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Abstract

The lattice constants of the rare earth intermetallic compounds Ce12xScxFe4Al8 are calculated based on the interatomic

potentials obtained by a lattice inversion method. The results are in agreement with experiments. Further, some simple

mechanical properties such as the elastic constants and bulk modulus are also investigated for these materials. It is noted that,

the phonon densities of states are first evaluated for the quarternary intermetallic compounds with ThMn12-type structure and a

qualitative analysis for the vibrational modes is presented. This may be an attempt to predict the mechanical and

thermodynamic properties for the rare earth materials with complex structures.

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the past decades, the ternary Fe-rich rare-earth

intermetallic compounds with the tetragonal ThMn12

structure attracted much interest due to their higher Curie

temperatures and stronger uniaxial magnetic anisotropy

fields near room temperature [1–4]. Recently, a consider-

able attention [5–10] has been paid to the rare earth

compounds RFe4Al8, which have the same structure and

exhibit interesting magnetic properties. Neutron diffraction

[7,9], Mössbauer effect [12,13] and magnetic [5,11]

measurements have confirmed a complex antiferromagnetic

(AF) ordering. Especially CeFe4Al8 and ScFe4Al8 com-

pounds exhibit a long-range magnetic ordering at low

temperatures due to the presence of magnetic moments on

the iron sublattice [7,10]. Furthermore, Suski et al. [14] first

obtained the Ce12xScxFe4Al8 (0 , x , 1) alloys in 2000

and more detailed investigations of the magnetic and

electrical properties as well as 57Fe Mössbauer effect were

carried out in a wide temperature range for this solid

solution by Gaczyński et al. [15]. The substitution of Sc for

Ce leads to a noticeable transfer of electrons between the Ce

(Sc) and Fe local bands and the total effective magnetic

moment decreases with the Sc content. In this work, the

lattice inversion technique [16–19] is applied to obtain a

series of interatomic potentials related to Ce12xScxFe4Al8
from the first-principle cohesive energy calculation. Based

on these calculated potentials, the preferential distribution

of Fe in CeFe4Al8 alloys is calculated first. Then with Sc

atoms substituting for Ce, the lattice parameters of

Ce12xScxFe4Al8 are also evaluated. These are explorations

for the structures of complex materials using the interatomic

potentials. In addition, some simple mechanical properties

are worked out. Particularly, it is the first attempt to obtain

some lattice vibrational properties for quarternary inter-

metallic compounds with ThMn12-type structure, which

may be used to predict some relevant thermodynamic

properties such as Debye temperature.

2. Lattice inversion method

Chen’s inversion theorem [16–19] has been developing

a rigorous and concise approach to obtain the interatomic

pair potentials based on the ab initio cohesive energy. And it

has been applied successfully to study the lattice dynamics

[20,21], the field-ion microscopy image of Fe3Al analysis

[19,22], the site preference of ternary additions in Ni3Al and
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Fe3Al [23,24], the phase stability of Gd(Fe,T)12 [25] and so

on. The method is introduced concisely as follows:

Suppose that the crystal cohesive energy can be

expressed as the sum of interatomic pair potentials

EðxÞ ¼
1

2

X1
n¼1

r0ðnÞFðb0ðnÞxÞ ð1Þ

where x is the nearest-neighbor distance, r0ðnÞ is the

coordination number of nth neighbor, b0ðnÞx is the distance

of nth neighbor, b0ð1Þ ¼ 1: The series {b0ðnÞ} can be

extended into a multiplicatively closed semi-group {bðnÞ}:

