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Abstract

We present a molecular dynamics study of the diffusion phenomena in Ni Y, transition-metal intermetallic phase via nearly-free-2

electron–tight-binding-bond interatomic interaction model. Interpretations of the dynamic structures from the calculations of the mean
square displacements and spectral densities of velocity show that the rapid growth of this intermetallic phase found in the experimental
study is mainly due to the high-rate self-diffusion in and near the grain-boundaries and independent of the vacancy. Therefore, the
standard vacancy-based diffusion process is found to be not essential in this phase.  1998 Elsevier Science S.A. All rights reserved.
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1. Introduction describe the atomic diffusion in standard solids; diffusion
process via vacancy, dislocation, grain boundary, and so

The acceleration of the atomic transport in the solid state on [3]. To which model is the diffusion process in this
materials is often one of the central problems in energy phase ascribed?
conversion processes. Diffusion, very often, determines the We studied the microscopic dynamic structure of Ni Y2

speed of the atomic transport, and therefore determines the phase through atomistic simulation, a molecular dynamics
efficiency. simulation, in the investigation of the high growth rate of

Ni Y is the transition-metal intermetallic compound this intermetallic phase.2

with cubic Laves phase structure and its anomalously high Concerning the molecular dynamics technique, a semi-
growth rate in electrolysis was found by one of the present empirical method for the interatomic potential calculation
authors by electrochemical experiments [1]. The Ni–Y has recently been developed [4] and a wide range of
intermetallic compound is formed by electrodeposition of materials has come into applicability of the atomistic
Y at the Ni electrode in the molten LiCl–KCl–NaCl–YCl , simulation. Chemical bondings in transition-metal alloy3

and the Ni Y phase selectively grows among competing compounds is well-described within the NFE–TBB2
21phases with the growth rate of 10 mm h at 773 K, which (nearly-free-electron–tight-binding-bond) framework [5]

is 600 K below the melting point. and its TBB part can be calculated by the semi-empirical
This high growth rate means that the speed of the atomic method exact enough to express the many-atom character

transport for the atomic species in this intermetallic phase of interactions in transition-metal intermetallic compounds
212 2 21is of the order of 10 m s as the diffusion coefficient and computationally fast enough to be used in the intensive

[1]. This is comparable to, or only few orders smaller than molecular dynamics run.
those in the standard liquid phase, which are approximate- In the present article, the calculation of pair potential

29 2 21ly 10 m s as the diffusion coefficient, or in the with the application of the NFE–TBB many-atom inter-
211common solid phase near melting point, which is 10 action model is demonstrated and then used for the

2 21m s [2]. calculation of the many-body forces in molecular dynamics
How can such anomalously rapid growth of the inter- calculation.

metallic phase take place? There are several models to The computational methods used are outlined in Section
2. The results of the applications to the self-diffusive

*Corresponding author. motion in vacancy, grain-boundary structures for Ni Y are2
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Table 2shown in Section 3. We present our conclusions in Section
Bond order for covalent d–d interactions in the Ni Y phase within the24.
angular dependent second moment approximation

Throughout this article, we use atomic units, and
s p denergies are given in rydberg where not indicated.

Q 0.4612 0.2906 0.0672NiNi

Q 0.3131 0.1908 0.0488NiY

Q 0.4901 0.4074 0.1434YY2. Computational method

as in Ref. [10]. d is the interatomic spacings. The2.1. Interatomic potential ij

calculated h values for the Ni Y are as follows; h 5ij 2 NiNi

0.01964 Ry, h 50.02938 Ry, h 50.07843 Ry.For the interatomic potential for Ni Y, we use the NiY YY2
Bond energy expression is;NFE–TBB expression developed by Hausleitner and

Hafner [5]. In their approach, the total energy is given as
the sum of a volume energy and the sum of the following F 5 2 O H Q . (4)bond,ij jb,ia ia, jb

abinteratomic potential;

F 5 F 1 F 1 F . (1) H is the tight-binding Hamiltonian and Q is thetot sp d,rep d,bond jb,ia ia, jb

bond order. Bond order is calculated from the following
The potential energy is divided into free-electron-like simplified expression derived by Pettifor and Aoki [11];
interaction, pairwise repulsive interaction and many-atom

