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Abstract

The phase stability and site preference of the intermetallics Sm(Go(M)= Cr, Ti, V, Nb, Fe) are evaluated by using interatomic pair
potentials based on Chen’s lattice inversion method. The calculated results show that substituting either Cr, Ti, V, Nb or Fe atoms makes th
crystal cohesive energy of Sm(Co,Myecrease markedly, proving that these atoms can stabilize Sm(Gayit) ThMn,, structure. The
calculated lattice constants coincide quite well with the experimental data. The order of site preference of these ternary elemge8jts T is 8
and & with the occupation ofi8corresponding to the greatest energy decreases. The properties related to lattice vibration, such as the phonor
densities of states, specific heat and vibrational entropy, are also evaluated.
© 2004 Elsevier B.V. All rights reserved.

PACS: 71.20.Eh; 34.20.Cf; 63.20.Dj
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1. Introduction on the phase stability, site preference and lattice parameters
for the Fe-based rare-earth intermetallics Gd(FeNi)2],

The intermetallic compounds of the Thiviatype have Sm(Fe,M)» [13], Nd(Fe,M) 2 and Nd(Fe,Mj2N, [14], sug-
attracted much attention in the past due to their higher gesting the validity of inverted pair potentials on the struc-
Curie temperatures and high magnetic mom¢s]. As ture simulation of rare-earth compounds. In the present work,
in the RFe4B compounds, the substitution of Co for Fe atomistic studies on the structural properties of Co-based
in the RFgoM (R: rare-earth elements, M: other element) rare-earth compounds Sm(Coddare performed using in-
compounds leads to an enhancement in the Curie temperverted interatomic pair potentials. Emphasizing the statistical
ature[4]. In order to improve the magnetic properties of analysis of the phonon density of states (DOS), the Debye
these compounds, the effects of substitution of Co for Fe temperature of Sm(Co,M) is evaluated based on the pair
in R(Fe,Co)1Ti and R(Fe,Co)V2 have been investigated potentials.
by several researchds-8]. Since the Co-based compounds
can have high Curie temperature and large saturation magne-
tization, a complete substitution of Co for Fe inthe R(Fa M)
compounds to form the R(Co,lyp compounds with a struc-

ture llden::cal to F"l(':he'M)Z hafs beergj carr|(ald r?{@—l_ll- Fe' i In principle, any interatomic pair potential can be obtained
cently, Chen et al. have performed serial theoretical studiesy,, » gyrict |attice inversion of cohesive energy curves. Act-
ing on the lattice inversion method developed by Chen et

* Corresponding author. Tel.: +86 10 62322872; fax: +86 10 62322872. al. [15,17,18] Chen and Refil6] and Chen and co-worker
E-mail addressshenj@sas.ustb.edu.cn (J. Shen). [19], we can avoid parameter adjustment when deriving the

2. Methodology
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Fig. 1. Some pair potentials used in Sm(Co,)

interatomic potentials. The method can be summarized as fol-wherel(n) is determined by
lows: it assumes that the total cohesive energy per atom in a

perfect crystal can be expressed as the sum of pair potentials, Z I(n)r [b‘l [@H = 8k, (5)
1 1> I(n) is uniquely determined by crystal structure geometry,
E(x) = > Z D(R;) = > Zro(n)fp[bo(n)X] (1) not related to the concrete element category. Thus, the inter-
R;#0 n=1 atomic pair potentials can be obtained from the known cohe-

sive energy functioi(x) [12—14] Several important relevant
interatomic pair potential curves are showrHig. 1, which
are fitted by Morse function, that is

wherex is the nearest-neighbor interatomic distariReis
the lattice vector of théth atom,rg(n) is the nth neighbor
coordination number, ar@(n)xis thenth neighbor distance.

