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17 Abstract

18 The lattice constants of the rare earth intermetallic compounds RT Al (R5Nd, Sm; T5Cr, Mn, Cu, Fe) with ThMn -type structure4 8 12

19 were evaluated. This calculation was based on the interatomic potentials related to the rare earth and transition metals, which were
20 obtained by a lattice inversion method. The results are in agreement with experiments. The total and partial phonon densities of states for
21 these materials are also presented. The analysis for the inverted potentials explains qualitatively the contributions of different atoms to the
22 vibrational modes.
23  2002 Published by Elsevier Science B.V.
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26 1 . Introduction Sinclair model [10,11] and glue model [9] are used 49

extensively in the transition metals and alloys, of which 50

27 The aluminium rare earth compounds RT Al (R5 the embedded atom model (EAM) is more widely used 51x 122x

28 rare earth and T5transition metal) crystallize in the [12–14]. The empirical many-body potential model in-52

29 relatively simple ThMn -type structure, which belongs to cludes adjustable parameters which are determined by5312

30 the I4/mmm space group. There are 26 atoms per unit cell. fitting some experimental data of the involved systems.54

31 For RT Al , neutron diffraction has shown that T atoms The forms of the embedding function, pair potential554 8

32 occupy almost exclusively the 8f sites, Al atoms the 8j and function and electron density function used in the EAM 56

33 8i positions and R atoms the 2a sites [1,2]. With increasing model are related to the concrete structures of metals.57

34 T content the 8j and 8i positions are also occupied by T However, sometimes it is hard to obtain some reliable58

35 with the Al atoms. These compounds exhibit interesting experimental data such as the elastic modulus of the bristle59

36 magnetic properties, which have received considerable materials and the single vacancy formulation energy that60

37 attention [1–5]. may be distinct with different experimental methods. So, 61

38 The atomistic simulation is an effective approach to the applications of empirical many-body potential models62

39 achieve a better understanding of the structures and are limited in rare earth intermetallic compounds with63

40 properties of the materials, of which the proper interatomic complex structures. Recently, the semi-empirical [15] and64

41 potentials are highly important. Many empirical inter- EAM [16] interatomic potentials of rare earth metals and65

42 atomic pair potentials such as the Buckingham potential, the binary alloys of Mg, Ni and rare earth metals have66

43 the Lennard–Jones potential, the Morse potential and the been developed [17,18]. These potential parameters were67

44 Born–Mayer potential [6] have been widely used in the also adjusted to reproduce some experimental data. 68

45 atomistic simulation of various kinds of materials [7,8]. In this work, the lattice inversion technique [19–22] was69

46 However, due to the inherent drawback of the pair applied to obtain systematically a series of interatomic70

47 potentials [9] many-body potential models have been potentials related to RT Al (R5Nd, Sm; T5Cr, Mn, Cu, 714 8

48 constructed in past decades. For example, the Finnis– Fe) from the first-principle cohesive energy calculations.72

Based on these calculated potentials, the cohesive energies73

while T atoms occupy the different sites were calculated. 74*5 Corresponding author. Tel. / fax:186-10-6277-2783.
6 E-mail address: kangyanmei@yahoo.com.cn(Y.-M. Kang). The sites corresponding to the lowest energies are exactly75
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Table 1 7692 the preferential occupations of the ternary elements. The
Part of potential parameters acquired from the inversion method 7793 evaluated lattice parameters of these materials are in 78

˚Potential types D (eV) a R (A) 7994 agreement with the experimental data. These calculations 0 0 80
95 explore the complex structures of these kinds of materials Nd–Al 0.4865 1.5030 3.4146 81
96 using the interatomic potentials. In addition, several simple Nd–Cr 0.5278 1.3355 3.2885 82

Nd–Mn 0.5980 1.3638 3.2907 8397 mechanical properties were investigated. Particularly, some
Nd–Cu 0.4459 1.8716 3.2934 8498 lattice vibrational properties for these rare earth com-
Nd–Fe 0.6036 1.6458 3.1889 85

99 pounds were evaluated, from which the Debye tempera- Sm–Al 0.4302 1.5632 3.3634 86
100 tures were obtained. Sm–Cr 0.5194 1.2921 3.2568 87