`attractive bond energy.
r n21ˆQ 5 2 O x (N )z /b . (5)We adopt the following NFE interaction formulation by ia, jb n d n

n52Pettifor and Ward [6] as the first term in Eq. (1);
r

3 x̂ (N ) is the reduced susceptibility, z is the interference2N N n d ns,i s, j
]]]F 5 O A cos(k r 1 a ) exp(k r ). (2) term in the ring approximation and b is the square root ofsp,ij n n n n ijrij n51 the second moment m , calculated from the tight-binding2

Hamiltonian [12]. The calculated bond order for eachN is the number of sp-valence electrons for the i atom.s,i
bonding in the perfect Ni Y crystal with Eq. (5) within theCalculated parameters for the perfect Ni Y crystal are 22
second moment approximation is compiled in Table 2, andcompiled in Table 1. As in Ref. [6], Ashcroft empty core
up to the sixth moment approximation results are presentedpseudopotential [7] is used to calculate these parameters.
in Fig. 1.The parameters in Table 1 are calculated from the empty

˚ ˚ The major points that are different from the originalcore radius, r 50.652 A (Ni–Ni), 0.834 A (Ni–Y) andc
˚ NFE–TBB model by Hausleitner and Hafner [5] are as0.881 A (Y–Y). These values are chosen such that the

follows:position of the first potential minima fit the crystallo-
graphic interatomic spacings, respectively.

• Analytical expression by Pettifor and Ward [6] isThe remaining two terms in Eq. (1) are described within
chosen for the NFE term for the faster computations;the tight-binding theory [8].

• Bond order is calculated by the model by Pettifor andRepulsive interaction is known to be proportional to
210 28 Aoki [11] and each s, p and d orbital is treatedr , the square of hopping integral, but in this study, r

separately;form is used as in Ref. [9]. The following is the repulsive
• Bond order is calculated not only with the crystallo-interaction used;

graphic configuration but with the configuration at
]] 2 10N N h d every molecular-dynamics time step where indicated. Ifd,i d, j ij ijœ

]]]]]F 5 . (3)rep,ij 8 the bond order is calculated at every step, the tight-7 r ij
binding attractive force has a many-body character

h is the bond integral and it is calculated in the same way while it is pairwise at last for the fixed bond order.ij

Table 1
NFE potential parameters for the Ni Y perfect crystal. The values are indicated in a.u.2

n Ni–Ni Ni–Y Y–Y

1 2 3 1 2 3 1 2 3

k 0.303 1.144 1.695 0.320 0.901 1.285 0.291 0.731 0.995n

k 1.415 1.227 0.494 1.134 0.897 0.371 0.919 0.671 0.283n

A 8.586 1.533 0.039 5.818 1.566 0.045 2.567 0.948 0.026n

a 21.407 23.785 1.154 21.297 23.470 1.346 21.022 22.651 2.543n
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]]
For the calculations for Ni–Y interaction, N N isœ Ni Y

used instead of N where needed.a

The only adjustable parameter is r for Eq. (2). Asc

mentioned below, this is adjusted to reproduce interatomic
spacings. So far, as we know, no experimental values are
available for the cohesive energy or for the vacancy
formation energies. So, we have not checked the validity
of this model other than the fitted interatomic spacings.

In Fig. 2 the total NFE–TBB effective interatomic
potentials given by Eq. (1) at a reference crystallographic
crystal structure (C15) are shown.

2.2. Molecular dynamics calculation
Fig. 1. Dependence of the bond order for the bondings in the bulk
structure to the number of moments.

´We used the constant temperature Nose–Hoover equa-
tions of motion for the present molecular dynamics

N in the above expressions is derived using the rectan-d calculations [15,16];
gular band model for d bands [13] and N is deriveds

regarding the rest of the valence electrons as sp valence ~m v 5 F 2 zm v (9)i i i i i

electrons. Local charge neutrality is imposed upon each Ni
~and Y atoms and the site-diagonal energy shift is calcu- z 5 2(K 2 K ) /Q, (10)0

lated within the tight-binding-Hartree–Fock approximation
where K is the kinetic energy of the system and K is thefollowing Ref. [5]; 0

kinetic energy corresponding to the desired temperature.
The temperature is set to 773 K throughout the presentDN 1 DN 5 0, (a 5 Ni, Y) (6)s,a d,a
study.

