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We have developed an empirical many-body potential and unsed it to
investigate the dynamical behaviours of fcc Ni-24%Fe alloy. The new many-
-body potential contains both two- and three-body atomic interactions. The
two-body potential is expressed by the modified form of the generalized
Morse potential and the three-body potential is developed based on the new
two-body model potential. The parameters defining the many-body potential
for Ni and Fe were computed following a procedure similar to the method
defined by Akgiin and Ugur for fcc structure at the lattice constant of the
alloy. The radial, tangential and three-body force constants of the alloy were
calculated by the concentration averages of the computed force constants of
the component metals. Finally, the phonon frequencies of the alloy along the
principal symmetry directions were computed using the calculated two- and
three-body force constants. The theoretical results were found to be in good
agreement with the corresponding experimental values.

PACS numbers: 63.20.—e

1. Introduction

For more than thirty years there has been interest in the development of
empirical and semi-empirical interatomic potentials for investigating the elastic,
lattice, and electronic properties of metals and alloys. The works in this field have
also sustained the continued interest. Furthermore, the contributory role of the
many-body foices in determining the above properties of solids has been empha-
sized by several workers [1-5]. While many different estimates of the three-body
forces [6-10] have been proposed, the two-body forces have usually been described
in terms of the derivatives of an unknown interionic potential. To include the most
significant contribution to the calculation of the above properties which arises from
the interaction among the ion and electrons, we have developed a new empirical
many-body potential (MBP) in the present work. The total interaction among the
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constituents is divided into two parts: ion—ion and electron-ion—electron contribu-
tions. The first contribution was described by the modified form of the generalized
Morse potential [11] and the second one was expressed in terms of the first contri-
bution. The functional form and the parametrization procedure of the proposed
MBP are explained in Sec. 2.

Recently the phonon frequencies for Ni-24%Fe binary type-II alloy have
been measured using inelastic neutron scattering at room temperature [13]. The
interesting feature of Ni~Fe binary type-Il alloys is that the two constituents of
the alloy are in different phases, as Ni is in fce phase and Fe in bce phase at
room temperature. However, the Ni-Fe alloys form a random solution having a fcc
structure [13]. Due to their structural complexity, not much theoretical work has
been done on Ni-Fe alloys, to reveal the lattice dynamics. Therefore, the aim of the
present work is to investigate the suitability of applying both the parametrization
procedure similar to the method defined by Akglin and Ugur [12] and the proposed
MBP, to the problem of studying lattice dynamics of fcc Ni-24%Fe binary type-II
alloy.

2. Theory and computation

The total interaction energy of a system of N atoms, in general, may be
expressed as a many-body expansion,

p=d2+ s+ ..+ ont... (1)
where ¢a, ¢3, and ¢, represent the total two-body, three-hody, and n-body interac-
tion energies, respectively. In this paper we have re-expressed the total interaction
energy of a system simply by separating (' as

¢ = ¢2+ Cos, (2)
where C'is a three-body potential parameter to be determined. In the present work

the new MBP developed by Akglin and Ugur contains both two- and three-body
potentials.

2.1. Two-body model potential

For the interatomic interactions between two atoms of a lattice the two-body
model potential has been described by the modified form of the generalized Morse
potential [11], and the average total two-body interaction energy per atom may
be written as

D ro \"
$a(rij) = Am=1) ; (%) [B™ exp(—mari;) — mp exp(—ar;;)], (3)

where m and « control the width and the depth of the potential, respectively.
D is the dissociation energy of the pair of ions, 7q is the separation of the atoms
for minimum potential, and 8 = exp(aro). In Eq. (3) (ro/ri;)* modifies the gener-
alized Morse potential [11] to exhibit the correct nature of the forces, particularly
at short distances. ry; is the interatomic distance between atoms ¢ and j, and
rij = a(m; + nf +1%)Y2, where mi;, ni;, li; are integers representing the dif-
ference between the coordinates of i- and j-th atoms of the lattice and « is the
lattice constant.
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2.2. Three-body model potential

In the present paper we proposed a three-body potential in terms of the new
two-body model potential (3). The three-hody general potential coupling the atom
i-th with its neighbours J- and k-th may be written as

71]+77k

x{p™ exp[—ma(r,:j + 7*“:)] — mgexp[—a(ry; + rix)]}, (4)
where 7;; and 7 are the respective separations of the atoms j- and k-th from the
atom i-th. C' is the three-body potential parameter to be evaluated. The summa-
tions in the present calculations extend up to 10-th neighbours.