Sm–Mn 0.6157 1.4427 3.2152 88
Sm–Cu 0.4482 1.7985 3.2674 89
Sm–Fe 0.5888 1.4885 3.1394 90101 2 . Calculation method 91

102 The idea of the inversion technique for generating the
whereR is the distance between two atoms,D , a, R are 143103 parameter-free pair potential was first suggested by 0 0

the parameters. Some of the potential parameters are listed144104 Carlsson et al. [23]. This technique was based on two
in Table 1. To give an intuitive impression, the calculated 145105 assumptions, that the cohesive energy can be written as a
interatomic potentialsF , F , F , F , F , 146106 sum of pair interaction energies and the electronic structure R–R Al–Al R–Al R–T Al–T

F (R5Nd, Sm; T5Cr, Mn, Cu, Fe) are shown in Fig. 147107 calculations of the cohesive energy are a function of T–T

1. 148108 volume. The expression for their pair potentials includes
109 infinite summations, each of them contains infinite terms.
110 This made it inconvenient for analysis. In the mid-1990s,
111 based on the same assumptions, Chen et al. developed a

3 . Cohesive energies and lattice constants of RT Al 149¨112 concise inversion method based on the modified Mobius 4 8

(R5Nd, Sm; T5Cr, Mn, Cu, Fe) 150113 inversion transform in number theory to avoid the above
114 shortcomings [19–22]. The calculation of the cohesive

In the calculation, the initial lattice constants of the 151115 energy is based on the virtual simple structure and deduced
metastable NdAl and SmAl were randomly chosen in a 152116 from the total energy of the sublattice. The interatomic 12 12

certain range. Under the influence of the interatomic 153117 potentials between the distinct atoms can also be obtained
potentials, energy minimization was performed using the 154118 by the procedure. So it is convenient for analysis since the
conjugate gradient method. The results show that the final 155119 inversion coefficient of materials with identical structure is
structures can stabilize to tetragonal with the space group156120 concise and uniform. This method has been applied

˚I4/mmm within a tolerance 0.01 A. The tolerance range 157121 successfully to study the field-ion microscopy image of
indicates the atomic derivation distance, which can be 158122 Fe Al analysis [22], the site preference of ternary additions3

viewed as the error in the process of determining the space159123 in Fe Al [24], the lattice dynamics of zinc-blend-type3

group of the compound. The crystal constants area59.539 160124 binary compounds [25], the mechanical and thermal prop-
˚ ˚A, c55.447 A (Table 2) for NdAl . For SmAl the 161125 erties of some metal hydride [26] and so on. An intro- 12 12

˚ ˚lattice constants area59.549 A, c55.430 A, which were 162126 duction to this lattice inversion method was given in our
obtained by a similar procedure as in NdAl . The 163127 previous work [27–29]. 12

presence of a certain amount of randomness of the initial 164128 In this work, the total energy ab initio calculations
structure and the stability of the final structure illustrate 165129 (ESOCS 4.0 program provided by Materials Simulation
that the RAl has a topological invariability with respect 166130 Incorporation) were performed on the basis of an aug- 12

to the stably existing RT Al (T5Cr, Cu, Mn, Fe). The 167131 mented spherical-wave method [30,31] within the local 4 8

RAl compounds can be considered as the intrinsic 168132 density functional theory. The cohesive energy is obtained 12

structure of the RT Al . As sample systems we chose 169133 from 4 8

(NdAl ) and (SmAl ) as crystal cells with periodic 17012 16 12 16134 E(x)5E (x)2E (`).tot tot boundaries and introduced relaxation governed by the 171

interaction of pair potentials, using the conjugate gradient 172
135 A series of functionsE(x) are calculated with various ˚method with a cut-off radius of 14 A. The energy values in 173˚136 lattice constants at equal intervals of 0.1 A. In each case,

Tables 3 and 4 are the results when four T atoms distribute174
137 for generating the total energy, more than 80k-points in an

over the 8i, 8j and 8f sites, respectively. It shows obvious- 175
138 irreducible Brillouin zone are taken into account in a

ly that the system is in higher energy states when T atoms176
139 self-consistent calculation. The data are then fitted on the

occupy the 8i or 8j sites. The cohesive energy is lowest 177
140 basis of Rose functions. The obtained pair potential can be

when T atoms are substituted for Al atoms at the 8f sites. It 178
141 generally described by Morse function:

corresponds to the preferential site occupation of T in the 179

142 F(R)5D hexp [22a(R2R )] 2 2exp [2a(R2R )]j experiments [1,32,33]. 1800 0 0
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183

