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Using the Voter and Chen version of the embedded-atom model, we carried out molecular-dynamics simu-
lations to compute both single-particle and collective time-dependent properties of liquid Ni, and thereby
calculated its diffusion constant and shear viscosity, for the latter of which experimental values are available.
The calculated values of the dynamic and self-dynamic structure factors are generally in reasonable agreement
with the results of inelastic-neutron-scattering experiments. The values calculated for the diffusion constant by
several different routes are mutually consistent. The values of the shear viscosity obtained by several different
methods are all very similar to available experimental val{88163-182608)02126-2

. INTRODUCTION metal. The EAM we used was the VC versihsince
this model has proved very useful for describing the proper-
The embedded-atom mod@&AM), originally developed ties of a wide variety of metallic materials, including
by Daw and Baskég on the basis of Stott and Zaremba's cluster§~® and bulk system¥ it was expected to allow
earlier quasiatom approachhas been successfully used reliable description of the dynamical properties of liquid
to calculate a wide variety of bulk and surface propertiedransition metals, too. The metal we considered was liquid
of metals and alloygfor a review, see Ref.)4 Recently, Ni, for which results of inelastic-neutron-scattering experi-
the EAM has also been used to describe the behavior ohents are availabf.
free ! and supporteld'® metal clusters. In the EAM, In this paper, we discuss both single-particle and col-
the total energy of the metal system is considered as thkective dynamic properties. The single-particle properties
sum of the energy necessary to embed each atom in the badltetermined are the mean-square displacemgir (t))
ground electron density set up by the neighboring at@hes and two single-particle correlation functions, the velocity
“embedding energy) and an energy from two-body inter- autocorrelation functionW(t) and the self-intermediate
actions. scattering functior-¢(q,t); the collective properties studied
Several versions of the EAM have been proposed. Thewre the intermediate scattering functidf(q,t) and the
differ in the form of the functions involved and in the longitudinal and transverse current correlation functions
method used for their parametrization. In previous work weC,(q,t) and C;(q,t). These properties were used to calcu-
used the Voter and ChdWC) version of the EAM(Ref. 16 late two transport coefficients: the diffusion constdnt
in molecular-dynamicgMD) simulations performed to ana- and the shear viscosity. There are no experimental values
lyze the structural and dynamical properties of some oneef the diffusion constant with which to compare calculated
and two-component clustef§:'* The VC method differs values, but the values calculated from our results by several
from other EAM approachesin particular, from that of independent routes are mutually consistent. Our calculations
Foiles, Baskes, and D& in (a) the use of a core-core pair are also supported by the values of the shear viscosity
interaction with a medium-range attractive contribution, andobtained by several different methods, which are very simi-
(b) the use of properties of the diatomic molecule in fittinglar to available experimental valu&s.Although our pri-
the embedding function and pair interaction. mary goal was to investigate the dynamical properties
The first application of the EAM to liquid metals was by of liquid Ni using the VC EAM version, results on the
Foiles!® who in an MD investigation of the static structure static structure factoiS(q) were also obtained so as to
factors of the late transition and noble metals obtained resultsllow comparison with x-ray and neutroff scattering
in good agreement with those of x-ray experiméfitdore  data and with MD predictions fo8(q) obtained by other
recently, both the static structures and thermodynamics dfAM approache$®?
liquid transition metals have been described using EAM The organization of this paper is as follows. In Sec. Il we
potentials?®~**However, to our knowledge, EAM-based MD describe the EAM version used in this paper and sketch the
calculations of the dynamical behavior of this kind of systemcomputational method employed in our calculations. In Sec.
have not yet been carried out. Extensive computer simulail we present and discuss the results obtained. Finally, in
tion studies of the dynamical properties of liquid metalsSec. IV, we summarize our main conclusions.
have only been performed for alkali systems using effect-

ive interatomic potential®~33 MD simulations have also Il. MODEL POTENTIAL AND COMPUTATIONAL
been carried out to describe the dynamical behavior of PROCEDURE
Lennard-Jone¥~*! hard-coré®?> and hard-core Yukawa _

fluids. A. Model potential

In this work we carried out a thorough EAM-based In the EAM}?'®17the energy of a metallic system is
simulation of the dynamical behavior of a liquid transition written as

