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Abstract

The phase stability of intermetallics R (Fe,T) with Nd (Fe,Ti) structure and site preference of some 3d or 4d transition elements T3 29 3 29

were investigated in molecular static and molecular dynamic methods with a series of ab initio pair potentials obtained though the lattice
inversion method. Calculated results show that adding either Cr, Mo, Ti, V or Nb atoms makes the crystal cohesive energy of R (Fe,T)3 29

decrease markedly, proving that these atoms can stabilize R (Fe,T) with the structure of Nd (Fe,Ti) , even though the R Fe crystal3 29 3 29 3 29

structure is itself metastable. The calculated lattice parameters are in good agreement with the experimental data. The degree of the
decrease in cohesive energy corresponds with the species and occupation sites of the ternary atoms. The order of site preference of these
stabilizing elements T is 4i2, 4i1 and 4g with the occupation of 4i2 corresponding to the greatest energy decrease. The calculated result
further shows that the addition of Cu or Ag cannot play a role in stabilizing the structure. These calculated results correspond well to
available experiments. Supported by the pair potentials, calculated structures are stable within a certain temperature range and the space
group of the final structure remains unchanged with respect to a variety of initial deformations. So it was confirmed that there exist a
series of R (Fe,T) compounds with the stable structure of Nd (Fe,Ti) in the R–Fe–T systems. The process of the evolution from the3 29 3 29

RFe structure to metastable R Fe was well explained too with the pair potential in this paper. All these prove the effectiveness of ab5 3 29

initio pair potentials obtained through the lattice inversion method in the description of rare-earth materials.  2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction able for practical applications [9]. Actually, the binary
compound R Fe is metastable [10], but if a certain3 29

In 1993, the structure of the iron-based compound amount of some ternary elements T (T5Cr, Mo, V, Ti, Nb)
previously reported as Nd Fe Ti [1] was first sug- is added, R (Fe,T) becomes stable. The crystal cell of2 192x x 3 29

gested by Cadogan and his colleagues as a Nd (Fe,Ti) - R Fe includes two formula units (64 atoms) as shown in3 29 3 29

type structure (3:29) with monoclinic symmetry. Then Fig. 1. In the A2/m space group description, there are 13
Fuerst et al. [2] suggested that the new phase belonged to crystallographic sites with the rare earth atoms occupying
the P21/c space group, which was later confirmed with the 2a and 4i sites, while in the P21/c space group
XRD [3] and neutron powder diffraction [4]. Subsequent description, there are 17 crystal sites, with the rare earth
work by Kalogirou et al. [5] suggested that the atoms occupying the 2a and 4e sites. According to the
Nd (Fe,Ti) -type structure could be described more accu- neutron diffraction and X-ray diffraction, most stabilizing3 29

rately in the A2/m space group than in the P21/c space elements preferentially replace the Fe atoms, and these
group. Since then, many 3:29 type compounds and their preferred Fe sites are 4i2, 4i1 and 4g in the A2/m space
interstitial compounds with the same structure have been description [11] and 4e3, 4e4 and 4e14 in the P21/c [12]
discovered [6–8]. It has been found that some interstitial description.
compounds show high Curie temperatures, high magnetic The structure of R (Fe,T) can be regarded as a3 29

moments and large magneto-crystalline anisotropy, valu- derivative of the binary structure R Fe . Furthermore, this3 29

binary structure can be represented as a derivative of the
hypothetical CaCu type compound RFe , provided that*Corresponding author. 5 5

E-mail address: lzhcao@sohu.com (L.Z. Cao). 2 /5 of the R atoms are replaced by Fe–Fe dumbbells [13].
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either by first principle calculation or by experimental data
fitting. Here we focus on the lattice inversion theorem.

We take a single element crystal as an example to
explain how to use Chen’s lattice inversion method to
obtain the interatomic pair potential based on a first
principle cohesive energy curve [15–19].