184 Fig. 1. Potentials of R–T–Al (R5Nd, Sm; T5Cr, Mn, Cu, Fe).

185 According to the results of the site preference, using the in Table 5. These crystal constants can also be obtained by189

186 conjugate gradient method the lattice constants of RT Al a similar procedure to that of NdAl as shown in Table 2.1904 8 12

187 (R5Nd, Sm; T5Cr, Cu, Mn, Fe) were calculated when T For the two compounds composed of identical ternary191

188 atoms exclusively occupy the 8f sites. The results are listed atoms and distinct rare earth atoms, the difference of their192



JALCOM8366

UNCORRECTED P
ROOF

ARTICLE IN PRESS
265 4 Y.-M. Kang et al. / Journal of Alloys and Compounds 1 (2002) 000–000

194 Table 2
195 Lattice constants of NdAl12196
197 Initial states Final states
198
199 a, b, c a, b, g Space a, b, c a, b, g Space

˚ ˚200 (A) (deg) group (A) (deg) group
201
202 5, 5, 3 90, 90, 90 I4/mmm 9.539, 9.539, 5.447 90, 90, 90 I4/mmm
203 18, 18, 10 90, 90, 90 I4/mmm 9.539, 9.539, 5.447 90, 90, 90 I4/mmm

¯204 9, 9, 5 80, 70, 120 P1 9.539, 9.539, 5.447 90, 90, 90 I4/mmm
205 5, 5, 3 80, 80, 80 C2/m 9.539, 9.539, 5.447 90, 90, 90 I4/mmm

¯206 15, 15, 7.5 100, 90, 80 P1 9.539, 9.539, 5.447 90, 90, 90 I4/mmm
207 5, 5, 6 100, 80, 70 C2/m 9.539, 9.539, 5.447 90, 90, 90 I4/mmm

¯208 15, 10, 9 70, 80, 100 P1 9.539, 9.539, 5.447 90, 90, 90 I4/mmm
¯209 5, 11, 7 80, 70, 65 P1 9.539, 9.539, 5.447 90, 90, 90 I4/mmm
¯210 15, 7, 4 80, 80, 80 P1 9.539, 9.539, 5.447 90, 90, 90 I4/mmm
¯211 5, 6, 9 80, 80, 65 P1 9.539, 9.539, 5.447 90, 90, 90 I4/mmm
¯212 13, 14, 8 80, 95, 110 P1 9.539, 9.539, 5.447 90, 90, 90 I4/mmm

213 5, 5, 2.5 60, 60, 60 C2/m 9.586, 9.586, 5.415 90, 90, 90 I4 mm
214

215 Table 3
216 Calculated cohesive energies of NdT Al (T5Cr, Cu, Mn, Fe) and NdAl4 8 12217
218 NdCr Al NdCu Al NdMn Al NdFe Al NdAl4 8 4 8 4 8 4 8 12219
220 Cohesive energy 8i site 24.240 23.157 24.387 24.138
221 (eV/atom) 8j site 24.181 23.279 24.383 24.229 23.223
222 8f site 24.286 23.440 24.520 24.407
223

224 Table 4
225 Calculated cohesive energies of SmT Al (T5Cr, Cu, Mn, Fe) and SmAl4 8 12226
227 SmCr Al SmCu Al SmMn Al SmFe Al SmAl4 8 4 8 4 8 4 8 12228
229 Cohesive energy 8i site 24.131 23.044 24.257 24.035
230 (eV/atom) 8j site 24.076 23.182 24.282 24.126 23.083
231 8f site 24.200 23.363 24.422 24.333
232

259 lattice constants is small, which is in agreement with [33–37] except fora of SmFe Al . The average deviation 2624 8

260 experimental data. In addition, the calculated lattice con- is 2.256% with the largest 4.576% from the experiment.263

261 stants,a andc, are a little larger than the experimental data The error can be explained by the fact that for RT Al the2644 8