In {bðnÞ}; for any two integers m and n, there exists a sole

integer k satisfying bðkÞ ¼ bðmÞbðnÞ: Then Eq. (1) can be

written as

EðxÞ ¼
1

2

X1
n¼1

rðnÞFðbðnÞxÞ ð2Þ

where

rðnÞ ¼
r0ðb

21
0 ½bðnÞ�Þ if bðnÞ [ {b0ðnÞ}

0 if bðnÞ � {b0ðnÞ}

(
ð3Þ

and the pair potential from inversion can be written as

FðxÞ ¼ 2
X1
n¼1

IðnÞEðbðnÞxÞ ð4Þ

where I(n ) is determined by

X
bðnÞlbðkÞ

IðnÞr b21 bðkÞ

bðnÞ

� �� �
¼ dk1 ð5Þ

It is noted that IðnÞ is related only to crystal geometrical

structure, not to concrete element category, i.e. {IðnÞ} is

uniquely determined by {r0ðnÞ} and {b0ðnÞ}: With the

contribution of the interatomic potentials between the

identical atoms subtracted from the total cohesive energy,

the partial cohesive energy of the distinct atoms is obtained,

and the interatomic potentials between the distinct atoms are

determined by the lattice inversion [17,18].

In principle, all interatomic pair potentials can be

obtained by strict lattice inversion from cohesive energy

that can be evaluated from direct ab initio calculation

without any experimental data. In this work, the calculations

of EðxÞ are performed on the basis of an ab initio

augmented-spherical-wave method [26–28] within the

local density functional theory. A detailed description of

the ab initio calculation and the parameters is given in

Appendix A. It is found that the converted data for the

interatomic potentials can be approximately expressed as

Morse function

FðRÞ ¼ D0{exp½22aðR 2 R0Þ�2 2 exp½2aðR 2 R0Þ�}

where R is the distance between two atoms, D0, a, R0 are the

parameters. The calculated interatomic potentials FCe – Ce,

FCe – Sc, FCe – Fe, FCe – Al, FSc – Sc, FSc – Fe, FSc – Al, FFe – Fe,

FFe – Al, FAl – Al are shown in Fig. 1.

3. Preferential site occupation of Fe

Despite the structure of CeAl12 being metastable, it can

be considered the intrinsic structure of CeFe4Al8. In a

typical crystal cell with two RAl12 molecular formulas

(26 atoms per unit cell), there are three nonequivalent sites

8i, 8j, 8f for Al atoms and one site 2a for rare-earth atoms

(Fig. 2). The sample system is chosen (CeAl12)250 as crystal

cell with periodic boundary in order to reduce statistical

fluctuation and relaxed under the interaction of pair

potentials using the conjugate gradient method with the

cut-off radius of 14 Å. The energy values for CeFe4Al8 in

Table 1 are the results of the arithmetic average for 100

samples produced by Fe atoms randomly distributed over

the 8i, 8j, 8f, 8i þ 8j, 8i þ 8f, 8j þ 8f and 8i þ 8j þ 8f sites,

respectively. It shows obviously that the cohesive energy is

lower when Fe atoms are substituted for Al atoms at the 8f

sites than that for ones at the 8i and 8j sites. It indicates that

Fe atoms prefer the 8f sites and Al atoms reside in the 8i and

Fig. 1. Potentials of Ce–Sc–Fe–Al.

Fig. 2. Crystal structure of ThMn12-type compound.

Y.-M. Kang et al. / Journal of Physics and Chemistry of Solids 64 (2003) 433–441434



8j sites by the energy criterion when x ¼ 4. The results are

agreement with experiments [29,30].

4. Lattice constants and cohesive energies of

Ce12xScxFe4Al8

In the calculation procedure, the initial lattice constants

of CeFe4Al8 are chosen arbitrarily in a certain range. After

the energy minimization, the final structure can stabilize to

tetragonal with space group I4/mmm within the tolerance

0.1 Å. The lattice constants are a ¼ 8.902 Å, c ¼ 5.013 Å

(Table 2), which are close to the experimental data [7,15,30,

31]. A certain range randomness of the initial structure and

the stability of the final structure illustrate that the

interatomic pair potentials are valid to study the material

structural properties.

According to the stabilized structure of CeFe4Al8
obtained from the above calculation, the supercell (CeFe4-

Al8)250 is applied to evaluate the lattice parameters and

cohesive energies for Ce12xScxFe4Al8. In the calculations,

the model of Ce12xScxFe4Al8 is constructed with Sc atoms

substituting randomly for Ce at the 2a sites. The configur-

ation average is taken for 100 samples for each Sc content.