Suppose that the crystal cohesive energy obtained by the
first principle calculation can be expressed as

`1
]E x 5 O r n F b n x (1)s d s d s ds d0 02 n51

where x is the nearest-neighbor interatomic distance, r (n)0

the nth neighbor coordination number, b (n)x the distance0

between the reference central atom and its nth neighbor,
and F(x) is the pair potential. By self-multiplicative
process of the element in hb (n)j, the hb(n)j forms, a closed0

multiplicative semi-group. This implies that a large num-
ber of virtual lattice points are involved, but the corre-
sponding virtual coordination number is zero. In the hb(n)j,
for two arbitrary integers m and n, there must exist a sole
integer k which satisfies b(k) 5 b(m)b(n). Hence, Eq. (1)
can be rewritten as

`1
]E x 5 O r n F b n x (2)s d s d s s d dFig. 1. The crystal cell in the structure of Nd (Fe, Ti) with two R Fe3 29 3 29 2 n51formula units.

where
21The process of evolution from the RFe structure to the5 r b b n , if b n [ b n ,s df s d g s d s dh j0 0 0r n 5 (3)s dmetastable R Fe , the stability of R (Fe,T) and the site H3 29 3 29 0 if b n [⁄ b ns d s dh j0preferential occupation of T elements in R (Fe,T) were3 29

Then the general equation for the interatomic pair potentialanalyzed and evaluated. The pair potentials used here were
obtained from inversion can be expressed asdetermined by using a general lattice-inversion technique

`and a first-principles-based crystal cohesive energy calcu-
F x 5 2 O I n E b n x (4)lation. In one of our previous reports, the pair potentials in s d s d s s d d

n51Gd(Fe,T) , another series of compounds in the R–Fe–T12

the coefficient I(n) can be obtained bysystems, had been obtained though the same method and
applied to the calculation of Gd(Fe,T) [14]. Compared12 b ks d21with the calculation of Gd(Fe,T) , this work is more ]]S F GDO I(n)r b 5 d (5)12 klb ns dbsnd1b ks dchallenging to the pair potentials used in the calculation
since R (Fe,T) materials are much more complex than I(n) is uniquely determined by the crystal geometrical3 29

Gd(Fe,T) materials. structure, which is independent of the kind of the concrete12

Chen’s lattice inversion method through which we element. Thus the interatomic pair potentials can be
obtained the interatomic pair potentials used in our calcula- obtained from the known cohesive energy function E(x).
tions is briefly introduced in Section 2 of this paper. The The interatomic pair potential between different kinds of
calculated results including a description of the process of atoms used to study the rare earth intermetallic structures
evolution from the RFe structure to the metastable R Fe can be obtained by the same inversion method. By a5 3 29

are presented in Section 3. A qualitative analysis and a method similar to that applied in our previous work on
concise discussion about the result follows in Section 4, Gd(Fe,T) , we further obtained the necessary ab initio12

and the last section contains conclusions. interatomic pair potentials.
Several important relevant interatomic pair potential

curves are shown in Fig. 2, which are close to Morse
function, that is

2. Lattice inversion theorem 2
F(R) 5 D [u 2 2u]0

In general, any interatomic pair potential can be ob- with
tained by strict lattice inversion of the cohesive energy g R

] ][2 ( 21)]
2 Rcurves, and the cohesive energy curves can be obtained u 5 e ,0
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Fig. 2. Some important interatomic potentials.

and part of the Morse parameters acquired from theTable 1
Part of Morse parameters of the conversed pair potentials conversed potentials are listed in Table 1.