233 Table 5
234 Comparison between the calculated and experimental lattice parametersa and c for NdAl , NdT Al and SmAl , SmT Al (T5Cr, Cu, Mn, Fe)12 4 8 12 4 8235
236 Materials a c
237

˚ ˚ ˚ ˚238 Cal. (A) Exp. (A) Err. (%) Cal. (A) Exp. (A) Err. (%)
239
240 NdAl 9.539 – – 5.447 – –12

a a241 NdCr Al 9.182 9.000 2.022 5.371 5.136 4.5764 8
b b242 NdCu Al 9.169 8.789 4.324 5.253 5.143 2.1394 8
c c243 NdMn Al 9.061 8.937 1.387 5.226 5.136 1.7524 8
b b244 8.925 1.524 5.133 1.182
d d245 NdFe Al 8.875 8.813 0.704 5.211 5.058 3.0254 8
e e246 8.804 0.806 5.054 3.106

247 SmAl 9.549 – – 5.430 – –12
a a248 SmCr Al 9.177 8.973 2.273 5.355 5.136 4.2644 8
b b249 SmCu Al 9.159 8.797 4.115 5.230 5.143 1.6924 8
b b250 SmMn Al 9.031 8.902 1.449 5.213 5.120 1.8164 8
d d251 SmFe Al 8.863 8.773 1.026 5.188 5.051 2.7124 8
e e252 8.770 1.060 5.053 2.672

253
a254 Ref. [35].
b255 Ref. [36].
c256 Ref. [34].
d257 Ref. [37].
e258 Ref. [33].
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266 Table 6
267 Elastic constantsC and bulk moduli of Nd(Al,T) and Sm(Al,T) (T5Cr, Cu, Mn, Fe)ij 12 12268
269 Materials Elastic constantsC (GPa) Bulk modulusij270
271 C C C C C C (GPa)11 12 13 33 44 66272
273 NdCr Al 317.21 44.26 89.30 290.66 87.07 41.07 152.184 8

274 NdCu Al 279.95 44.98 72.90 245.21 67.19 44.18 131.834 8

275 NdMn Al 322.02 47.13 87.30 316.71 81.05 46.55 155.614 8

276 NdFe Al 370.11 55.84 95.30 344.86 89.37 55.23 175.274 8

277 SmCr Al 310.30 46.47 86.93 280.92 85.99 41.98 149.084 8

278 SmCu Al 274.33 45.64 71.12 237.68 66.99 45.51 129.074 8

279 SmMn Al 319.40 47.82 85.87 310.23 81.73 46.98 153.954 8

280 SmFe Al 362.37 54.62 92.15 337.73 89.08 54.92 171.104 8281

4 . Elastic constants and bulk moduli for RT Al (R5 294285 8f sites are the majority sites for T atoms but a small 4 8

Nd, Sm; T5Cr, Mn, Cu, Fe) 295286 amount of sites are also for Al atoms [33,34]. In addition,
287 the stoichiometry of RT Al exhibits compositions differ-4 8

Generally the mechanical properties of the rare earth 296288 ent from the 1:4:8 ratio even in single crystals of these
intermetallic compounds could hardly be measured ex- 297289 materials [38,39]. In the calculation, it was assumed that
perimentally. It needs a huge computer capacity to calcu- 298290 RT Al has a relatively perfect periodic crystal structure4 8

late them by an ab initio method due to their complex 299291 and four T atoms entirely distribute over the 8f sites. These
structures. In this work the elastic constants and the bulk 300292 assumptions may result in a deviation of the calculations
moduli of RT Al (R5Nd, Sm; T5Cr, Mn, Cu, Fe) were 301293 from the experimental data. 4 8

283

284 Fig. 2. Phonon densities of states of NdCr Al (a), NdCu Al (b), NdFe Al (c) and NdMn Al (d).4 8 4 8 4 8 4 8
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303 evaluated by the inverted pair potentials. The results are action between Nd and Cr is intense at their nearest355

304 listed in Table 6. distance, the Cr atoms cannot be excited by more modes356

305 As Table 6 shows, SmFe Al and NdFe Al have the with higher frequency than the Al atoms due to the heavy 3574 8 4 8

306 largest values for the bulk moduli and for each component mass of Cr. Further, the number of Al atoms nearest Nd is 358

