap at 
EF. This suggests that CeAg exhibits a nearly metallic 
character. 

The total and partial densities of states (DOS) for 
CeAg are calculated using the optimized structure at the 
equilibrium volume. As shown in Fig. 3, the lowest-lying 
states from −6 to −4 eV are derived from Ag 4d states. 
The states above the Fermi level are mainly due to Ce 5d 
and 4f states. The d bands of Ce are diffuse, while the d 
bands of Ag are much narrower than those in pure FCC 
Ag crystal. The greater separation between the d bands of 
 

 

Fig. 2 Electronic band structure of CeAg 



SHI Yao-jun, et al/Trans. Nonferrous Met. Soc. China 22(2012) 654−660 657

 

 
Fig. 3 Total and partial densities of states for CeAg 
 
Ce and Ag results in weaker bond hybridization of    
Ce d—Ag d, which prevents formation of directional 
bonding. This suggests that CeAg would exhibit high 
ductility like some other RM intermetallics [23]. 
 
3.4 Mechanical properties 

The elastic constants are essential for understanding 
macroscopic mechanical properties of crystal as they 
relate to various fundamental solid state properties and 
thermodynamic properties. Table 2 lists the values of the 
single crystal elastic constants, the bulk modulus B, the 
shear modulus G, elastic modulus E, anisotropy factor A 
and Poisson ratio υ. Furthermore, the value of Pugh’s 
criterion is also listed. The bulk modulus B and 
Voigt-Reuss-Hill averaged shear modulus GH [24] were 
obtained through the following equations: 
B=(C11+2C12)/3 and GH=(GV+GR)/2, where the effective 
Voigt shear modulus GV and Reuss shear modulus GR are 
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The elastic modulus E, Poisson ratio υ and 

anisotropic factor A are given as: 
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As shown in Table 2, the calculated elastic constants 

and bulk modulus are close to values reported by 
MORIN [6]. The elastic stability is a necessary condition 
for a crystal to exist. The requirements of mechanical 

stability for a cubic crystal lead to the following 
restrictions on the elastic constants [25]: C11>0, C44>0, 
C11−C12>0, C11+2C12>0, C11>B>C12. Obviously, the 
calculated elastic constants satisfy the mechanical 
stability criterion, which means that CeAg is stable in B2 
structure, and in good agreement with the analysis of 
formation energy. PUGH [26] proposed that materials 
with melting temperatures above 900 °C is predicted to 
be in ductile behavior if the value of Pugh’s criterion 
B/G>1.75 [27]. Obviously, our calculated value satisfies 
criterion. The ductility of CeAg is predicted, which is 
consistent with the observed ductility in experiments 
[28]. 
 
Table 2 Calculated elastic constants, bulk modulus, shear 
modulus, elastic modulus, anisotropy factor, Poisson ratio of 
CeAg 

CeAg C11/
GPa

C12/
GPa

C44/
GPa

B/ 
GPa 

G/ 
GPa 

E/ 
GPa A υ B/G

This 
work 68.1 52.3 24.9 57.6 15.8 43.4 3.15 0.374 3.65

Ref.[6] 59.6 44.6 21.5 49.6   2.87   

 
3.5 Thermodynamic properties 

Figure 4 shows the normalized volume—pressure 
diagram at 300, 600 and 1000 K for CeAg. The unit cell 
volume decreases smoothly at different temperatures; no 
abrupt changes occur with increasing pressure. This 
change of curves can be attributed to interaction between 
atoms and thermal expansion. Furthermore, the 
normalized volume decreases faster with increasing 
temperature. 
 