The calculated lattice constants are listed in Table 3 and the

cohesive energy values in Fig. 3.

From Table 3, one can find that the calculated lattice

constants of Ce12xScxFe4Al8 (0 # x # 1) are in agreement

with experimental results. The lattice constants both a and c

decrease with the content of Sc, and the former is larger

while the latter is a little smaller than the experimental data.

The average deviation for a is 1.435% with the largest

2.310% from the experiment and that for c is 0.891% with

the largest 1.477%. For the calculated volume of per unit of

Ce12xScxFe4Al8 the average error is 1.975%. In the

calculation, it is assumed that Ce12xScxFe4Al8 has a

relatively perfect periodic crystal structure and four Fe

atoms entirely distribute over the 8f sites. In fact for RT4Al8
the 8f sites are the majority sites for T atoms, but a small

amount of sites are also for Al atoms [30,33]. In addition, the

stoichiometry of RT4Al8 exhibits the compositions different

from 1:4:8 ratio even single crystals of these materials [8,

34]. These may result in the deviation of the calculations

from the experimental data.

Fig. 3 shows the dependence of the cohesive energy for

Ce12xScxFe4Al8 on the Sc content. With increasing the

content of Sc, the cohesive energy firstly decreases to a

lowest value when x is between 0.2 and 0.3, and then

increases. This curve can be analyzed qualitatively from the

interaction potentials in Fig. 1. There are six kinds of

interaction potentials about CeFe4Al8, i.e. FCe – Ce, FCe – Fe,

FCe – Al, FFe – Fe, FFe – Al and FAl – Al. With Sc atoms

partially substituting for Ce atoms, four additional intera-

tomic potentials FCe – Sc, FSc – Sc, FSc – Fe and FSc – Al are

included into the system. When Sc atoms substitute all Ce

atoms, the interatomic potentials related to the system are

FSc – Sc, FSc – Fe, FSc – Al, FFe – Fe, FFe – Al and FAl – Al. So the

variation of the system energy is mainly determined by the

difference between FCe – Ce and FCe – Sc, FCe – Ce and

Table 1

Calculated cohesive energy of CeFe4Al8 while Fe atoms distributed over different sites

Site 8i 8j 8f 8i þ 8j 8i þ 8f 8j þ 8f 8i þ 8j þ 8f

Energy (eV/atom) 24.224 24.485 24.595 24.377 24.400 24.513 24.412

Table 2

Crystal constants of CeFe4Al8

Initial states Final states

a, b, c (Å) a, b, g (deg) Space group a, b, c (Å) a, b, g (deg) Space group

2.5, 2.5, 1.25 90, 90, 90 I4/mmm 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

18, 18, 10 90, 90, 90 I4/mmm 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

9, 9, 5 80, 70, 130 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

2.5, 2.5, 1.25 50, 50, 50 C2/m 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

15, 15, 7.5 110, 90, 80 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

3, 3, 4 120, 80, 70 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

16, 9.5, 10 70, 80, 110 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

3, 12, 7 80, 80, 70 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

16, 6.5, 4 70, 70, 70 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

3, 4, 10 80, 80, 65 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

14, 15, 8 80, 95, 130 P 1 8.902, 8.902, 5.013 90, 90, 90 I4/mmm

20, 25, 22.5 40, 60, 50 P 1 12.661, 20.174, 21.622 20.9, 28.1, 12.8 P1
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FSc – Sc, FCe – Fe and FSc – Fe as well as FCe – Al and FSc – Al.

The detailed analysis is as follows.

(1)(a) As can be seen in Fig. 4, the FCe – Ce(r ) intersects

FCe – Sc(r ) at r ¼ 4.9 Å. For r $ 4.9 Å, these two potential

curves coincide with each other. In the range r , 4.9 Å,

with Sc substituting for Ce, the system energy will decrease

due to FCe – Sc(r ) , FCe – Ce(r ). The distances from Ce to its

nearest and next-nearest Ce and Sc atoms are 5.013 and

6.775 Å, which are larger than 4.9 Å. So, the effect of the

difference between FCe – Sc(r ) and FCe – Ce(r ) on the system

energy can be neglected.