We extend the seriegho(n)x}, into a multiplicative semi- ~ @(x) = Do(e™ 7/ Ro~1) — 2e~(/2)(x/Ro1)) (6)
g;ogfbrtgse:e;hzsgeneral equation for pair poterdi@l) can whereDy is the depth of potentiaRy, y are parameters.
E(x) = - Zr(n)@[b(n)x] B 3. Phase stability and site preference
n=1 Based on the atomic sites and lattice parameters of any
where existing experimental structure close to Thidttype with
thel4/mmmspace group, the initial structures are constructed
r(bal[b(n)]), b(n) € {bo(n)} with Accelrys Cerius2 modeling software. Then, energy min-
r(n) = 0 b(n) ¢ {bo(n)) 3 imization is carried out using the conjugate-gradient method

on the basis of calculated inteoratomic potentials with the cut-
and the pair potential from the inversion can be expressed aff radius of potentials of 1A. Despite the fact that the
virtual binary structure of SmGe is metastable, it can be
o0 considered as the intrinsic structure of Sm(Cao,M)n the
P(x) = ZZ I(n)E[b(n)x] 4) calculation, the initial lattice parameters of Smgare set
n=1 arbitrarily (Table 1), and then the deformed system is relaxed

Table 1

Determination of lattice parameters of Smgo

Initial state Final state

a, b, c(A) @B,y () a,b,c(A) @ B,v ()
24,20, 12 90, 60, 90 8.393, 8.393, 4.746 90, 90, 90
3.6,3.9,3.6 130, 90, 90 8.393, 8.393, 4.746 90, 90, 90
10,11,12 90, 70, 65 8.393, 8.393, 4.746 90, 90, 90
8.393, 8.393, 8 60, 70, 100 8.393, 8.393, 4.746 90, 90, 90
8.393, 8.393, 4.768 140, 65, 90 8.393, 8.393, 4.746 90, 90, 90
18, 18, 15 90, 90, 90 8.393, 8.393, 4.746 90, 90, 90

16,19,7.5 50, 70, 50 8.393, 8.393, 4.746 90, 90, 90
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using energy minimization method. The results suggest thatsignificantly if the T atoms occupy thég 8ites, and behaves

the space group maintaitd/mmm and the lattice constants abnormally when occupying thef 8ites. All of the above
after stabilization ara = 8.441A, c = 4.798A. The presence  results correspond well to the experimé2®,21]and the T

of a certain amount of randomness of the initial structure and atoms have the same site preference in Co-based as in Fe-
the stability of the final structure illustrate SmGhias a topo- based compound42,13]

logical invariability with respect to the stable Sm(CogM)it According to the results for site preference, the lattice con-

also demonstrates that the inverted pair potentials are reliablestants for Sm(Co,M} are calculated when the 8ites are

for the study of the structural materials properties. randomly occupied by T atoms. The calculated results are
In the ternary compounds Sm(Co,M)the phase stabil- listed inTable 2 together with the experimental dgg2,23]

ity and site preference are judged by the energy in this part. From Table 2 one can see that our results for Sm(Co,M)

If the substitution of ternary elements T for Co makes the are in agreement with experiment. Furthermore, the struc-
cohesive energy of Sm(Co,M)low enough, the ternary el-  tural stability of Sm(Co,M; is tested by some methods in-
ements could stabilize the compound. Furthermore, T would cluding global deformation and random atom shift. In the
preferentially occupy the site, so that the cohesive energy processes, the global deformation includes stretching, com-
would decrease most strongly. In the course of the calcula- pressing, shearing and a mixture of these ways. The random
tion, firstly, Co atoms in each site are replaced by T atoms of atom shift means that each atom in the model is shifted from
different concentrations. Then, energy minimization process its equilibrium position randomly. All distorted models will

is applied to relax the ternary system under the interaction be relaxed under the control of pair potential using the en-
of the potentials. Thus, the average energy of final structure ergy minimization method. The calculated results are listed
can be investigated and compared. The calculated crystal enin Table 2 From the calculated results, it can be seen that the

ergy is the average of 30 samples and is showRign 2 distorted system can restore the same final structure. In order
FromFig. 2, it can be seen that adding either Cr, Ti, V, Nb to check the structural stability at high temperature, the high
or Fe atoms makes the cohesive energy of Sm(Cp,6B- temperature disturbance is used with molecular dynamics.

crease markedly, illustrating that each of these elements canThe constanNPT molecular dynamics is applied using the
stabilize the crystal structure and that the stabilized phasesmethod of Berendsen et §24] for 10,000 steps, with =
exist. The cohesive energy decreases most significantly wheril atm,t = 0.001 ps, dynamic simulation for Smg4Ti1 gs

the ternary elements T preferentially occupy thsies, less  is carried out at temperatures of 300, 500 and 700 K. After
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Fig. 2. Site preference of Sm(Co,M)
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Table 2