˚Potential types R (A) D (eV) g0 0

Sm–Fe 3.1394 0.5891 9.3459 3. Results
Sm–Ti 3.3115 0.5212 13.1605
Fe–Fe 2.7361 0.7643 8.7529 3.1. The process of evolution from RFe structure to5
Fe–Ti 2.9140 0.8166 8.4390 metastable R Fe3 29Nd–Fe 3.1889 0.6038 10.4963
Nd–Ti 3.4309 0.4966 9.8818 It is well-known that the replacement of 2 /5 of the Sm
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atoms in SmFe structure by pairs of iron atoms results in conjugate gradient method using ab initio pair potentials5

F (x), F (x) and F (x) and the calculatedSm Fe , but a prior exact distribution of those Sm atoms Fe–Fe Sm–Sm Sm–Fe3 29
˚ ˚to be replaced by pairs of iron atoms in the SmFe results are a54.147 A and c55.034 A, which are very5

˚structures is unknown. In the simulation process, the close to those obtained from the experiments, a54.15 A
˚change in distribution of the substituted Sm atoms will and c54.96 A [20].

result in a change of the final Sm Fe structure, though Let the evolution process start from a rectangular3 29

each of them corresponds to the same molecular formula (SmFe ) supercell (Fig. 3(2)). For each of the five5 53531

Sm Fe . To solve this problem, we adopt the cohesive layers along the X-axis in the (SmFe ) supercell,3 29 5 53531

energy as a criterium to differentiate between the possible choose 2/5 of the Sm (Fig. 3(2)) and replace each of them
˚Sm Fe structures from all those R Fe structures ob- by a pair of Fe atoms mutually separated by a 0.1 A space3 29 3 29

tained via various types of substitutions, and to distinguish and having random orientation, in this way R Fe is30 290

between the appropriate types of evolutions. Our calcu- obtained (Fig. 3(3)). Once the ab initio pair potentials are
lated result is consistent with the known experiments taken into account, the orientation and the length of the
which show that the most possible Sm Fe structure is the dumbbells change immediately, and at the same time the3 29

Nd (Fe,Ti) structure with A2/m space group. Here we site distribution of all the atoms is rearranged, and the3 29

present the simulation process of the phase formation from lattice constants are adjusted. The final structure was
˚SmFe to Sm Fe with the structure of the known determined to have the structure parameters a510.5818 A,5 3 29

˚ ˚Nd (Fe,Ti) . Fig. 3 illustrates the whole simulation b58.4875 A, c59.7241 A, b 597.07328 and the length of3 29
˚process. the dumbbells is 2.449 A, as shown in Fig. 3(4). The unit

A rectangular SmFe unit cell is shown in Fig. 3(1). The cell of this final structure is shown in Fig. 3(5), from5

structure parameters of SmFe can be calculated by the which one can see that it is the same structure as the5

Fig. 3. The process of evolution from the SmFe structure to metastable Sm Fe with the structure of Nd (Fe,Ti) . *To show the process more clearly,5 3 29 3 29

only the Sm atoms replaced by dumb-bell Fe atoms and the corresponding dumb-bell Fe atoms are visible in (2), (3) and (4) in this figure.
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Nd (Fe,Ti) -type structure found in experiments with A2/ increases, which means that these ternary elements cannot3 29

m space. We can also learn from this process that, of the stabilize the R Fe system with the structure of3 29

three Fe sites 4i1, 4i2 and 4g preferred by the ternary Nd (Fe,Ti) . (The total energies of the intermetallics3 29

elements, the 4i1 and 4i2 sites are among the dumb-bell Fe shown in the figure are the statistical average of 100
sites. Thus, the evolution process from the SmFe structure calculation examples, the error bars indicate the range of5

to Sm Fe with Nd (Fe,Ti) structure is clearly revealed. mean square root error).3 29 3 29

The evolution process of Nd Fe is similar to that of The calculated lattice constants were compared with the3 29

Sm Fe . experimental values, as shown in Table 3. From the table,3 29

one can see not only the agreement of the calculated lattice
3.2. Calculated results for binary R Fe constants with the experimental values, but also the3 29

tendency of lanthanide contraction from Nd to Sm.
Although the structure of R Fe is metastable, it can be The structure calculations of Sm Fe Ti and3 29 3 27.5 1.5

considered as the proto-type of Nd (Fe,Ti) -type struc- Nd Fe Ti retain A2/m within a tolerance range of3 29 3 27.5 1.5
˚ ˚ture. It is worth mentioning that, in the calculation, once 0.321–1.00 A for the former and 0.182–1.00 A for the

the energy minimization based on ab initio atomistic pair latter. To check the stability of the calculation structures,
potentials is carried out, the somehow arbitrary initial we allowed every atom in the R Fe Ti crystal cell to3 27.5 1.5

