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Molecular-dynamics study of the dynamic properties of fcc transition and simple metals
in the liquid phase using the second-moment approximation to the tight-binding method

M. M. G. Alemany, O. Die´guez, C. Rey, and L. J. Gallego
Departamento de Fı´sica de la Materia Condensada, Facultad de Fı´sica, Universidad de Santiago de Compostela,

E-15706 Santiago de Compostela, Spain
~Received 28 January 1999!

Using a semiempirical many-body potential based on the second-moment approximation to the tight-binding
method, we performed molecular-dynamics simulations to compute the diffusion constants and shear viscosi-
ties of the fcc transition metals Ni, Pd, Pt, Cu, Ag, and Au and the simple fcc metals Al and Pb in the liquid
phase; in the case of Ni and Pb, we also computed the dynamic structure factors. Comparison of the molecular-
dynamics results with available experimental data shows that the tight-binding potentials give a reasonable
description of the dynamic properties of the liquid metals considered, in spite of having been parametrized on
the basis of solid-state data.@S0163-1829~99!09937-3#
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Many-body semiempirical potentials, such as those ba
on the embedded atom model~EAM! ~Ref. 1! or the tight-
binding method~TBM!,2 were developed to overcome th
limitations of the pair-potential approach for describing m
tallic bonding, and have been widely used to compute
energies of metallic systems for computer simulation p
poses~see, e.g, Refs. 3, 4, and those cited therein!. One of
the simplest semiempirical potentials derives from
second-moment approximation to the TBM~TBM-SMA!.5

In this TBM-SMA potential, which has successfully bee
used to analyze bulk and surface properties of transition m
als and alloys4,6,7 and to study mesoscale systems such
clusters of metal atoms~see, e.g., Ref. 8!, the cohesive en-
ergy of the system is the sum of an effective band term~in
which many-body effects are included! and a short-range re
pulsive pair potential. Although the governing equation
the TBM-SMA is formally equivalent to that of the EAM
the physical rationales of these two methods are quite dif
ent.

One of the main issues in the evaluation of semiempir
many-body potentials is the transferability of their para
eters, i.e., their applicability to systems differing from tho
used to obtain the parameters of the potential. Generally
potential parameters are derived from one-temperature s
state properties, so that a major question is whether the s
potential is able to describe the behavior of the liquid pha
with its quite different electron densities and interatom
separation distributions. Since the pioneering work
Foiles,9 several studies have analyzed the ability of the EA
to describe the static structure and thermodynamic and
namic properties of liquid transition metals~see, e.g., Ref. 10
and those cited therein!. The TBM-SMA, however, has re
ceived less attention in this area: as far as we know, the o
extensive applications of the TBM-SMA to liquid meta
have been carried out by Cleri and Rosato,4 Gómez et al.6

and Liuet al.7 These studies analyzed the static properties
liquid transition metals and of some liquid simple meta
such as Al and Pb, but not transport coefficients such as
diffusion constantD or the shear viscosityh, which are re-
lated to single-particle and collective dynamic properti
respectively.11 Even allowing for the greater computation
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demands of dynamic properties, this is somewhat surpris
since for the purposes of molecular-dynamics~MD! simula-
tions the TBM-SMA has the advantage over the EAM tha
gives an explicit expression for the band energy,4,5 whereas
the embedding function of the standard EAM~which repre-
sents the energy required to embed each atom in the l
electron density created by the remaining atoms! must be
constructed numerically once the pairwise potential and
electron density are known.12,13

In the work described here we investigated the ability
the TBM-SMA to describe the dynamic properties of liqu
metals by performing MD simulations to computeD andh
for the fcc transition metals Ni, Pd, Pt, Cu, Ag, and Au a
the simple fcc metals Al and Pb, comparing the results w
experimental data wherever possible.14 For Ni and Pb we
also computed, and compared with available data,15,16 the
dynamic structure factorS(q,v). For each metal studied, th
TBM-SMA parameters used were those obtained by C
and Rosato4 from a fit to the experimental values of th
cohesive energy, atomic volume, and elastic constants of
crystal atT50 K. Since the TBM-SMA is described in deta
in Refs. 4 and 5, it will not be explained here. In what fo
lows we sketch the computational method employed in
calculations, present and discuss our results, and summ
our main conclusions.