Comparison between the experimerj2dl,23]and calculated structure of Smo, T,

Compounds Space group Calculam(f\) Experimentak (A) Calculatedc (,Z\) Experimentalc (A)
SmCaq;Cn 14/mmm 8.405 - 4,761 -
SmCaq1Nb; 14/mmm 8.558 4.841

SmCaoFe 14/mmm 8.403 4.778

SmCaesgVa2 14/mmm 8.448 8.3802 (1) 4.784 4.7047 (1)
SmCags1Ti149 14/mmm 8.539 8.426 4.810 4,741
SmCaqo3gTi1e1 14/mmm 8.560 8.433 4.812 4.746
SmCago6sTi174 14/mmm 8.563 8.438 4.820 4,748
SmCao14Ti186 14/mmm 8.582 8.433 4.825 4.750
SmCaoosTi1os 14/mmm 8.594 8.447 4.8291 4.752
SmC@ Va2 (0.6,5\)a 14/mmm 8.448 - 4,784 -
SmCq;Crp (O.6A)a 14/mmm 8.405 - 4,761 -
SmCao14Ti186 (0.6/3\)a 14/mmm 8.582 8.433 4.825 4.750
SmCaq14Ti1.86 (300 K) 14/mmm 8.590 4.834

SmCag14Ti1.86 (500 K) 14/mmm 8.608 4.835

SmCaqq14Ti1.86 (700 K) 14/mmm 8.612 4.837

a Relaxation results with atom random shift by 86

reaching equilibrium, the crystal symmetry can be identified 4. Phonon density of states
asl4/mmmspace group in a certain range, and the lattice con-
stants change little with respect to the temperatliable 2. Phonon density of states reflects the lattice vibration prop-
Thus, the structural stability is again verified. These results erties. From DOS, one can derive important thermodynamic
further verify that the above calculations are self-consistent parameters as specific heat, the Debye temperature. Starting
and reasonable. So, it can be inferred from the above cal-with the inverted interatomic potentials and lattice dynam-
culations that the site preference and lattice constants ofics theory, we calculate the total phonon densities of states,
Sm(Co,M}» evaluated using the interatomic pair potentials as well as the partial DOS projected to different elements in
agree well with experiment, which demonstrates that the po- Sm(Co,M)».
tentials are reliable. The calculated DOS of Smgp and Sm(Co,My, are
The behaviors of ternary elements substitution can be ex-shown inFig. 3(a—d). The DOS ofFig. 3is calculated by
plained by the analysis and comparison of interatomic pair using 936 k-points in 1/8 of the first Brillouin zone of sim-
potentials in Sm(Co,M}». When a small amount of ternary  ple tetragonal lattice. The cut-off distance of force constants
elements T substitute the Co atoms in Sm{;the ternary is set at 6A. Fig. 3(a) shows that the highest frequency of
elements are mostly surrounded by the Co atoms. The SmSmCqoCrz is 10.92 THz and there are five apexes around
atoms are not their own nearest neighbor atoms, and the oc2.96, 3.69, 4.61, 5.62 and 7.38 THz, respectively. For two
casions on which T atoms are their own nearest neighborslocalized modes, the frequencies are higher than 8.31 THz.
are truly rare. Therefore, the role @m—sm(r) and®r—(r) The high frequency vibrations and the high frequency local-
is negligible when considering the nearest neighbor effect. ized modes are mainly contributed by the Co atoms. And the
It is the differences betwee@co—1(r) and @co—co(r) that Sm atoms only contribute to the lower frequency modes. It
determine the energy difference caused by the substitution.can be seen frorkig. 3 that, when T atoms substitute for
We choose T = Ti as an example. As showrFig. 1, the Co atoms at Bsites in Sm(Co,My),, the contribution of the

potential values are important in the range of 213«4. 4A. ternary element to frequency modes is the same as that of Co
Not|ce thatdco—i(r) intersects Wlthqch_CO(r) at aboutr in manner, but with a smaller amplitude. Qualitative analysis
= 2.7A. When the interatomic distange< 2.74, the sys- can be conducted on the vibration modes from interaction po-

tem energy will increase with Ti substituting for Co due to tentials fig. 1) and the nearest neighbor distances between
Pco-Ti(r) > Pco—colr), it is unfavorable for the substitution.  the atoms. As shown ifig. 1, the very strong interaction