˚lattice structure will be stabilized to a structure close to the randomly move 0.7 A in arbitrary directions. Then we used
existing Nd (Fe,Ti) structure, provided that the initial the conjugate gradient for energy minimization. The results3 29

model does not deviate too much from the existing show that the lattice constants of the final structure are still
Nd (Fe,Ti) structure. The lattice constants of the initial retained in good agreement with the experimental data, as3 29

model and final model are listed in Table 2. The random- shown in Table 4. The tolerance for the A2/m structure
ness of the initial structure in a certain range and the increases slightly with increasing atomic motion range, and

˚stability of the final structure illustrate that R Fe has the once the range exceeds 0.7 A, the space symmetry of the3 29

topological invariability with respect to the existing system drops largely (Table 5).
Nd (Fe,Ti) structure. Hence it furnishes convincing3 29

evidence that the interatomic pair potentials are reliable for
the study of structural material characteristics. 3.4. Site preference substitution of T atoms in R (Fe,T)3 29

3.3. The phase stability of R (Fe,T) According to known experiments, ternary elements3 29

prefer to occupy three Fe sites, 4i2, 4i1 and 4g. The
˚In the course of the calculation, we took 14 A as the average cohesive energy when ternary elements randomly

cut-off radius. Energy minimization was carried out with occupy one or more of 4i2, 4i1 and 4g sites was compared
the conjugate gradient method. In order to reduce statisti- with that when the ternary elements randomly occupy
cal fluctuations, we took the periodical cell containing 512 other Fe sites in the structure. (Only examples with cells
atoms (R Fe T ) , as a calculation unit. that could retain the A2/m space group within a tolerance3 292x x 16

˚The relation between the crystal cohesive energy and the of 0.5 A after relaxation were counted.) The number of the
stabalizing elements content are shown in Fig. 4. It can be calculated examples was 300. As is shown in Table 6, the
seen that for T5Cr, Mo, Ti, V or Nb the cohesive energy average energy of the former case is lower than the latter.
decreases with the ternary elements content, illustrating Therefore, the calculated results are consistent with the
that each of these elements can stabilize the crystal experimental conclusion that, although the ternary ele-
structure and correspondingly the stabilized phases exist, ments can be found in all the Fe sites, they prefer to
but for T5Cu or Ag, the cohesive energy of R (Fe,T) occupy the 4i2, 4i2, 4g sites. It should be noted that3 29

Table 2
Final crystal lattice constants of R Fe (R5Nd, Sm) corresponding to random initial structures3 29

˚ ˚ ˚ ˚ ˚ ˚a (A) b (A) c (A) a b g a (A) b (A) c (A) a b g

Initial state (R5Sm) Final state (R5Sm)
15 18 14 70 80 70 10.582 8.488 9.724 90 97.07 90
20 20 20 90 120 90 10.582 8.487 9.724 90 97.08 90
8 5 3 60 70 80 10.582 8.488 9.724 90 97.08 90
3 3 3 90 60 90 10.579 8.488 9.725 90 97.06 90

Initial state (R5Nd) Final state (R5Nd)
15 18 14 70 80 70 10.671 8.554 9.774 90 97.22 90
20 20 20 90 120 90 10.671 8.554 9.774 90 97.22 90
8 5 3 60 70 80 10.672 8.554 9.774 89.99 97.23 89.99
3 3 3 90 60 90 10.671 8.553 9.773 90 97.21 90
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Fig. 4. Site preference and phase stability of R (Fe,T) (T5Cr, V, Mo, Nb, Ti and Ag).3 29

Table 3
Comparison of calculated constants with the experimental data [6,8,21–23]

˚ ˚ ˚ ˚ ˚ ˚Cal. a (A) Exp. a (A) Cal. b (A) Exp. b (A) Cal. c (A) Exp. c (A) Cal b (8) Exp. b (8)