The molecular dynamics simulations for the present
x DN 1 x DN 5 0 (7)Ni d,Ni Y d,Y study have the following initial conditions:

• Perfect crystal;DE 5 u DN 1 u DN 1VsZ(DN 1 DN ). (8)a dd da sd s,a d,a s,a

• Crystal structure with vacancy;
• Crystal structure with grain-boundary.DN and DN are the shift of the number of s and d valences d

electrons from arbitrary initial values. In this calculation,
N 51.40, N 58.60, N 51.31 and N 51.69 for Details of each condition is presented in the correspondings,Ni d,Ni s,Y d,Y

pure Ni and Y [5] are used as initial values, and the subsection in the Section 3.
9standard values from the literature [14] are used for the For all conditions, Q is set to 1.000310 a.u. except for

5parameters in Eq. (8) as in Ref. [5]. x is the concentration the grain-boundary conditions, Q51.189310 a.u. De-a

of a atom. DN and DN are determined such that Eqs. termined Q is such that the fluctuations of the total kinetics d

(6)–(8) are self-consistent. The final values for Ni and Y and potential energy are small, so as not to violate the
in Ni Y phase are as follows; N 51.65, N 58.35, crystal structure by a sudden jump of the temperature of2 s,Ni d,Ni

N 50.81 and N 52.19. the simulated system. The adopted values are much largers,Y d,Y

Fig. 2. Effective interatomic potential for Ni–Ni, Ni–Y and Y–Y interactions (left). The dashed line is for the Ni–Ni interaction, the dotted line is for the
Ni–Y interaction and the solid line is for the Y–Y interaction. The interatomic potential for sp (Eq. (2)) and d (Eqs. (3) and (4)) interactions for Ni–Ni
(right). The dashed line is for the sp interaction, the thin solid line is for the d interaction and the bold solid line is for the total interaction.
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than those characterized by Holian et al. [17]. Therefore, numbers of vibrational modes are visible. The frequencies
for conditions other than the grain-boundary condition, the of the modes clearly visible are almost the same for both
systems are weakly-coupled, although for the grain-bound- Ni and Y, as in Figs. 4 and 5.
ary condition, the simulated system is coupled to the
thermostat with the response time corresponding to the 3.2. Vacancy structure calculation
Einstein frequency.

For the calculation of the self-diffusion coefficient, the We adopt the structures the same as presented in Section
Einstein relation for the diffusion coefficient [18] is used; 3.1 with one Ni vacancy and two Ni vacancies formed in

the unit cell at the centre as the two initial configurations
D 5limkur(t) 2 r(0)ul /6t. (11) for vacancy structure simulations. The two vacancies aret→`

separated from each other for more than a third-nearest-
Self-diffusion coefficients are evaluated from mean square

neighbour distance not to form another vacancy. The
displacement plots against time.

numerical conditions are the same as in Section 3.1 for
The autocorrelation function and the spectral density of

both, except the number of steps, which is 18 000 for the
velocity v(t) are [18];

two-vacancies structure.
The choice of Ni vacancy is due to the results of theC(t) 5 kv(t) ? v(0)l (12)

estimation of the vacancy formation energy which show
`

that the formation energy for the Ni vacancy is 0.23 Ry,
I(v) 5 2 E C(t) cosvt dt. (13) which is half as small as that for the Y vacancy, 0.45 Ry

0 [20]. These values roughly correspond to the concentration
220of vacancies around 10 . In the first place, this means

3. Results and discussions that the vacancies are hard to form in this phase.
The radial distribution function for the Ni–Ni pair at

3.1. Perfect crystal calculation 773 K for the one-vacancy condition is shown in Fig. 3.
Compared with the perfect crystal structure, there are

For the initial configuration, 33333 crystallographic almost no differences observed in all of the Ni–Ni, Ni–Y
unit cells, i.e. 432 Ni atoms and 216 Y atoms are set in the and Y–Y distribution curves. The reference crystallo-
simulation supercell. Bond order is calculated applying Eq. graphic Ni Y structure is also well reproduced in the2

(5) to the initial reference crystallographic structure. The vacancy structure simulation. Mean square displacements
many-body attractive force is then replaced by the sum of are given in Fig. 4 for the one-vacancy condition and no
the pairwise attractive force. Equations of motion are diffusive motion is observed within 10 000 times steps.
integrated numerically with leap-frog method [19], over This is also the case for the two-vacancies condition within
10 000 steps after 5000 equilibration steps with Dt51.03 18 000 time steps. Spectral density curves are given in

215 ˚10 s and the force calculation is cut off at 7.181 A, Figs. 5 and 6. Both the one-vacancy and the two-vacancies
which is the same as the lattice constant for Ni Y. structures have a similar sharp peaks structure but the2