307 of the elastic constants while SmCu Al and NdCu Al larger than the number of Cr atoms, which also means that3594 8 4 8

308 have the lowest values for the bulk moduli and for almost the contribution of Al to the spectra is larger than that of 360
309 all elastic constant components. The RT Al compounds Cr. Secondly, the distances between Cr and its nearest four3614 8

310 of variable T component but fixed rare earth component Al atoms at the 8i site and four Al at the 8j site are 2.81 362
˚311 possess similar mechanical properties. It demonstrates thatand 2.68 A, respectively. Since the curveF (r) is deep 363Cr–Al

312 the ternary element T plays a role regarding the me- and narrow, Cr also reacts strongly with these Al atoms, 364
313 chanical properties of these materials. which means that the Al atoms contribute to the higher 365

frequency modes due to the light mass of Al. Finally, as 366

shown in Fig. 1a, the very strong interaction between Cr 367
˚and Cr at their nearest distance (2.69 A) also cause Cr to368

314 5 . Phonon densities of states for RT Al (R5Nd, Sm;4 8 vibrate at high frequencies. The different interactions at 369
315 T5Cr, Mn, Cu, Fe) ˚ ˚various distances such asd (3.20 A), d (3.32 A), 3702a –8i 2a –8j

˚ ˚ ˚d (3.51 A), d (2.78 A), d (2.98 and 2.96 A), 3712a –8f 8i –8i 8i –8j
316 For the rare earth compounds, due to the low symmetry ˚ ˚ ˚d (2.81 A), d (2.77 A), d (2.68 A) andd 3728i –8f 8j –8j 8j –8f 8f –8f317 of the complex structure, it is difficult to calculate and ˚(2.69 A) may explain the multifarious peaks of the spectra. 373
318 measure their phonon spectra. Recently, we have studied

For the NdCu Al , in the range of 0–4.8 THz, the ratio 3744 8319 the lattice dynamics of ScCu Al [40] and4 8 of the modes excited by Nd, Cu and Al atoms is 2:6:3. In 375
320 Ce Sc Fe Al [28] using the inverted interatomic po-x 12x 4 8 4.8–9.5 THz, the contribution of Nd to the phonon spectra 376
321 tentials. In this subsection, based on the lattice theory, the

is almost zero, and the ratio of that of Cu and Al is about 377
322 total phonon densities of states as well as the partial DOS

2:9. In the range of 9.5–11.4 THz, the modes excited by 378
323 of different elements for RT Al (R5Nd, Sm; T5Cr, Mn,4 8 Al atoms are|87%. It is noted that the highest frequency 379324 Cu, Fe) were evaluated in a crystal cell including 26 atoms.

of the vibrational modes for NdCu Al is much lower than 3804 8325 The results of NdT Al compounds are shown in Fig. 2. It4 8
that of NdCr Al . The main peaks in both low and high 3814 8326 can be seen that the highest frequencies of the phonon
frequency move toward the lower part. This can be 382327 density states are 13.97, 13.39, 13.22 and 11.37 THz for
expected by comparing the interaction curves of NdCu Al 3834 8328 T5Cr, Fe, Mn, Cu, respectively. For every spectrum, it
with NdCr Al in Fig. 1a. The interactions, resulting in the 3844 8329 can be divided into two parts at about 10.2, 10.8, 10.7 and
higher frequency modes,F (r), F (r) and 385Nd–Cu Cu–Al330 9.5 THz, respectively, where the phonon density is almost
F (r) are weaker thanF (r), F (r) and 386331 zero. The second part is called high frequency localized Cu–Cu Nd–Cr Cr–Al

F (r), respectively, at the nearest neighbors. In addi- 387332 modes. In the spectra of NdCr Al , the first part can be Cr–Cr4 8
tion, the mass of Cu is heavier than that of Cr, which also 388333 roughly separated into three subsections: 0–5, 5–8 and
induces lower frequency modes. 389334 8–10 THz. The Nd atoms only contribute to the lower