Sm Fe V 10.628 10.605 8.549 8.546 9.752 9.708 97.14 96.863 26.75 2.25

Sm Fe Ti 10.645 10.620 8.564 8.56 9.796 9.720 96.93 96.973 27 2

Sm Fe Cr 10.616 10.585 8.541 8.521 9.757 9.684 96.99 96.903 24 5

Sm Fe Mo 10.617 10.628 8.534 8.566 9.746 9.735 97.14 96.883 28

Nd Fe V 10.705 10.647 8.597 8.574 9.791 9.738 97.31 96.853 27 2

Nd Fe Ti 10.711 10.660 8.601 8.595 9.813 9.751 97.18 96.773 27.5 1.5

Nd Fe Cr 10.704 10.615 8.592 8.556 9.793 9.714 97.24 96.903 24.5 4.5

Nd Fe Mo 10.710 10.642 8.604 8.583 9.802 9.748 97.27 96.883 27.75 1.25
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Table 4
˚The comparison of related lattice constants before and after atomic random motion of 0.7 A for Sm Fe Ti and Nd Fe Ti3 27.5 1.5 3 27.5 1.5

Sm Fe Ti Nd Fe Ti3 27.5 1.5 3 27.5 1.5

a b c b a b c b

Before random 10.6648 8.5641 9.7757 96.8378 10.7166 8.6000 9.8125 97.1458
motion
After random 10.6647 8.5639 9.7758 96.8399 10.7166 8.6000 9.8125 97.1456

˚motion of 0.7 A
Exp. 10.62 8.56 9.72 96.972 10.660 8.595 9.751 96.771

cohesive energy difference is relatively large for T5Nb, 4i2 sites. This is also in good agreement with experiments
indicating that a large solubility of Nb in Nd (Fe,Ti) - [6,8,21–23]. But from the results of our calculation, one3 29

type structure is impossible. Since the stabilizing elements can see that the difference between the decrease for the 4i2
prefer to occupy the 4i2, 4i1 and 4g sites, we will focus on site and that for the 4i1 site is so small that it can be
these sites in the following discussion. neglected. So T atoms will preferentially and simultan-

It can be seen from Fig. 4 that the calculated cohesive eously occupy the 4i1 site and the 4i2 site. This is at
energy decreases most significantly when the T atoms variance with some experiments [12] where it was found
occupy the 4i2 site (4e3 site in p21/c), less significantly that 4i2(4e3) site has much priority over 4i1(4e4) site.
when the T atoms occupy the 4i1 site (4e4 in p21/c), and As shown in Fig. 5, the addition of the T atoms makes
much more slowly when they occupy the 4g site (4e14 in the cell expand. It can also be seen that the cohesive
p21/c). Therefore, the T atoms will preferentially occupy energy difference before and after the relaxation, the

Table 5
After the atomic random motion, the relation between the tolerance and the space group of R (Fe,Ti)3 29

Range of Sm Fe Ti Nd Fe Ti3 27.5 1.5 3 27.5 1.5

motion
Tolerance range Space group Tolerance range Space group

˚0.1 A 0.001–0.258 Pm (0.001–0.002) P1
(0.003–0.166) Pm

0.259–0.320 P2/m (0.167–0.181) P2/m
0.321–0.5 A2/m (0.182–0.5) A2/m

˚0.2 A 0.001 P1 0.001 P1
0.002–0.259 Pm (0.002–0.165) Pm
0.26–0.322 P2/m (0.166–0.180) P2/m
0.323–0.5 A2/m 0.181–0.5 A2/m

˚0.3 A 0.001 P1 0.001 P1
0.002–0.259 Pm (0.002–0.166) Pm
0.260–0.322 P2/m (0.167–0.181) P2/m
0.323–0.5 A2/m (0.182–0.5) A2/m

˚0.4 A 0.001 P1 0.001 P1
0.002–0.260 Pm (0.002–0.166) Pm
0.261–0.322 P2/m (0.167–0.181) P2/m
0.323–0.5 A2/m (0.182–0.5) A2/m