(b) The FCe – Ce(r ) intersects FSc – Sc(r ) at r ¼ 4.0 Å.

When the interatomic distance r . 4.0 Å, FCe – Ce(r ) ,

FSc–Sc(r ), i.e. Sc substituting for Ce will result in the

increasing of the system energy. From (1)(a), the distance

between Ce and its nearest and next-nearest atoms is larger

than 4.0 Å, so the system energy increases in this case.

(2) The FCe – Fe(r ) intersects FSc – Fe(r ) at r ¼ 2.97 Å

(Fig. 5). When the interatomic distance r , 2.97 Å,

FSc – Fe(r ) , FCe – Fe(r ); 2.97 # r # 4.4 Å, FSc – Fe(r ) .

FCe–Fe(r ); and r . 4.4 Å, FCe–Fe(r ) < FSc–Fe(r ). The

distance between Ce and its next-nearest Fe atoms is

4.903 Å, which is larger than 4.4 Å, so the system

energy will not change for the Sc substitution for Ce.

While the distances between Ce and its eight nearest Fe

atoms are 3.388 Å, so the energy will increase due to

F
Ce – Fe

(r ) , FSc – Fe(r ) in this range.

(3) For FCe – Al(r ) and FSc – Al(r ), they intersect at

r ¼ 3.4 Å (Fig. 6). If the interatomic distance r , 3.4 Å,

FSc – Al , FCe – Al; if r . 5.5 Å, FSc – Al < FCe – Al; if

3.4 Å # r # 5.5 Å, FSc – Al . FCe – Al. (a) The distances

between Ce and its nearest four Al atoms at the 8i site

and eight Al atoms at the 8j site are 3.15 and 3.2 Å,

respectively. So considering the nearest neighbor inter-

action alone, the energy will decrease when Sc is

substituted for Ce. (b) The distance between Ce and its

next-nearest 16 Al atoms at the 8i site and eight Al

atoms at the 8j site are 5.272 and 5.086 Å, respectively,

Table 3

The comparison between the calculated and experimental [15] lattice parameters a and c for Ce12xScxFe4Al8

x a c

Cal. (Å) Exp. (Å) Err. (%) Cal. (Å) Exp. (Å) Err. (%)

0 8.902 8.826 (8.770a)

(8.805b) (8.793c)

0.861 (1.505a)

(1.102b) (1.240c)

5.013 5.060 (5.023a)

(5.048b) (5.047c)

0.929 (0.199a)

(0.693b) (0.674c)

0.1 8.891 8.807 0.954 5.005 5.06 1.087

0.3 8.872 8.779 1.059 4.991 5.043 1.031

0.5 8.854 8.734 1.374 4.976 5.022 0.916

0.7 8.837 8.700 1.575 4.960 5.017 1.136

0.9 8.822 8.661 1.859 4.943 5.011 1.357

1 8.815 8.647 (8.616d) 1.943 (2.310d) 4.935 5.009 (4.950d) 1.477 (0.303d)

a Ref. [7].
b Ref. [31].
c Ref. [30].
d Ref. [32].

Fig. 4. Potentials of Ce–Ce, Ce–Sc and Sc–Sc.

Fig. 3. Calculated cohesive energy of Ce12xScxFe4Al8 after

relaxation.
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which are within 3.4–5.5 Å, so the energy increases with

Sc substituting for Ce.

In summary, the case of (3)(a) induces the system energy

to decrease, while the cases of (1)(b), (2) and (3)(b) all result

in the increasing of the energy. The latter plays a more

important role than the former. This does not seem to

explain the energy decreases when a small amount of Sc

atoms are substituted for Ce atoms. In fact, the rate that two

Sc atoms are nearest-neighbors is almost zero when a few of

Sc atoms exist in the system. So at this case the system

energy is mainly influenced by (3)(b) instead of (1)(b),

which results in the decreasing of the system energy.