0163-1829/98/5)/6859)/$15.00 PRB 58 685 © 1998 The American Physical Society



686 M. M. G. ALEMANY, C. REY, AND L. J. GALLEGO PRB 58

1 data for both the states considered in this paper have been
EZZ Fi(pi)+ EZ E. &ij(rij), (1) obtained by Wased&using x-ray scattering.
! Using the VC EAM described above, we performed MD

whereF;(p;) is the energy required to embed atoiinto the ~ Simulations for a system dl =500 atoms in a cubic box
background electron density at sité¢p;), r; is the distance W'tth g?rlolcillllcbbo\tlmflary C(;réc::t'%ns' -I;hj 7C g;céﬁAdl_stance”com-
between atoms and j, and ¢;;(r;;) is the core-core pair PUt€ Tor ™I by VOTEr and LAl e,=. + 1S smaller

_ . — . than the maximum value allowed, at each density, by the
interaction between these atoms. The host electron demsity

is approximated by superimposing contributions by all theperiOdiC boundary conditionsone-half the boxlengih
pp ' Dy Superimposing y 9.240985 A for p=0.0792 A3, and 9.288134 A for
atoms surrounding atoiin

p=0.078 A 3. Hence the full contribution of the potential
o energy was included in the calculations.
pi=2 pi(rij), (2 The computational procedure was as follows. For each

17 state, a canonical MD simulation was first carried out using

wherep;(r;;) is the electron density of atojnat the position the Noseconstant-temperature tephmq‘@eThe initial con-

of the nucleus of atori. If the atomic density functiop(r) ~ figuration was obtained by melting an fcc structure. The
and the pair interactios(r) are both known, the embedding equations of motion were solved using a fourth-order Gear
energy can be uniquely defined by requiring that the energjpredictor-corrector algorithfiwith a time steft=10"* ps.
given by Eq.(1) match the “universal” equation of state The energy of the system was then calculated by averaging
proposed by Roset al,*” which gives the cohesive energy over 5X 10° time steps after an appropriate initial period for
of the metal as a function of the lattice constant. equilibration.

As indicated above, there are several EAM versions, Starting now from a configuration with an energy very
which differ in the form of the functions involved and in the close to the average value obtained above, microcanonical
method used for their parametrization. In this work we usedMD simulations were performed using the velocity Verlet
the VC version? in which the atomic electron density is algorithn™® with a time stet;=2x10"2 ps(microcanonical
given by simulations are better than canonical simulations for study-

ing dynamical properties because of the difficulty of control-
p(r)=r8e Ar+2% 28" (3)  ling the heat exchange variable in the Nasethod. After
an appropriate initial equilibration period, a configuration
B being an adjustable parameter, and the pairwise interactiofie., the positions; and velocitiesv; of the particles was

is described by the Morse potential: recorded everyAt=0.01 ps(5 time steps In order to be
) able to estimate the statistical uncertainty of the results of
¢(r)=Dm{l—exd —am(r—Rw1}*~Dum, (4  these microcanonical simulations, the properties of interest

were averaged within each of six successive runs of
25X 10° time steps(i.e., over the 5 10° configurations re-
Eorded in every run

All the properties analyzed in this work were computed
using standard expressiotfs>2 To establish notation, we
present the formula used for the static structure fattor:

whereDy,, Ry, and oy, are, respectively, the depth of the
potential, the distance to the minimum, and a measure of th
curvature at the minimum. The valuesBf,, Ry, au, B,
and the cutoff distance,;, at which the functiongs(r) and
p(r) and their derivatives are forced to go smoothly to zero
were determined by Voter and CHérfor Ni by minimizing
the root-mean-square deviation between the calculated and

experimental values of the three cubic elastic constants and 1

vacancy formation energy of Ni metal and of the bond length S(q)=—{ > >, exfd —ig-(r;— 1), (5)
and bond energy of the diatomic molecule. It was Voter and N\ 5

Chen’s values of these parameters that were used in this

work. The resulting embedding function was approximated . . . -
by a cubic spline. where q is a wave vector compatible with the periodic

boundary conditionfi.e.,q=(2#/L)(ny,n,,n,), whereL is
) the length of the simulation box and the are integerkand
B. Computational procedure the angular brackets denote averaging over both the trajecto-