2.8. Cdleulation of the MBP parameters

The parameters (o, rg, D, C) defining the MBP for Ni and Fe may be
computed for fce structure at the lattice constant of binary type-II alloy Ni-24%Fe,
following a procedure similar to the method defined by Akgin and Ugur [12] at
the equilibrium semi-lattice constant of the alloy (ao):

q,)Z("’ij”?'ij:(Lo = €p, ¢3(7)ij)|7',j:ag + ¢3(7»ij7’ik)|7’,'J'=7’,'k=ao = ¢>

6d)2(7’1¢j)| —0 52¢2(7’ij)| &% p3(rijrir)
(97’1']' TiEge T 67‘,;21- ria=do 37“1‘]'67’1‘1:
where ¢ is the ionic part of the total cohesive energy ¢, B is the total bulk
modulus, and ¢ is a geometrical constant depending on the type of the crystal (for
fee crystal ¢ = 2). For Ni and Fe the input data used in Egs. (5) are given in
Table I.

|7';j=r;k=ao = QCGQB, (5)

TABLE I

Input data [14, 15] for Ni and Fe, « is the lattice constant of
alloy [13].

Element | a [1071° m] | —¢o [eV] | B [10** N m~2] | —¢ [eV]
Ni 3.553 2.07 1.860 4.44
Fe 3.553 0.90 1.683 4.28

The MBP parameters (o, 79, D, C) can be evaluated for many different
values of the exponent m and n. In order to determine the best values of the m
and n defining the MBP for Ni and Fe we computed then the second-order elastic
constants (C1y, Cia, Caa) for fec structure at the lattice constant of the alloy.
The elastic constants can be evaluated from the well-known expressions for cubic
crystals [16, 17]:

o ao 4 0%¢s ” ba(rijri
_ ZZ (rij) o %¢s(rijrix)

+ mZm? %
1] ijtih 2 )
]# - (07 Orf; Ord,
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\ 9
ad pa(rij 0 @3(rijrir)
Ciz = — ZZ m,-j .z-j 7,f) + My Mk NNk~ 535 | o

3 2 5,2
]# - j) Orgorg,
't 1 v i f
Cya = 5(2611 - Cha), (6)
where V. is the atomic volume, rj; = a(m?j + n,z] + lfj)l/z, and rip =

a(m?, + nj, + 1%,)1/2. For Cay, the relation developed by Milstein and Rasky [18]
is used. Comparing the computed values with the experimental values of the
second-order elastic constants we have determined the best values of the expo-
nent m and n given in Table II for Ni and Fe, separately. For the determined
values of m and n the computed parameters (o, 7o, D, C) of the MBP are given
in Table I1I.

TABLE II
Computed elastic constants (in units 10’ N m™2) for Ni and Fe at room
temperature.
Ni Fe Ref.
n m | Cip | Ciz | Caa | n m | Ci1 | Cia | Caa
0.46 | 1.74 | 2.47 | 1.51 | 1.14 | 0.95 | 3.77 [ 2.30 | 1.25 | 1.11 | Pres. work
247 (153|122 2.30 | 1.35 | 1.17 | exp. [19]
TABLE III

Computed MBP parameters for Ni and Fe at the lattice constants of the alloy.

Element | n m D [eV] |« [1019 m~1] | rg [1071° m] C
Ni 0.46 | 1.74 | 0.2928495 2.2119 2.5777803 |} 0.1377902
Fe 0.95 1 3.77 | 0.1319408 2.9227 2.5598326 | 0.4859541

2.4. Phonon dispersion relations

The usual secular determinant to determine the frequency of vibration of a
solid is given by

|D— Mw?I| =0, (7)
where D is a (3 x 3) dynamical matrix, M is the ionic mass density, and I is
the unit matrix. In the present work the elements of the dynamical matrix Dygs

are composed of two-body D? wp (pair central) and three-body D™ (many body)
contributions

Dag = Dy + Dj. (8)
In the case of the two-body central pairwise, the interactions are assumed to be
effective up to 10th nearest neighbours and D¢ wp are evaluated by the scheme of
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Shyam et al. [20]. The typical diagonal and off-diagonal matrix elements of D’
can be found in Ref. [20]. In the case of the central interaction, the first and second
derivatives of the new two-body model potential (3) provide two independent force

constants, 1.e. the tangential force constant 8; and radial force constant «;, for the
i-th set of neighbours
1 Oa(rsy) 2 pa(ri;)
| = — " o = ———=—22 = 1-10. ¢
P rij  Ory 7 arg 2 )

For Ni and Fe, 8; and «; were computed for fec structure at the lattice constant of
the alloy. For the alloy, the §; and «; were calculated by using the linear relations

Bi(NiFe) = (1 — 2)Bi(Ni) + zf;(Fe),
a;(NiFe) = (1 — 2)ai(Ni) + zai(Fe), (10)

where z is the concentration of Fe in the alloy, # = 0.24. For Ni, Fe and Ni-24%Fe
alloy the computed force constants are given in Table IV. The average mass used