However, with the content of Sc atoms, (1)(b) will play a

more significant role in increasing the system energy. So the

system energy has a lowest value when Sc content is small,

and then increases.

It is noted that there is a little change of the system

energy with the content of Sc. This may explain the

Ce12xScxFe4Al8 compound always exists whatever x is.

5. Elastic constants and bulk moduli for Ce12xScxFe4Al8

Generally for the rare earth compounds it is difficult to

measure the mechanical properties experimentally because

of their brittleness. And huge computer resource is required

with ab initio method due to their complex structure. In this

work the elastic constants and the bulk moduli of

Ce12xScxFe4Al8 (0 # x # 1) are evaluated by the inverted

pair potentials. The results are listed in Table 4.

As Table 4 shows, the values of the components of the

elastic modulus increase for C12, C44 and C66 and decrease

for C11, for C13 and C33 there is no obvious change with the

Sc content. In addition, the bulk moduli for Ce12xScxFe4Al8
change slightly with the content of Sc.

6. Phonon densities of states of Ce12xScxFe4Al8 (x 5 0,

0.5, 1)

Phonon density of states (DOS) reflects the lattice

dynamic properties, from which some important thermo-

dynamic parameters such as specific heat, vibrational

entropy and Debye temperature can be derived. Generally,

the phonon spectra are measured by an inelastic neutron

scattering technique. Then fit the interatomic force constants

to the experimental data by constructing an empirical model

or determine the force constants by the first-principle

calculations. For the rare earth compounds, due to the low

symmetry of the complex structure and the necessity to

involve many parameters in any approach, it is difficult to

calculate and measure their phonon spectra.

In this section, with the inverted interatomic potentials,

the total phonon densities of states as well as the partial DOS

of different elements for Ce12xScxFe4Al8 (x ¼ 0, 0.5, 1) are

evaluated in a crystal cell including 26 atoms based on the

lattice theory. The results of CeFe4Al8, ScFe4Al8 and

Ce0.5Sc0.5Fe4Al8 are shown in Figs. 7–9. The highest

frequencies of these materials are 14.0, 15.1 and 14.6 THz,

respectively. For the density of the states of CeFe4Al8, there

are four apexes around 3.0, 5.0, 7.0 and 10.5 THz and two

Fig. 5. Potentials of Ce–Fe and Sc–Fe.

Fig. 6. Potentials of Ce–Al and Sc–Al.

Table 4

The elastic constants Cij and bulk modulus for Ce12xScxFe4Al8

x Elastic constants Cij (GPa) Bulk modulus (GPa)

C11 C12 C13 C33 C44 C66

0 432 62 116 411 92 63 206.78

0.1 431 64 116 413 93 65 207.50

0.3 426 68 117 411 94 67 207.03

0.5 421 72 117 411 95 69 206.95

0.7 417 76 117 412 96 71 206.81

0.9 413 79 116 413 97 73 206.52

1 411 81 116 413 97 74 206.33
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localized modes whose frequencies are higher than

11.0 THz. The ratio of the modes contributed by Ce, Fe

and Al is 1:4:8 in the total frequency range. However, Ce

contributes a major part to the modes with lower

frequencies. In the range of 9.5–14.0 THz, the modes are

mostly excited by Al atoms and are much more than those

by Fe atoms and the ratio of the former to the latter is

approximate 7:1.

Considering the nearest neighbors, one can analyze

qualitatively the vibrational modes from interaction poten-

tials (Fig. 1). There are four Al atoms at the 8i site and eight

Al at the 8j site around Ce. The distances between Ce and

these atoms are 3.15 and 3.20 Å for the relaxed structure. As

shown in Fig. 1, Ce reacts strongly with Al at these

distances. The mass of Ce is much larger than that of Al, so

it is assumed motionless relative to Al atom. Then some of

Al atoms are restricted in the ‘potential well’ FCe – Al(r ).