We studied liquid Ni in two different states characterizedries of the particlegi.e., over the 5 10° configurations re-
by the temperatur& and the number densify: T=1775 K,  corded in every runand over all theN, directions corre-
p=0.0792 A3 and T=1875 K, p=0.078 A3, The first sponding to the same modulgs
state, quite near the melting poirf {=1726 K, Ref. 48, is The single-particle dynamics of the system were analyzed
the same as was investigated by Fdffesnd by Holzman by computing the mean-square displacemghfr (t)) and
et al?% in describing the static structure and thermodynamithe normalized velocity autocorrelation functio® (t),
cal properties of liquid Ni by means of MD simulations us- which were obtained, in every run, by averaging over time
ing different EAM versions from that used in this paper; theorigins separated by 0.05 psA¥), and the self-intermediate
second corresponds to the conditions of the neutronscattering functioriF¢(q,t), which was calculated by averag-
scattering experiments carried out by Johnsiral,**%®  ing over time origins separated byA5 and over all theN
T=1870+10 K. The experiments of Johnsat al. yielded directions corresponding to the same modwu3he collec-
data on the static structure fact8fq);*® experimentalS(q) tive correlation functions studied here, namely, the interme-
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3 prr T T g simulations based on different EAM versions from that used
. 3 a E here. Holzmaret al?® attributed discrepancy with Waseda’s
B ] x-ray data to the fact that Ni has a certain degree of direc-
2 F ] tional bonding that is not reflected in the EAM models used.
- C ] We note, however, that underestimation of the height of the
215 3 ; :
75 . ] main S(q) peak appears to be a systematic error of the
1 f MW% method used by Waseda to analyze his x-ray measurements:
: %@f = ] for liquid alkali metals, Waseda’s valtiefor this parameter
0.5 | ] is an average 10% lower than that obtained by neutron scat-
ol o N tering or other x-ray method$;*®and for Ni in the statd
0 5 4 6 8 10 =1875 K, p=0.078 A3 there is a difference of the same
q@h order with respect to both our computed data and the
Y — neutron-scattering results of Johnsatral,*® with which our
os . b ] data are in much better agreemghig. 1(b)].
_ . E(E ] B. Single-particle dynamic properties
AR g 5 E Figure 2 shows the computed normalized velocity auto-
1 ' % (&mem correlation function ¥(t) of liquid Ni for the states
: jg Yt E T=1775K,p=0.0792 A3 andT=1875 K,p=0.078 A~2.
0.5 | . The results, which are practically the same for the two states,
T show the so-called “cage effect™?®33which is character-
0 2 4 6 8 10 istic of dense fluids: each atom being enclosed in a small
q @1 cage formed by the surrounding atoms, it can move over

short distances but will then be reflectédausing¥ to
FIG. 1. Static structure factd(q) for liquid Ni at T=1775K,  change sigp after which correlation between its instanta-
p=0.0792 A"* [panel(a)] and T=1875 K, p=0.078 A"° [panel  neous and initial velocities quickly vanishes. The values of
(b)]. The solid lines represent our EAM MD results, the crossese giffusion constand obtained using the Green-Kubo and
x-ray-diffraction data(Ref. 19, and the open circles neutron- pingtein relations agree well for both the thermodynamic
scattering measuremer(@ef. 49. states consideredTable ), and for the statel=1875 K,
p=0.078 A2 our results also agree quite well with the
valueD=0.46 A2 ps! estimated by Johnsoet al** from
the results of their neutron-scattering experiments.
For the state closer to the melting poift=1775 K,
=0.0792 A3 the self-intermediate scattering function
s(g,t) was computed as a function of time for a wide range

diate scattering functior-(qg,t) and the longitudinal and
transverse current correlation functioBg q,t) andC;(q,t),
were similarly computed using standard relatiohsThe
diffusion constantD was calculated from the mean-
square displacement using Einstein’s formula, and from th
normalized veloc_:ityo 5611utpcprrelation functio.n u;ing the of wave numbergTable I). These curves decay monotoni-
Green-Kubo relatior®®! Similarly, the shear viscosity;, a cally with time for all q values (Fig. 3. For the state

transport coefficient related to collective correlations T=1875 K. p=0.078 A3 i
; i T= ,p=0. we explored 22 values in the
was calculated using the Green-Kubo and generalized Ein- P P

stein formulas’®>°

We also computed the Fourier transfornis of the I g
correlation functions, i.e., the self-dynamic structure 0.8 n 7
factor S¢(q,w) =F[F«(q,t)], the dynamic structure factor s B
S(g,0)=FF(a.1)], Ci(d,®)=FCi(a,1)], and C(d,w) o6 F ]
=FCua,t)]. o ]

= 04 .
I1l. RESULTS AND DISCUSSION > 0.9 C -
A. Static properties T ]