˚0.5 A 0.001 P1 0.001 P1
0.002–0.258 Pm (0.002–0.165) Pm
0.259–0.320 P2/m (0.166–0.180) P2/m
0.321–0.5 A2/m 0.182 A2/m

˚0.6 A 0.001 P1 (0.001–0.166) P1
0.002–0.258 Pm (0.167–0.181) P2/m
0.259–0.320 P2/m (0.182–0.5) A2/m
0.321–0.5 A2/m

˚0.7 A 0.001 P1 0.001 P1
0.002–0.258 Pm (0.002–0.166) Pm
0.259–0.321 P2/m (0.167–0.181) P2/m
0.322–0.5 A2/m (0.182–0.5) A2/m

˚0.8 A 0.001–1 P1 0.001–1 P1

The calculated values in Tables 5 and 6 are statistical results of a few calculation examples.
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Table 6
Difference in cohesive energy when T atoms randomly occupy Fe sites of the type 4i1, 4i2 and 4g and when T atoms randomly occupy other Fe sites

R Fe T Diff. for x51 Diff. for x52 Diff. for x53 Diff. for x543 292x x

(eV/atom) (eV/atom) (eV/atom) (eV/atom)

Nd/V 0.0095 0.0191 0.0291 0.0352
Nd/Ti 0.0101 0.0196 0.0257 0.0284
Nd/Cr 0.0088 0.0169 0.0264 0.0345
Nd/Mo 0.0162 0.0304 0.0352 0.0515
Nd/Nb 0.0158 0.0314 0.0387 0.0491
Sm/V 0.0074 0.0135 0.0223 0.0264
Sm/Ti 0.0081 0.0129 0.0122 0.0162
Sm/Cr 0.0095 0.0183 0.0271 0.0372
Sm/Mo 0.0163 0.0257 0.0372 0.0481
Nd/Nb 0.01961 0.02281 – –

Fig. 5. Comparison of the changes of cohesive energy, tolerance and lattice constants for Sm Fe Cr and Sm Fe Nb after relaxation.3 292x x 3 292x x
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Table 7
The relationship between the tolerance and space group of Nd Fe Ti and Sm Fe Ti in MD3 27.5 1.5 3 27 2

R T (K) Crystal constants Tolerance Space
˚range (A) group˚ ˚ ˚a (A) b (A) c (A) b8

Nd 300 10.7302 8.6152 9.8453 97.4105 0.4– A2/m
500 10.6779 8.6401 9.9548 97.2995 0.43– A2/m
700 10.7622 8.6291 9.932 97.5875 0.43– A2/m
900 10.693 8.6559 9.8028 97.11 0.45– A2/m

1200 10.9001 8.6580 9.7959 98.0585 0.5– A2/m

Sm 300 10.7849 8.5291 9.7593 96.7113 0.38– A2/m
500 10.7929 8.579 9.7961 96.7085 0.38– A2/m
700 10.638 8.6021 9.8679 96.7305 0.38– A2/m
900 10.5582 8.6703 9.8371 96.5481 0.5– A2/m

1200 10.6602 8.6543 9.9618 96.5885 0.58– A2/m

tolerance and the change of lattice constants are relatively energy as well as the fluctuations all increase with the
small for T5Cr, and relatively large for T5Nb. Since the increase of temperature. Compared with the absolute
dependence of lattice constants and the tolerance on the potential energy values, the fluctuations are small. There-
content of ternary element can, to some extent, reflect fore the crystal structure at different temperatures is
information on structural changes, these results could mean basically determined by the interatomic pair potentials.
that the solubility of Cr is higher than that of Nb. In this
way, we obtain a rough solubility sequence of the ternary
elements in the structure of Nd (Fe,Ti) , from the largest 4. Discussion3 29

to the smallest: Cr,V, Ti, Mo, and Nb. This conclusion is in
good agreement with known experimental results [6,8,21– 4.1. Phase stability
23]. The number of calculated examples here is 300.