 
Fig. 4 Normalized volume—pressure diagram for CeAg at 
different temperatures 
 

The temperature dependence of bulk modulus at 0 
GPa of pressure for CeAg is shown in Fig. 5(a). From  
0 K to 600 K, bulk modulus decreases linearly with 
increasing temperature. The bulk modulus of CeAg 
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drops by 18% from 0 K to 1000 K. The relationship 
between bulk modulus and pressure for CeAg at different 
temperatures is shown in Fig. 5(b). From 0 to 18 GPa, 
the bulk modulus increases linearly with increasing 
pressure. The B values of CeAg at 300, 600 and 1000 K 
increase by 148%, 163% and 165%, respectively. 
Otherwise, the bulk modulus decreases with increasing 
the temperature at a fixed pressure. 
 

 

Fig. 5 Bulk modulus as function of temperature at p=0 GPa (a) 
and pressure dependency of bulk modulus for CeAg at 300, 600 
and 1000 K (b) 
 

The calculated specific heat capacity at constant 
volume cV, versus temperature for CeAg at a pressure of 
0 GPa is shown in Fig. 6(a). The cV increases rapidly in 
the low temperature region below 200 K and almost 
approaches a constant above 400 K due to the 
anharmonic approximation of the Debye model in the 
high temperature region. The cV obeys the expected T3 
power law in the low temperature limit, and it is very 
close to the Dulong-Petit limit of cV=3nNkB=49.884 
J/(mol·K). As is known to all, 3nNkB is commonly 
satisfied with all solids at higher temperatures. Figure 
6(b) illustrates the variation of the volumetric thermal 
expansion coefficient αν of CeAg as a function of the 
temperature at a pressure of 0 GPa. It shows that initially, 

 

 
Fig. 6 Calculated heat capacity values at constant volume cV 
versus temperature (a) and thermal expansion versus 
temperature (b) for CeAg at P=0 GPa 
 
the αν increases rapidly with increasing temperature 
before leveling off at T>200 K. The change of αν is very 
small at high temperature, which is similar to specific 
heat capacity at constant volume cV. 
 
4 Conclusions 
 

1) The calculated lattice parameters using GGA 
method are in better agreement with the experimental 
data than LSDA method for CeAg. 

2) The calculated formation energy for CeAg is 
−0.04 eV/atom. The negative energy of formation 
indicates that CeAg with B2 structure is 
thermodynamically stable phase.  

3) Band structure and density of states show that the 
greater separation between d bands of Ce and Ag results 
in weaker bond hybridization of Ce d—Ag d. This would 
prevent formation of directional covalent bonding and 
explain high ductility of CeAg. 

4) Calculated elastic constants satisfy the 
mechanical stability criterion and the ductility of CeAg is 
predicted by Pugh’s criterion. 
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5) The thermodynamic properties are analyzed 
using the quasi-harmonic Debye model. The results show 
that volume and bulk modulus vary linearly with 
increasing temperature. Furthermore, specific heat 
capacity cV is close to the Dulong-Petit limit, which is 
common to all solids at high temperatures. 
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韧性金属间化合物 CeAg 的第一性原理计算 
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摘  要：采用第一性原理计算法研究具有 B2 (CsCl) 结构的二元韧性金属间化合物 CeAg 的结构、力学性能、电

子性质以及热力学性能。利用广义梯度近似计算得到的晶格常数为 3.713 Å，比自旋密度近似计算的结果更符合

实验值。负的形成能表明具有 B2 结构的 CeAg 是热力学稳定相。Ce 和 Ag 原子的 d 能带相互分离导致两者的键

合杂化作用较弱，从而阻止具有方向性的共价键形成。计算得到了 CeAg 的 3 个独立弹性常数(C11，C12和 C44)，

体模量、剪切模量、弹性模量、各向异性因子以及泊松比分别为 57.6 GPa、 15.8 GPa、 43.4 GPa、3.15 和 0.374。

弹性常数符合所有力学稳定性准则。CeAg 的 Pugh 判据值为 3.65，当 Pugh 判据值大于 1.75 时，CeAg 具有良好

的韧性。此外，还计算和讨论了 CeAg 的体积、体模量、热容和热膨胀系数随温度或者压力的变化规律。 

关键词：CeAg；第一性原理；弹性常数；热力学性能 
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