In Fig. 1(@ we compare the computed static structure 0 r : N
factor S(q) for liquid Ni at T=1775 K, p=0.0792 A3 02 L B
with x-ray data obtained by Waseddor the same thermo- T T T

dynamic state, and in Fig. (i) the computed data

for T=1875 K, p=0.078 A3 are compared with both 0 0.1 t?.zs) 0.3 0.4
Waseda'’s x-ray resuftdand the neutron-scattering results of P

Johnsoret al*® for this state. The discrepancy between the FiG. 2. Normalized velocity autocorrelation functioi(t) for
x-ray results and simulatiofnotably in the height of the |iquid Ni as obtained from our EAM MD simulations. The solid line
main S(q) peak is similar to those obtained far=1775 K, s for the statéT =1775 K, p=0.0792 A 2 and the dashed line for
p=0.0792 A2 by Foiles® and by Holzmaret al?®in MD  the stateT=1875 K, p=0.078 A3,
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TABLE I. Values of the diffusion constar® (in A2 ps™1) for
liquid Ni at T=1775 K, p=0.0792 A3 and T=1875 K,
p=0.078 A3, as computed using the Green-Ku@®K) and Ein-
stein (E) relations. For the stat&=1775 K, p=0.0792 A3, we
also show the values obtained by analyzing our MD data in terms of

HF, MF, and MC modelgsee text E‘«
T=1775 K, T=1875 K, =

p=0.0792 A3 p=0.078 A3
GK 0.352+0.005 0.4310.004
E 0.356+0.004 0.4340.004
HF 0.351+0.008

t (ps)

MF 0.352+0.007
MC [Eqg. (13)] 0.35+0.01 FIG. 3. Self-intermediate scattering functiéi(q,t) for liquid
MC [Eq. (14)] 0.36+0.01 Ni at T=1775 K, p=0.0792 A3, as obtained from our EAM MD

simulations, for the wholg range investigated. From tgpmallest

q) to bottom(largestq), the wave numbers are those listed in Table
range 2-5 A%, which is close to the range analyzed by !

Johnsonet al** in their neutron-scattering experiments. In

Fig. 4 we compar&(q, ») for this state, as determined from be greatest precisely in this region, where the deconvolution
our MD simulations, with the neutron-scattering data re-correction is largest! In general, accurate experimental de-
ported by Johnsoat al. for the same constant valuesof’  termination of spectral features near=0 is a delicate task,
Except foro=0 andq<3 A~! there is fair general agree- and discrepancies between MD and experimental results
ment between our values and those of Johretaal. In prin-  should not automatically be blamed on the MD calculations.
ciple, the discrepancy noted could be ascribed to inadequafeor example, Gonizez et al>® recently found significant dis-
parametrization of the EAM functions used: as noted in Sec¢repancies between MI34(q,w) results and experimental

Il A, the embedding function and pair interaction parameterglata for liquid Li in the region arouna =0, in spite of the
were determined from solid-state data and the properties dfotential they used, an interionic pair potential with no ad-
the diatomic molecul&® which does not guarantee an accu-justable parameters derived from the neutral pseudo-atom
rate description of the liquid state. If this is the reason for themethod, being capable of very satisfactory reproduction of
discrepancy, it should be possible to improve the EAM de-both the thermodynamic and static structure of liquid Li
scription of the liquid statdwhile still describing the solid (over a wide range of temperatuyés*-*°and its dynamical
accurately by including liquid-Ni data in the database used properties(outside the region around=0).°

for parametrization. However, it seems more probable that Our F¢(q,t) results for the statd =1775 K, p=0.0792

the observed discrepancy may be due to the experimentd 3 can be interpreted in terms of hydrodynamic(fitF),
results reported by Johnsat al. for =0 having rather memory function(MF), and mode couplingMC) models
large errors in the region where the curvature of$g@,w)  (see Refs. 28, 51, 52, 61, and)6& as to obtain further
vs g curve is highest: since the data reported by Johnsomalues of the diffusion constabt for comparison with those

et al. were the result of applying a deconvolution process toobtained directly fron{A%r (t)) and ¥ (t). Both the HF and
their original raw data, any error in the deconvolution func-MF models forF(q,t) containg-dependent parameters and
tion will have led to an error in their reported data that will allow the diffusion constanD to be obtained in the limit
g—0.