What follows is an analysis in terms of interatomic pair
3.5. Molecular dynamic calculation for R (Fe,Ti) potential. When a certain amount of the ternary element3 29

atoms substitute for Fe atoms, the ternary element atom is
The stability of the calculated structure was further surrounded most by Fe atoms. The Nd or Sm atoms are not

checked through molecular dynamics. The relation be- their own nearest neighbor atoms, and the occasions on
tween the tolerance and space group is traced to higher which T atoms are their own nearest neighbors are truly
temperatures, as shown in Table 7. Using MD (molecular rare. Therefore, the pair potential of F (r) has lessT–T

dynamics) NPT ensemble, with P51 atm, t50.001 ps, influence on the structure stability due to the substitution
dynamic simulations for (Sm Fe Ti ) and behavior and can be ignored. The energy difference caused3 27 2 16

(Nd Fe Ti ) were carried out at temperatures of 300, by the substitution is mainly determined by the difference3 27.5 1.5 16

500, 700, 900 and 1200 K. The symmetry could also betweenF (r) and F (r). If F (r),F (r), TFe–T Fe–Fe Fe–T Fe–Fe

remain A2/m in a certain range of tolerance, and the lattice elements can stabilize the structure. On the contrary, if
constants changed very little with respect to temperature F (r).F (r), then T elements cannot play the roleFe–T Fe–Fe

variation. Thus the structural stability was again verified. of stabilization. This can explain why elements belonging
These results further verify that the above calculations are to the family V, Ti, Cr, Mo, Nb stabilize the structure,
self-consistent and reasonable. while Cu and Ag do not.

The comparisons of potential energy, kinetic energy and When the amount of ternary element atoms increases,
the fluctuations at different temperatures are shown in the possibility that T atoms are close to T atoms or to rare
Table 8. It can be seen that the potential energy and kinetic earth atoms increases. Then the comparison between

Table 8
The potential and kinetic energies and their fluctuations

T (K) Sm Fe Ti Nd Fe Ti3 27 2 3 27.5 1.5

300 500 700 900 1200 300 500 700 900 1200

E 26.011 26.002 25.957 25.929 25.887 25.988 25.961 25.933 25.907 25.864p

(eV/atom) (0.027) (0.038) (0.062) (0.080) (0.085) (0.031) (0.046) (0.066) (0.073) (0.107)
E 0.038 0.063 0.089 0.114 0.152 0.038 0.063 0.089 0.113 0.151K

(eV/atom) (0.027) (0.039) (0.060) (0.080) (0.087) (0.031) (0.045) (0.066) (0.075) (0.108)

Shown in parentheses are the energy fluctuations at difference temperatures.



L.Z. Cao et al. / Journal of Alloys and Compounds 336 (2002) 18 –28 27

˚[F (r)–F (r)] and [F (r)–F (r)] has to be sphere radius of 2.7 A. Column 3 corresponds to theR–Fe R–T Fe–Fe T–T
˚ ˚made. We can choose T5Ti as an example. From Fig. 2, number inside the shell from r 52.7 A to r 54.4 A.1 2

one can see that the potential values are most important Similarly, the fourth and the fifth columns correspond to
˚when the distance is less than 4.4 A. It is also noted that center atoms being Nd or Sm. The total benefit factors are

˚F (r),F (r) within the range of r,3.1 A and counted in the last column. When counted in the lastFe–Fe Ti–Ti
˚F (r),F (r) within the range of r,3.6 A. This column, whether a value from a column before should beR–Fe R–Ti

means that substitution of a large amount of the ternary positive or negative depends on whether the case of that
element may cause the total energy to increase thereby column is beneficial to the energy decrease after substitu-

˚causing structural instability. Hence, the solubility of the tion. For example, in the case of column 2 (r,2.7 A),
ternary element will be limited. F (r).F (r) when Fe atoms are replaced by TiFe–T Fe–Fe

The above analysis explains why some elements can atoms, the more neighboring Fe atoms in this range, the
stabilize the binary structure and some do not. Yet in the more unfavorable for the energy decrease after substitu-
practical calculation, all of the interatomic pair potentials tion, so the values in column 2 are negative. From Table 9,
F (r), F (r), F (r), F (r), F (r), F (r) it is easy to reach the conclusion that the ternary elementsFe–Fe R–Fe R–R R–T Fe–T T–T

were considered. will preferentially occupy 4i2, 4i1, and 4g Fe sites, and the
preferential occupation sequence for the three sites is 4i2,
4i1, 4g.