This might be the reason for appearance of the localized

modes of Al atoms, which corresponds to higher transected

frequency. For Fe atom, there are the same cases with that of

Al. Furthermore, the distances between Fe and its nearest

four Al atoms at the 8i site and four Al at the 8j site are 2.72

and 2.57 Å, respectively. Since the curve FFe – Al(r ) is deep

and narrow, Fe also reacts strongly with these Al atoms,

which may contribute the higher frequency modes due to

light mass of Al. In addition, though the interaction between

Ce and Fe is intense at their nearest distance (3.39 Å), Fe

atoms cannot be excited more modes with higher frequency

than Al atom due to the heavy mass of Fe.

For the phonon spectrum of ScFe4Al8, there are three

apexes around 5.0, 7.5 and 11.0 THz, respectively, and two

localized modes whose frequencies are higher than

12.2 THz. The ratio of the modes excited by Sc, Fe and

Al is 1:4:8 in the total frequency range. Comparing Figs. 7

and 8, one can see hat the contributions of Fe and Al atoms

to the total DOS of ScFe4Al8 are similar with those of

CeFe4Al8 because there is little difference in the structures

and the distances between the distinct atoms for these two

materials. However, the apex of the contribution of Sc is

about 5.0 THz, which is larger than that of Ce (3.0 THz). So

the first apex in the phonon spectra of CeFe4Al8, which

mainly contributed by Ce, disappears instead the apex at

5.0 THz comes out in that of ScFe4Al8. However, the

intensity of the localized modes for CeFe4Al8 is larger than

that of ScFe4Al8. This can be explained by the creations of

the localized modes. As discussed for CeFe4Al8, the

localized modes are mainly created by the strong interaction

Fig. 8. Phonon DOS of ScFe4Al8.

Fig. 9. Phonon DOS of Ce0.5Sc0.5Fe4Al8.Fig. 7. Phonon DOS of CeFe4Al8.

Fig. 10. The dependence of the Debye temperature on the

temperature for CeFe4Al8, Ce0.5Sc0.5Fe4Al8 and ScFe4Al8.
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of Fe and Al as well as Sc and Al. However, the interaction

between Ce and Al at 3.15 and 3.20 Å is stronger than that

between Sc and Al at 3.09 and 3.12 Å. And the mass of Ce is

much heavier than that of Sc. These two conditions cases

induce more modes with higher frequencies excited by Al in

CeFe4Al8 than in ScFe4Al8.

For the DOS of the compound Ce0.5Sc0.5Fe4Al8 there are

three apexes at the similar distances with ScFe4Al8. Its first

apex is expended relative to that of the latter. Four apexes

appear in the localized modes. It may result from the

combination of interactions of Ce–Al and Sc–Al besides

the interaction of Fe–Al. With the above analysis for the

densities of states of CeFe4Al8 and ScFe4Al8, it is easy to

understand those of Ce0.5Sc0.5Fe4Al8 from the interaction

potentials shown in Fig. 1.

Furthermore, the Debye temperature of a material is a

suitable parameter to describe phenomena of solid-state

physics that are associated with lattice vibrations. In this

paper, the dependences of the Debye temperature on the

temperature for CeFe4Al8, Ce0.5Sc0.5Fe4Al8 and ScFe4Al8
are derived from the calculated phonon DOS. The results are

shown in Fig. 10. The values are 457.8, 480.2 and 510.4 K

near 0 K, respectively, that is, the Debye temperature

increases with the content of Sc. However, so far, the above

calculations have not been verified by experiments.

At last the phonon dispersions of Al atom, which takes

up a large proportion in Ce12xScxFe4Al8, are worked out

using the same potentials as in the above compounds. The

calculated results along the three main symmetry directions

[001], [110] and [111] zone and the experimental data [35]

are plotted in Fig. 11. In addition, the phonon DOS of Al is

also evaluated. It is shown in Fig. 12 and the results from an

eight neighbor Born–von Karman model fitted to elastic

constants and symmetry and off symmetry phonons

Fig. 11. Comparison of the calculated and experimental phonon dispersion for Al. Circles represent experimental data [35].

Fig. 12. Phonon spectrum calculated from the inverted potentials.