TABLE Il. Wave numbersg used in the study of the self-

intermediate scattering functidfy(q,t) of liquid Ni at T=1775 K,
p=0.0792 A°3; the correspondind\, values are also shown. Ex-
cept for those marked by an asterisk, the same wave numbers were
used in the study of the collective correlation functions. g
q (A Nq qA™ Nqg g
0.339963 3 1.665472 12 A
0.480780 6 1.923121 6
0.588833 4 2.067914 12
0.679926 3 2.355333 4
0.760180 12 2.719704 3
0.832736 12 3.040721 12
0.961561 6 3.189136 12 FIG. 4. Self-dynamic structure fact@(q, ) for liquid Ni at
1.127530 12 3.846243 6 T=1875 K, p=0.078 A3, for several values of» (from top to
1.225754 12 4.710667 4 bottom, w=0, 2.28, 4.56, 6.84, and 9.12 P9. The solid lines
1.359852 3 5.439408 3 represent the computed results and the open circles the experimen-

tal data(Refs. 44 and 57
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FIG. 5. Relaxation timess(q) for liquid Ni at T=1775 K,
p=0.0792 A3, Solid circles represent values obtained by fitting
Eq. (9) to our computedS,(q,w) results, open circles values ob-
tained by fitting Eq(9) to S(q,) results computed from E@12)
and the values oD (q) obtained from the HF model.

According to the HF modet > for smallq

Fe(g,t)=e P9, (6)

The values of thg-dependent generalized diffusion constant

D(q) were obtained by fitting Eq6) to the MD results of
Fig. 3, and extrapolation tq=0 gave a value of the diffu-
sion constanD that is in very good agreement with those
derived using the Einstein and Green-Kubo equatidiable
).

Our MF model is based on the following ansatz for
N4(q,t), the MF of the MF ofF (q,t):2®>!

Ns(q,t) =[2w3(q) + Q3]e V7@, (7)

where Q) is the Einstein frequencyrs(q) the relaxation
time, andw?(q) the second-frequency moment of the self-
dynamic structure factd®,(q, ), which is given in terms of
the thermal speed, by

(8)

(v3=kT/m, wherek is the Boltzmann constant amd is the
atomic masp The MF model specified by E§7) yields the
expression

®2(q)=(quo)?

Si(q,w)

7o(Q) 02(Q)[203(q) + Q3]
T w272(q)[ 02— 3w(q) — Q2+ [ w?— wi(q)]?

©)

which to obtain the relaxation timeg(q) plotted in Fig. 5 as
solid circles was fitted t&;(q,w) values computed from the
F(q,t) results of Fig. 3. To fit Eq(9), the Einstein fre-
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whereF; is the total force exerted on atomandE, is the
total kinetic energy. In principle, extrapolation @f(q) to
g=0 would now allow calculation of the diffusion constant
D from the expressidfi®!

v6
.

lim 7¢(q) = (1)

q—0
However, since nds(q,w) values could be calculated for
the four smallest values for whichF¢(q,t) was obtained
[becauseF4(q,t) decayed too slowly to allow computation
of its Fourier transform; see Fig.],3we first computed a
second series of¢(q) values(open circles in Fig. b by
fitting Eq. (9) to Si(q,w) values calculated from our HF
values forD(q) using the expressiéf®?

1 D 2
S w) = (1q

7 [D(q) g%+ w?’ (12

The two sets ofr;(q) values agree well, especial{gs is to
be expectedfor small g, and extrapolation tg=0 yielded
the value 0.352 0.007 A% ps? for the diffusion constard,
in good agreement with those obtained previou3igble ).

The MC theory of Schepper and Erfist? predicts linear
q dependence 08,(q,0)q% and wy(q)/q% wy(q) being
the half width ofS¢(qg,w) at half maximum:

1

S(a.09°=—5 (1+aq), (13

wllziq)=D(1—bq), (14
q

wherea andb are parameters that can be determined theo-
retically from basic quantities and from the diffusion con-
stant and shear viscosity. The values of the diffusion con-
stantD obtained by fitting Eqs(13) and (14) to values of
S.(9,0)9?% and w4,,(q)/g? calculated from our MD results
and from Eq.(12) and the HF values dD(q) are consistent
with those obtained previouslfable ).