4.2. Site preference substitution

The site preference of the stabilizing atoms can also be 5. Conclusion
simply explained by carrying out a cluster analysis of the
surroundings of all the Fe sites in the R (Fe,T) crystal The ab initio interatomic potentials obtained through the3 29

based on the comparison of interatomic pair potentials. lattice inversion method are successfully used to explain
˚Since all interatomic distances are larger than 2.3 A, and the process of evolution from the RFe structure to5

the potential values are most important when the distance metastable R Fe . They were used for the calculation of3 29
˚is less than 4.4 A, the radius of the cluster is taken as 4.4 phase stability of R (Fe ,T) , site preference of T in3 29 29

˚ ˚ ˚A. Focusing on the range of 2.3 A,r,4.4 A, one can R (Fe ,T) (R5Nd or Sm; T5V, Ti, Cr, Mo, Nb, Cu3 29 29
notice that F (r) intercepts with F (r) at about and Ag) and related parameters. The calculated results areFe–Ti Fe–Fe

˚ ˚r52.7 A. When the interatomic distance r,2.7 A, in unexpectedly good agreement with the experimental
F (r).F (r), which is unfavorable for the substitu- data and could be well explained with pair potentials.Fe–Ti Fe–Fe

˚tion of Ti atoms for Fe atoms. When the distance r.2.7 A, Despite the randomness of the initial binary R Fe3 29
F (r),F (r), it is favorable for the substitution. On structure and the overall structure deformation as well asFe–Ti Fe–Fe

˚the other hand, the curve F (r) intersects the F (r) the random atomic motion within 0.7 A for the ternaryNd–Ti Nd–Fe
˚curve at approximately r53.6 A, while the curve F (r) R (Fe,T) structure, the calculated structure supported bySm–Ti 3 29

˚is always higher than the F (r) curve within 4.4 A. interatomic pair potentials can finally correspond to theSm–Fe

Since there is no neighboring Nd or neighboring Sm atom existing stable R (Fe,T) structure. The stability of the3 29

to any Fe atom of any Fe site in the sphere of 3.6 structure is further confirmed through molecular dynamic
˚ ˚ ˚A,r,4.4 A, what matters is the case of r,3.6 A where simulations at different temperatures. These facts verify
F (r).F (r), and it is not beneficial to substitute Ti that the interatomic pair potentials based on the latticeR–Ti R–Fe

for Fe. inversion method can effectively give a deeper insight into
Based on the above potential analysis, the site prefer- the structure and property of complex materials.

ence order for substituting T can be qualitatively estimated Although the binary R Fe compound had been pre-3 29

by accounting for the number of the benefit factors related dicted long before, it is still not found yet in experiment. It
to in Table 9. is difficult to determine the space group of this complex

Column 1 in Table 9 includes the Fe sites supposed to structure in an experimental way since the ternary element
be occupied by T atoms. Column 2 shows the number of play some sophisticated role and the solution to the inverse
Fe atoms inside a sphere centered around a T atom with a diffraction spectrum problem cannot distinguish the tiny

Table 9
Benefit factors for distinct Fe sites

Site No. of Fe No. of Fe No. of (Sm or Nd) No. of (Sm or Nd) Benefit factors
˚ ˚ ˚ ˚ ˚(r,2.7 A) (2.7 A,r,4.4 A) (r,3.6 A) (3.6,r,4.4 A)

4i2 5 26 1 0 25126215120
4i1 6 25 1 0 26125215118
4g 7 22 1 0 27122215114
Others 7–11 10–19 2–3 0 23–111
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