In the NdT Al (T5Mn, Fe) compounds, the phonon 390335 frequency vibrations because of their heavier mass, while 4 8

densities of states are similar with that of NdCr Al 391336 the Cr and Al atoms contribute to the higher frequency 4 8

mentioned above. For the SmT Al (T5Cr, Cu, Mn, Fe) 392337 vibrations and the high frequency localized modes. The 4 8

compounds, the interactionsF (r), F (r), 393338 contribution of Al is much larger than that of Cr and the Sm–Al Sm–Cr

F (r) andF (r) are close toF (r), F (r), 394339 ratio between them is about 3:1. Sm–Cu Sm–Mn Nd–Al Nd–Cr

F (r) and F (r), respectively, at their nearest 395340 One can analyze qualitatively the vibrational modes Nd–Cu Nd–Mn

341 from interaction potentials (Fig. 1a) and the nearest distances, which entails that the corresponding DOS of396

342 neighbor distances between the atoms. Firstly, there are SmT Al (Fig. 3) are similar with those of NdT Al . As is3974 8 4 8

343 four Al atoms at the 8i site, eight Al atoms at the 8j site expected, the highest frequencies of the former are little 398

344 and eight Cr atoms at the 8f sites around Nd. The distances higher than those of the latter because the mass of Sm is399
˚345 between Nd and these atoms are 3.20, 3.32 and 3.51 A, larger than that of Nd, which confines the motions of Al400

346 respectively, for the relaxed structure of NdCr Al . As and the ternary elements and intensifies their vibrations.4014 8

347 shown in Fig. 1a, Nd reacts strongly with Al and Cr at Furthermore, the dependences of the Debye temperature402

348 these distances. The mass of Nd is much larger than that of on the temperature for NdT Al and SmT Al (T5Cr, Cu, 4034 8 4 8

349 Al and Cr, so it is assumed motionless relative to Al and Fe, Mn) were derived from the calculated phonon densities404

350 Cr atoms. Then some of the Al atoms and Cr atoms are of states. The values of the Debye temperature near 0 K of405

351 restricted in the ‘potential well’F (r) and F (r). these compounds are listed in Table 7. It can be seen that406Nd–Al Nd–Cr

352 This might be the reason for the appearance of the the values of Debye temperature and Einstein temperature407

353 localized modes of Al atoms and Cr atoms, which corre- are largest for NdFe Al and SmFe Al and smallest for4084 8 4 8

354 spond to higher transverse frequencies. Though the inter- NdCu Al and SmCu Al . Fig. 4 presents the dependences4094 8 4 8



JALCOM8366

UNCORRECTED P
ROOF

ARTICLE IN PRESS
442 Y.-M. Kang et al. / Journal of Alloys and Compounds 1 (2002) 000–000 7

412

413 Fig. 3. Phonon densities of states of SmCr Al (a), SmCu Al (b), SmFe Al (c) and SmMn Al (d).4 8 4 8 4 8 4 8

428 of the Debye temperature on the temperature NdT Al . 6 . Conclusion and discussion 4314 8

429 Unfortunately, so far, the above calculations have not been
430 verified by experiments. In the present study, using the inverted interatomic432

potentials the calculated lattice constants for NdT Al and 4334 8

SmT Al (T5Cr, Cu, Fe, Mn) are in good agreement with 4344 8

the experimental data. These potentials are also applied to435

evaluate the phonon density of states of these materials.436

Since the present study is perhaps the first lattice dy- 437

namical calculations on phonon density of states for these438

compounds, we could not compare our results with ex- 439

perimental measurements and other work. In the calcula- 440

tions, some of the modes of RAl (R5Nd, Sm) are soft, 44112

Table 7 417
Debye temperatureQ (K) of Nd(Al,T) and Sm(Al,T) (T5Cr, Cu, 418D 12 12

Mn, Fe) 419
420

Materials Q (K) Materials Q (K) 421D D 422
NdCr Al 409.3 SmCr Al 402.9 4234 8 4 8

NdCu Al 367.8 SmCu Al 364.4 4244 8 4 8

415 NdMn Al 411.1 SmMn Al 407.0 4254 8 4 8

NdFe Al 435.1 SmFe Al 429.1 4264 8 4 8416 Fig. 4. Debye temperature of NdT Al (T5Cr, Cu, Fe, Mn). 4274 8
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