We studied all the metals considered in states near t
melting points characterized by the temperaturesT and
atomic number densitiesr listed in Table I~liquid densities
were taken from Ref. 17!; in the case of Ni, calculations
were also performed atT51875 K,r50.078 Å23, so as to
compare computedS(q,v) values with available experimen
tal data at that temperature.15 Using the TBM-SMA expres-
sion for the energy of each metal~which includes interac-
tions out to the fifth-neighbor distance4!, we performed MD
simulations for a system ofN5500 atoms in a cubic box
with periodic boundary conditions. The computational pr
cedure was as follows. First, we melted an fcc structure
obtain an initial configuration~i.e., the positions and veloci
ties of the particles! at the chosen densityr and temperature
T, and performed a canonical MD simulation using the No´
9208 ©1999 The American Physical Society
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TABLE I. Values of the diffusion constantsD and shear viscositiesh of the liquid metals studied, as computed using the Green-K
~GK! and Einstein~E! relations at the temperatures and atomic number densities specified, and available experimental data~Ref. 14!.

T ~K! r (Å23) D(Å2 ps21) h (eV ps Å23)
GK E Expt. GK E Expt.

Ni 1775 0.0792 0.25260.004 0.25460.004 0.03660.005 0.03760.006 0.0311
Pd 1853 0.0594 0.40360.003 0.40760.003 0.02360.003 0.02360.003
Pt 2053 0.0577 0.28160.003 0.28560.003 0.03860.006 0.03960.006
Cu 1423 0.0755 0.27260.003 0.27660.003 0.471 0.02760.003 0.02760.003 0.0248
Ag 1273 0.0517 0.26560.004 0.27060.004 0.281 0.02360.002 0.02360.002 0.0230
Au 1423 0.0525 0.26060.003 0.26460.002 0.02560.003 0.02460.003 0.0271
Al 943 0.0528 0.46860.006 0.47060.006 0.01060.003 0.01060.003 0.0077
Pb 613 0.0310 0.13360.003 0.13460.003 0.183 0.02060.003 0.02060.003 0.0157
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constant-temperature technique;18 the equations of motion
were solved using a fourth-order Gear predictor-correc
algorithm18 with a time step of 1024 ps. The energy of the
system was calculated by averaging over 104 time steps after
an appropriate initial period for equilibration. Then, starti
from a configuration with an energy very close to the av
age value so obtained, microcanonical MD simulations w
performed using the velocity Verlet algorithm18 with a time
step of 231023 ps. After an appropriate initial equilibratio
period, a configuration was recorded every 0.01 ps~5 time
steps!. In order to be able to estimate the statistical unc
tainty of the results of these microcanonical simulations,
properties of interest were averaged within each of twe
successive runs of 253103 time steps~i.e., over the 53103

configurations recorded in every run!. It is worth noting that
the pressures obtained in our simulations, 6–70 kbar, w
small compared with the bulk moduli of the metals sim
lated, which are of the order of 1 Mbar.19 This indicates that
the equilibrium zero-pressure densities will be very close
the experimental values.

For each liquid metal considered, the diffusion constanD
was calculated from the mean-square displacement u
Einstein’s formula and from the velocity autocorrelatio
function using the Green-Kubo relation.11,18 Similarly, the
shear viscosity was computed using the Green-Kubo
generalized Einstein formulas.11,18 In the cases of Ni and Pb
we also computed their dynamic structure factorsS(q,v) as
the Fourier transforms of the corresponding intermed
scattering functionsF(q,t).11

Although our primary objective in this study was to in
vestigate the dynamical properties of the liquid metals,
also computed their static structure factorsS(q)5F(q,0)
~Ref. 11! so as to allow comparison with available expe
mental data.16,17 Figure 1 shows that, in general, there
good agreement between the computedS(q) values for the
states listed in Table I and Waseda’s x-ray results.17 The
main discrepancies occur for Ni and Pb, notably in t
heights of the mainS(q) peaks. As has been pointed out
other theoretical studies of the properties of liquid met
~see, e.g., Ref. 10!, the method used by Waseda to analy
his x-ray measurements may underestimate the mainS(q)
peak somewhat. In the case of Pb, ourS(q) results are in
much better agreement with neutron-scattering data repo
by Söderström for T5623 K.16