TABLE IV
The computed radial («;) and tangential (4;) force constants.
Serial o; [1073 N m™] Bi (102 N m~1]
No. Ni Fe Ni-24%Fe Ni Fe Ni-24%Fe
1 29907.5 23223.6 28303.3 | —472.632 | —194.294 | —405.831
2 —2020.77 | —748.568 | —1715.44 | 290.967 | 95.7671 244.119
3 —420.277 | —128.468 | —350.243 | 43.2073 13.6420 36.1117
4 —~93.4374 | —29.8128 | —78.1675 | 8.15039 | 2.78612 6.86296
5 ~24.1530 | —8.39876 | —20.3719 | 1.87831 0.70982 1.59787
6 —7.07547 | —2.70568 | —6.02672 | 0.50265 | 0.21045 0.43252
7 —2.28885 | —0.96296 | —1.97064 | 0.15078 | 0.06978 0.13134
8 —0.80185 | —0.37041 | —0.69831 | 0.04949 | 0.02523 0.04367
9 —0.29907 | —0.15171 | —0.26434 | 0.01748 | 0.00978 0.01563
10 —0.11848 | —0.06545 | —0.10575 | 0.00656 | 0.00401 0.00595

in the calculations for the alloy is obtained from the relation

M (NiFe) = (1 — 2) M (Ni) + « M(Fe). (11)
In order to determine the contribution of the three-body forces to the diagonal
and off-diagonal matrix elements of D7, we follow the scheme of Mishra et al. [9],

where a three-body potential is used to deduce the force-constant matrix, involving
a single parameter

D= 47[4 — 20y — Ci(Cj + Ck)]’

Qo

Dy = 4v[Ci(C; + Cx) = 2], (12)
where 7 is the second derivative of the three-body potential ¢3(rijriz), Ci =
cos(mak;) and Co; = cos(2wak;). To compute the three-body force constant y of
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Ni and Fe at the lattice constant of the alloy, we limit the short-range three-body
forces in the fcc system only up to first-nearest neighbours. For the alloy Ni-24%Fe,
v is obtained from the linear relation

y(NiFe) = (1 — z)y(Ni) + zy(Fe). (13)
The computed values of the three-body force constants v = 1795.80 x 1073 N m~!
for Ni, v = 11642.6 x 10=3 N m~! for Fe, and v = 4159.032 x 103 N m~! for
Ni-24%Fe.

Now one can construct the dynamical matrix Dyp by using Eq. (8) and
then solve the secular equation (7) to compute the phonon frequencies along the
principal symmetry directions [100], [110]. and [111] of the alloy.

3. Results and discussions

In the present work, the interaction system of fecc Ni-24%Fe alloy was con-
sidered to be composed of the two-body and three-body contributions. Therefore,
we developed a new MBP and first used it, as an application, to investigate the
dynamical behaviours of the binary type-1I alloy, where the end members have
different structures. The parameters («, rq, D, C) defining the MBP for pure
Ni and Fe were computed following a procedure similar to the method defined
by Akgln and Ugur [12], for fcc structure at the equilibrium lattice constant of
the alloy. In the mean-crystal model the equilibrium pair energy, bulk modulus,
and total cohesive energy were used as the input data. Then we computed the ab
initio radial (o), tangential (8;) and three-body () force constants for Ni, Fe and
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Fig. 1. Phonon dispersion curves at room temperature for Ni-24%Fe. The symbols
(o, full A, o) represent the experimental values [13]. The solid curves show the computed
dispersion curves according to the many-body interactions.
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Ni-24%Fe alloy, using the new MBP. The computed values of the force constants
were fed into the dynamical matrix (8) and the phonon frequencies for the alloy
were calculated by solving the secular determinant (7). The computed dispersion
curves are shown by solid curves in Fig. 1. Furthermore, the experimental values
measured by Maliszewski and Bednarski [13] of the alloy are also shown by the
symbols (e, full A, o) in Fig. 1 for comparison.

The close scrutiny of Fig. | suggests that the new MBP and present model
reproduce all the qualitative features as well as the quantitative features of the
experimental findings [13]. Furthermore, the parametrization procedure proposed
in this work is credited with the following striking and meritorious features:

1. In contrast to the large number of input data used in such studies, the
mean-crystal model requires only three input data, for evaluating the necessary
parameters.

2. The input data being independent of the phonon frequencies and elastic
constants enhance enormously the reliability and credibility of the model and
reduce the relative standard error [10] to a minimum.

3. The properly defined MBP under report has considered the capacity of
evaluating the forces constants for any number of neighbours without needing
extra input data. Such studies reported so far, however, require more input data
for extending the interactions among further neighbours.

Consequently, the present results show that both the developed MBP and
the proposed crystal model are sufficient to study the lattice dynamics of the fec
binary type-II alloys.
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