In the range of 2.7 € < 4.4,&, Dco-Ti(r) < Pco—co(r), itis between Co and Co at their nearest distance Q&)ﬁiuses
favorable for energy decrease. The substitution behavior canCo to vibrate at high frequencies. For Sm atoms, as the dis-
be qualitatively explained by carrying out a cluster analysis tance between Sm and its nearest Co is A.38oms cannot

of the surroundings. If we take the 8ite as the center of  excite more modes with higher frequency due to the infirm
a cluster, the number of Co atoms inside a sphere of radiusinteraction in this range and the heavy mass of Sm. When T
2.7A is about 9. The number of Co atoms inside a range of substitutes for Co ini&ite, there is one nearest Co neighbor
2.7 <r < 4.4A is about 22. Thus, Ti occupying the S8ites at the 8 site, and there are four second nearest Co neighbors
is most beneficial in terms of energy minimization. The site at the 8 site, two at the Bsite and four at thefSsite in the
preference behavior at 8nd § sites can be easily explained Sm(Co,M)2 compounds. The distances between the T atom
by similar analysis. at § and these atoms are 2.820 the single 8site, 2.808
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Fig. 3. Phonon densities of states of Sm(Ca,M)
to the other four Bsites, 2.7@ to the § sites and 2.66\ to wherex = hw,,/kKg®p. The calculated specific heat, vibra-
the four § sites. Consequently, the neighbor distances at thetional entropy and Debye temperature of Sm(Cadvgre
occupied 8site are mainly between 2.60 and 280t can shown inFigs. 4—6 respectively. It can be seenkigs. 4-6

be inferred fronfig. 1that at a distance of about 2.&0the that the variation of the specific heat, Debye temperature and
Co—Co interaction is nearly the Co-T interaction. Hence, the entropy versus temperature indicate the vibrational proper-
frequency modes of the ternary elements are almost the saméies are different for Sm(Co,Mj} in the entire temperature
with Co in shape, but the amplitude is much smaller becauserange.Table 3shows the Debye temperature near 0K and
the content of ternary elements is small. at 300K for Sm(Co,M)2 (T = Cr, Ti, V, Nb, Fe). The De-
The calculation of specific he&,(T) and the vibrational =~ bye temperature reflects the property of the materials at the
entropyS(T) can be made by using the following formulae  lower temperature and lower frequency. The Debye temper-
ature of SmCe is 394 K near 0 K. The Debye temperature

oo

holknT 2 hw/kpT
Cy(T) = 3NkB/ (heo/ kpT)"e — () do
(ehw/kBT _ 1) 1.04
0 :
and _ 0.8
T oo §m
5= [ 4T
T/ > Al
(8] G
0 0.4+ ',’ ——SmCo, Cr.
In the conventional Debye model, the Debye temperature < SmCo.Fe,
®p can be defined bjw,, = kg®p. The specific heat can be 0.2+
written as
00 T T T T
7 \3 Oo/T Ao 0 100 200 300 400 500
Cy = 3Nk3<—) / ——dx Temperature (K)
v ép (e¥ —1)°
Fig. 4. Specific heat of SmGgCr, and SmCeoFe.



J. Shen et al. / Journal of Alloys and Compounds 388 (2005) 208-214

213

2.0 5. Conclusion
gt - In this work, the distribution of ternary elements T in
159 g Sm(Co,M}), is evaluated by using the interatomic potentials.
§.‘ 7 The calculated result demonstrates that the ternary elements
£ 104 o T(T=V,Ti,Cr,Nb, Fe) substitute Co atoms in thesges, the
w /" __22221022 crystal cohesive energy of Sm(Co,M)ecreases most sig-
/7 v nificantly. Therefore, the T atoms preferentially occupy the
0.5+ /" 8i sites. We have also utilized the same potential parameters
a to evaluate the phonon density of states of Sm(Cegz;Mind
0.0 , , , ' obtained its specific heat, vibrational entropy and Debye tem-
0 100 200 300 400 500 perature. In summary, the inverted potentials are effective to

Temperature (K)

Fig. 5. Vibrational entropy of SmGgCr2 and SmCeoFe.

investigate the site preference, phase stability and to predict
the properties of these materials with complex structures. As
a last point, it should be mentioned that current work does
not include many-body interaction and magnetic effect, and

500 that might be the next objective of our work.
Y
2 ——SmCo, Cr.
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