In Table I we compare the computed values ofD andh
with the available experimental data.14 We first note that the
r

-
e

r-
e
e

re
-

o

ng

d

e

e

e

s
e

ed

FIG. 1. Comparison of the static structure factors of liquid N
Pd, Pt, Cu, Ag, Au, Al, and Pb, as calculated using the TBM-SM
potential in the states listed in Table I~solid curves!, and as ob-
tained by Waseda from x-ray data~Ref. 17! ~dashed curves!. In the
case of Pb, neutron-scattering results obtained by So¨derström ~Ref.
16! at T5623 K are also shown~crosses!. The y coordinates are
correct for the Pt, Au, and Pb curves; the Al curve is shifted up
1, the Pd and Ag curves by 1.5, and the Ni and Cu curves by 2
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values ofD andh computed using the Green-Kubo and Ei
stein relations are mutually consistent. For the metals
which experimental data for the shear viscosityh are avail-
able ~all except Pd and Pt!, our computed values of thi
transport coefficient are in very good agreement with
experimental results. Of the metals studied here, the o
ones for which the diffusion constantD has been measure
are Cu, Ag, and Pb. For Ag, our calculated values agree v
well with the experimental data, and the agreement is a
quite good with one of the published experimental values
Pb @the value for Pb shown in Table I was preceded by
value 0.237 Å2 ps21 at 613 K~Ref. 14!#. However, our MD
results for Cu differ considerably from the experimen
value reported in Ref. 14.

In principle, this discrepancy for Cu might be suspec
of indicating inadequate parametrization of the TBM-SM
potential for liquid Cu. However, as pointed out in Ref. 2

FIG. 2. Comparison of the computed dynamic structure facto
liquid Ni at T51875 K, r50.078 Å23 for several values ofv
~solid circles! with the experimental data reported by Johnsonet al.
~Ref. 15! at T51870610 K ~open circles!. Lines joining points are
merely visual aids.
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there are reasons to believe that the reported experime
value ofD for this liquid metal may be in error. The diffu
sion constant and the shear viscosity are connected thro
the Stokes-Einstein relation,Dh5kT/(2pa), wherek is the
Boltzmann constant anda is the diameter of the diffusing
particles;11 though exact only for the Brownian motion of
macroscopic particle, this relation can also be used to e
mate atomic diffusion constants in liquids. If this is done f
Cu, Ag, and Pb using the experimental shear viscosities
particle radii deduced from the atomic densities, the va
obtained for Cu, 0.268 Å2 ps21, differs much more widely
from the reported experimental data than do the values
tained for Ag and Pb, 0.228 Å2 ps21 and 0.136 Å2 ps21,
respectively. This argument, though simple, suggests tha
experimental value ofD for liquid Cu atT51423 K reported
in Ref. 14 is indeed probably overestimated. Furthermo
the values ofD obtained for liquid Cu in this paper are i

f FIG. 3. Comparison of the computed dynamic structure facto
liquid Pb at T5613 K, r50.0310 Å23 for several values ofv
~solid circles! with the experimental data reported by So¨derström
~Ref. 16! at T5623 K ~open circles!. Lines joining points are
merely visual aids.
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keeping with theab initio MD result of Pasquarelloet al.,21