Fig. 13. Phonon spectrum calculated from an eight neighbor Born–

von Karman model fitted to elastic constants and symmetry and off

symmetry phonons experiments [36].
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experiments [36] in Fig. 13. From Figs. 11 and 13, it can be

seen that the results employing the inverted potentials in this

work are agreement with the experimental data.

7. Conclusion and discussion

In this work the distribution of Fe in CeFe4Al8 is

evaluated by using the interatomic potentials. The calcu-

lated result demonstrates that Fe atoms occupy preferen-

tially the 8f sites and Al atoms reside in the 8i and 8j sites.

This is in good agreement with experiments. Besides, the

calculated lattice constants for Ce12xScxFe4Al8 (0 # x # 1)

also agree with the experimental data very well and the

percentage difference between experiment and calculation is

about 2%. All the above results show that our lattice

converted interatomic potentials are suitable to describe

these rare-earth intermetallics. Now let us go a step further;

these potentials are applied to evaluate phonon DOS of

Ce12xScxFe4Al8 (x ¼ 0, 0.5, 1) and the dependence of the

Debye temperature on the temperature in the range of

0–200 K for the first time. Although generally pair

potentials have inherent drawbacks, which induce a false

Cauchy relation and almost hardly deal with the anisotropic

properties, they can reproduce cohesive energy, lattice

constants, bulk modulus and some other simple properties

very well. In summary, the method using the inverted

potentials is effective to investigate the site preference,

phase stability and to predict the mechanical and thermo-

dynamic properties for these materials with complex

structures. On the other hand, there are difficulties in

solving the problems such as solubility and occupation

fraction due to the fact that the entropy and temperature are

not taken into account. This remains for future study.
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Appendix A. Ab initio calculated parameters for the

cohesive energy

In this work, the total energy ab initio caculations are

performed with the ESOCS 4.0 program provided by

Materials Simulation Incorporation. The cohesive energy

is obtained from

EðxÞ ¼ EtotðxÞ2 Etotð1Þ

A series of functions E(x) are calculated with various lattice

constants at equal intervals of 0.1 Å. In each case, for

generating the total energy, more than 80 k-points in an

irreducible Brillouin zone are taken into account in a self-

consistent calculation. The partial cohesive energy of the

distinct atoms is obtained by subtracting the contribution of

identical atoms from the total cohesive energy. For example,

the partial cohesive energy of Ce–Al is obtained as follows:

ECe2AlðxÞ ¼ E
B2

Ce2AlðxÞ2 ESC
Ce ðxÞ2 ESC

Al ðxÞ

¼
X1

i; j;k–0

FCe2Al

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3

i 2 1
2

� 	2
þ j 2 1

2

� 	2
þ k 2 1

2

� 	2
� �s

x

0
@

1
A

where x is the nearest neighbor distance in B2 structure,

E
B2

Ce2AlðxÞ represents the total energy curve with B2 structure

and ESC
Sc ðxÞ, ESC

Al ðxÞ the total energy functions with simple

cubic structures. The data are then fitted on the basis of Rose

functions

E xð Þ ¼ E0 1 þ x 0
� �

exp 2x 0
� �

with x 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 B0V0=E0

� �q
x=a0 2 1
� �

where a0 and E0 are the equilibrium lattice constant and

cohesive energy respectively, B0 the bulk modulus, and V0

the equilibrium atomic volume. The calculated cohesive

energies used to obtain directly the potentials of the

identical atoms and distinct atoms are listed in the following

table.

Ab initio calculated parameters for the cohesive energy

Object a0

(Å)

B0 (1012

dyn/cm2)

E0

(eV)

Object a0

(Å)

B0 (1012

dyn/cm2)

E0

(eV)

Ce 5.160 0.239 24.320 Ce–Fe 3.618 0.585 26.087

Sc 4.549 0.524 23.885 Ce–Al 4.017 0.261 24.183

Fe 2.745 2.965 24.427 Sc–Fe 3.414 0.454 25.903

Al 4.006 0.821 23.386 Sc–Al 3.735 0.261 24.161

Ce–Sc 4.426 0.118 24.395 Fe–Al 3.111 0.795 25.517
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