In Fig. 3 the radial distribution function for Ni–Ni at frequency of the main peaks are shifted from that of the
773 K is shown. Sharp peaks show that the perfect crystal perfect crystal in the two-vacancies condition. Again, no
structure for Ni Y is well reproduced by molecular dy-2

namics. No diffusive motion is observed and very small

Fig. 4. Mean square displacements (MSD) at 773 K. The dashed line
Fig. 3. Radial distribution functions for Ni–Ni at 773 K. The dashed line shows the MSD in a perfect crystal and the solid line shows the MSD in a
shows the distribution in the perfect crystal and the solid line shows the Ni vacancy structure. The bold lines represent Ni and the thin lines
distribution in the Ni vacancy structure. represent Y.
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Fig. 7. Examples of the atomic motions near the Ni vacancy projected
onto a two dimensional plane. The solid lines show Ni trajectories and the
dashed lines show Y trajectories. The open square represents a Ni
vacancy.

An example of the atomic motions near the Ni vacancy are
shown in Fig. 7. Both Ni and Y atoms fluctuate around
their initial atomic position and no jump motion is
observed. Initial regular atomic arrangements are con-
served even for the atoms neighbouring the vacancy.

Fig. 5. Spectral densities of velocity for Ni (a) and Y (b) at 773 K. The
3.3. Grain-boundary structure calculationdashed line is for a perfect crystal and the solid line is for a Ni vacancy

structure.

In order to take the effect of the grain-boundary into
diffusive mode is observed for both one-vacancy and account, a symmetric tilt boundary model containing 1080
two-vacancy conditions. (720 Ni and 360 Y) atoms with u 50.3218 rad is used for

The direct many-body attractive force calculation in Eq. the initial configuration. The choice of this particular initial
(5) is also performed for the one Ni vacancy initial condition is only due to the demand from the simulation
condition over 7000 time steps. The conditions for this supercell and we do not know any experimental grain-
simulation are the same as in the pairwise force calcula- boundary structures to compare with this model. For initial
tion. No diffusive motions are observed again, both in the coordinates, atoms are arranged as shown in Fig. 8. The
mean square displacements and in the spectral densities. cell contains 432 (288 Ni and 144 Y) fixed atoms.

The computational conditions for this calculation are
different in order to achieve faster computation per atom.
This is because more atoms are set in the simulation unit
cell and the many-atom attractive force calculation is used
for anisotropic and inhomogeneous atomic arrangements.
The equations of motions are integrated with the Størmer
algorithm [21] over 10 000 time steps after 5000 equilibra-

215tion steps with Dt51.0310 s. The force cut off lengths
˚ ˚are set to 5.027 A for Ni–Ni, 5.821 A for Ni–Y and 6.350

Å for Y–Y (9.500, 11.00 and 12.00 in a.u., respectively).
To determine these cut off lengths, we have confirmed the
correspondence of the radial distribution function and the
mean square displacements plot versus time between those
calculated using these cut off lengths and those calculated

˚using cut off lengths for other conditions (7.181 A) by
Fig. 6. Spectral densities of velocity for Ni and Y at 773 K. The dashed

preliminary 2000 steps calculation. The estimated error inline is for a one-vacancy structure shown in Fig. 5 and the solid line is for
the calculation of the diffusion coefficients, which arisesa two-vacancies structure. The bold lines represent Ni and the thin lines

represent Y. from the choice of these shorter cut off lengths, is 1%.
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Fig. 8. The model for molecular dynamics simulation for a grain-boundary structure in the Ni Y phase. The schematic of the computational cell and the2

projected atomic arrangements. The periodic boundary conditions are posed on all borders except on the z borders. The squares, in grids, correspond to the
unit cell. Meshed regions correspond to the unit cells containing fixed atoms.