0.2860.02 Å2 ps21.
Our TBM-SMA values ofD andh for liquid Al are con-

sistent with the values recently otained byab initio MD cal-
culations, 0.68 Å2 ps21 and 0.0087 eV ps Å23 ~Ref. 22!,
given that the latter were calculated forT51000 K. Our
values for the fcc transition metals Ni, Pd, Pt, Cu, Ag, a
Au are generally in good agreement with the values pre
ously computed,10,20 for the same thermodynamic states, u
ing the Voter and Chen~VC! version of the EAM.13 The
most significant difference concerns the diffusion constan
liquid Ni: the VC EAM values obtained using the Gree
Kubo and Einstein relations were, respectively, 0.3
60.005 and 0.35660.004 Å2 ps21 ~Ref. 10!, which are
somewhat higher than the TBM-SMA values listed in Tab
I. As indicated above, there are no experimental values of
diffusion constant of liquid Ni with which to compare calcu
lated values, but there are reasons to believe that the
EAM results are more accurate than those obtained using
TBM-SMA: we have recently shown10,23 that the VC EAM
gives a good description of the static structure and ther
dynamic properties of liquid Ni even at high temperatur
whereas the TBM-SMA description of these properties
less accurate,4,7 at least when, as in the present paper,
parameters obtained by Cleri and Rosato4 are used.

In Figs. 2 and 3 we compare, for liquid Ni atT51875 K,
r50.078 Å23 and liquid Pb atT5613 K, r50.0310 Å23,
the dynamic structure factorS(q,v) at v50.76, 5.32, and
8.36 ps21 as determined from our TBM-SMA MD simula
tions and from neutron-scattering data.15,16 In general, the
agreement between the computed values ofS(q,v) and the
experimental data is very good. The only significant discr
ancies occur for liquid Ni at the lowest frequency and wa
,
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numbers close to 3.03 Å21, the position of the main peak o
the MD static structure factor of Ni atT51875 K; like the
similar discrepancies found in our earlier VC EAM-bas
MD study of liquid Ni,10 they are probably mainly due to
errors in Johnsonet al.’s work-up of their experimental data
in the region nearv50, rather than to inadequacy of th
semiempirical potential used.

To sum up, the TBM-SMA potential, even when param
etrized solely on the basis of solid-state data, is capable
providing a reasonably good description of the dynam
properties of the fcc metals Ni, Pd, Pt, Cu, Ag, Au, Al, an
Pb in the liquid phase. This result is not obviousa priori,
since there are potential models for transition metals t
give a good description of the solid state but a very po
approximation for the static structure factor of the liqu
phase~see, e.g., Refs. 9 and 24!. For the metals studied her
for which no experimental values ofD or h are yet available,
the computed values listed in Table I may, with the proba
exception of the diffusion constant of liquid Ni, prove usef
to researchers who need these data. Similarly, the resul
Figs. 2 and 3 show that the TBM-SMA potential may b
useful for describing the dynamic structure factors and ot
collective dynamic properties of transition and simple liqu
metals, the experimental determination of which may be d
ficult or, as in the case of the transverse current correla
function,11 impossible. These considerations seem likely
be valid not only for the fcc metals discussed here, but a
for hcp transition metals, for which TBM-SMA potential pa
rameters have also been obtained from solid-state data.4

This work was supported by the DGICYT, Spain~Project
No. PB95-0720-C02-02! and the Xunta de Galicia~Project
No. XUGA20606B96!.
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8M. J. López and J. Jellinek, Phys. Rev. A50, 1445~1994!.
9S. M. Foiles, Phys. Rev. B32, 3409~1985!.

10M. M. G. Alemany, C. Rey, and L. J. Gallego, Phys. Rev. B58,
685 ~1998!.

11J. P. Hansen and I. R. McDonald,Theory of Simple Liquids~Aca-
demic, London, 1986!.

12S. M. Foiles, M. I. Baskes, and M. S. Daw, Phys. Rev. B33, 7983
~1986!.

13A. F. Voter and S. P. Chen, inCharacterization of Defects in
Materials, edited by R. W. Siegel, J. R. Weertman, and R. S
clair, MRS Symposia Proceedings No. 82~Materials Research
-

Society, Pittsburgh, 1987!, p. 175.
14M. Shimoji and T. Itami,Atomic Transport in Liquid Metals

~Trans Tech Publications, Aedermannsdorf, Switzerland, 19!.
15M. W. Johnson, B. McCoy, N. H. March, and D. I. Page, Ph

Chem. Liq.6, 243 ~1977!; M. W. Johnson and D. I. Page, Har
well Report No. AERE/MPD/NBS/19, 1977~unpublished!.
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