That is, the same diffusive motions, that we describe as calculate D and D with these curves by the least-2 2 2x 1y z

follows, are also observed in the 2000 steps calculation square fitting to the linear functions. The calculated self-
211 2 21with the cut off lengths of other conditions, and the results diffusion coefficients are D 56.695310 m s2 2x 1y

211 2 21obtained with the possible longer time steps calculation are and D 57.349310 m s for Ni and D 52 2 2z x 1y
210 2 21 210 2 21also expected to be the same, as follows. 2.902310 m s and D 53.028310 m s for2z

The data analysis in this condition is done using 100 Y. Against our expectation, the horizontal and the vertical
sample coordinates out of 10 000 time steps coordinates mean square displacements do not differ from each other.
chosen at every 100th steps. In Fig. 9 the horizontal and
vertical mean square displacements in the following defini-
tions of the corresponding diffusion coefficients are shown;

2 2D 5lim kux(t) 2 x(0)u 1 uy(t) 2 y(0)u l /4t (14)2 2x 1y t→`

2D 5lim uz(t) 2 z(0)u /2t (15)2z t→`

D , which characterizes the diffusivity of the horizontal2 2x 1y

motion in the plane parallel to the grain-boundary, is the
self-diffusion coefficient calculated from the horizontal
mean square displacement and D , which characterizes the2z

diffusivity of the vertical motion to the grain-boundary
plane, is the self-diffusion coefficient calculated from the
vertical mean square displacement, for the grain-boundary

Fig. 9. Mean square displacements (MSD) at 773 K. The solid line shows
is z50. Both horizontal and vertical mean square displace- a horizontal MSD in the Ni, the dashed line shows a horizontal MSD for
ments increase monotonously with time and therefore the Y, the thin line shows a vertical MSD for Ni and the thin line with open
diffusive motion can be clearly observed and we can square markers shows a vertical MSD for Y.
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The possible reason for this is that the high rate diffusion
does occur in the grain-boundary region, but that the range
that enables large diffusivity is wider than expected.

An additional 3000 time steps calculation with higher
sampling rates of coordinates is performed for two reasons;
to see the atomic arrangements after sufficiently long time
steps through radial distribution function, and to calculate
the spectral densities of velocity with sufficiently good
precision.

In Fig. 10 the radial distribution function for the grain-
boundary structure calculated for the additional 3000 time
steps is shown. The obtained curves are not as smooth as
those in Fig. 3, but the sharp peaks structure can be

Fig. 11. Spectral densities of velocity for Ni and Y at 773 K in theobserved for all distributions except for the Y–Y pair
grain-boundary structure calculated from 1/10 sample velocities indistribution. The distribution function for Y–Y shows that
additional 3000 time steps simulation. The solid line is for Ni and the

the structure of Y is disordered although we adopted a dashed line is for Y.
larger r than those for the other two types of interac-cut

tions. This is also the case for the preliminary 2000 steps
calculation with larger cut off lengths. Most of the peaks The diffusive motion is also observed as the zero
observed are the same as those observed for the perfect frequency mode in the spectral densities shown in Fig. 11.
crystal structure, but one extra peak is visible for each Presented in Fig. 12 are the plots of the self-diffusion
distribution in the short range. For the perfect crystal coefficients of both horizontal and vertical motions. It
structure, such short interatomic separations are unfavour- proves that the rate of the self-diffusion becomes higher
able because of the strong repulsive interactions (see Fig. when atoms are near the grain-boundary but the values
2). This one extra peak is also observed for the preceding themselves remain high throughout the simulation cell size
10 000 time steps simulation. This may be the one for the used in this model.
relaxed short separations set in the initial configuration. As
we can see, they do not vanish even after 10 ps, which is
characteristic for the atomic jump calculated with Fig. 9 4. Conclusions
and the crystallographic separations. These short inter-
atomic separations can be possible probably because we We have carried out a molecular dynamics simulation on
have used the direct many-body attractive force calcula- the Ni Y intermetallic phase with a nearly-free-electron–2

tion. The integrated values around each of the peaks at the tight-binding-bond interatomic interaction model.
first-nearest-neighbour are 6.6(Ni–Ni), 7.3(Ni–Y) and The ordered structure was reproduced for the several
4.2(Y–Y), respectively, as those for the crystallographic structure models for this intermetallic phase.
perfect crystal structures are 6(Ni–Ni), 8(Ni–Y) and 4(Y– High rate self-diffusion phenomena has only been
Y).

Fig. 10. Radial distribution function for the grain-boundary structure at Fig. 12. Variation of the horizontal and the vertical self-diffusion
773 K calculated from 1/10 sample coordinates in additional 3000 time coefficients versus z axis neutral to the grain-boundary. The bold lines
steps simulation. The dashed line shows the Ni–Ni pair distribution, the represent the horizontal self-diffusion coefficients and the thin lines
bold solid line shows the Ni–Y pair distribution and the thin solid line represent the vertical self-diffusion coefficients. For both the coefficients,
shows the Y–Y pair distribution. the dashed lines represent Ni and the solid lines represent Y.
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