C. Collective dynamic properties

The normalized intermediate scattering function
FN(q,t)=F(q,t)/F(q,0) for liquid Ni at T=1775 K,
p=0.0792 A 2 was computed for all the wave numbers of
Table Il except for those marked with an asterisk. Figure 6
shows the corresponding normalized dynamic structure fac-
tors SN(q,w)=5(q,»)/S(q). At the smaller g values,
SV(g,w) presents both the centrgRayleigh peak and a
secondary(Brillouin) peak indicative of sound-wave propa-
gation. Asg increases towards,=3.0785 A", the position
of the main peak in the MD static structure facfbig. 1(a)],
the Brillouin peak disappears and the half width at half maxi-
mum of the Rayleigh peak falls marked(his is the “de

quency was calculated from the simulation data using th€ennes narrowing effect® which is characteristic of dense

expressiorf->!

S (F)

2:
i 2m(Ey)’

(10

fluids and has its origin in the strong spatial correlations
which exist nean,; Refs. 28, 32, 42, 43, and B4

In Fig. 7 we compare the dynamic structure fac$¢q, )
for liquid Ni at T=1875 K, p=0.078 A3, as determined
from our MD simulations, with the neutron-scattering data
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FIG. 7. Dynamic structure factoS(q,w) of liquid Ni at
T=1875 K, p=0.078 A3, for several values of» (from top to
bottom, =0, 7.60, and 15.19 p$). The solid circles represent
the computed results and the open circles the experimental data
0.14 (Ref. 44. Lines joining points are merely visual aids.
0.12 1N
7 H 2-—1 -1 -1
g o1 K—=—(1—5)[<EVEK )= 2AEN(EVE ) +(EWXEN]
Z 0.08 s P
s
z 0.06 Nk} N
0.04 +pkT 1+2’y—C—V +;<EVV>a (16
002 in which u=3N-3 is the number of degrees of freedom of
o the system(in the MD simulations the total linear momen-
1 tum is fixed andy andC,, are the Graeisen parameter and
® (ps™) S0 .5 55 the heat capacity at constant volume, which are given by
35 :
100 15 28 q A7)
C “ 17
FIG. 6. Normalized dynamic structure facto8N(q,w) V= 1
—S(q,)/S(q) for liquid Ni at T=1775 K, p=0.0792 A 3. Val- 1+ (2/p—1(E(E( )
ues ofq are listed in Table 1. and
reported by Johnsoet al** for the same constant values of Nk Niu 4 1
w. In general, the agreement can be considered satisfactory. Y= C_v+ P E_l [(Ev)(Ex ) —(EvE( )] (18)

As in the case 054(q, ), the main discrepancies occur for ]
»=0, particularly at wave numbers close ¢p=3.0252 In Egs.(16) and(18), Ey and Eyy represent, respectively,
A1, the position of the main peak of the MD static structurethe first and second derivatives of the energy with respect to
factor[Fig. 1(b)]. As indicated above, these discrepancies ardh€ volume, EAM expressions for which can readily be ob-
probably due to error in the worked-up experimental data irfained using Eq(1). The value calculated;;=42.80+0.09
the w=0 region, rather than to inadequacy of the VC EAM. Aps™* (cf. the reported experimental values at the melting
For all g, the longitudinal current correlation function Point, 40.45 A ps* and 40.36 A ps*; Ref. 69, was used to
Ci(q,t) of liquid Ni exhibits heavily damped oscillations, ©btain the functionns(q) = csq, which is compared in Fig. 9
and C,(q,») has a well-defined peak at sone=w, (q) with the dispersion relatiom, ,(q) of the longitudinal cur-
>0. The results obtained computi@j(q, ») (a) as the Fou- rent correlation function and with the Brillouin dispersion
rier transform of Cy(q,t), and (b) from the relation relation wg(q) [ie., the frequencies of the secondary
Ci(q,w) = w?S(q,w) (see, e.g., Ref. 5ido not show signifi- Maxima ofS(q, ), when they exigt For smallg, o m(q)
cant differencegby way of illustration, Fig. 8 shows the andwg(q) almost coincide with each other and with(q),
results forT=1775 K, p=0.0792 A3, and q=0.832736 in compliance with the general prediction that in the hydro-

AY). dynamic regionw; (q) ~ wg(q)~csq.>*?As in the case of
The adiabatic speed of sound was calculated for the Other liquid metal$?****asq increaseso; ;(q) slightly ex-
stateT=1775 K, p=0.0792 A~3 using the expressidh ceedsw(q), which may be associated with shear relaxation

effects?® The pronounced minimum ab n(q) nearq, has
also been found in liquified noble gas8s,liquid
co=/ L (15) metals?®3°-32and hard-core Yukawa fluid$,and is closely
s pmMKg' related to the de Gennes narrowing exhibitedy, ).

The transverse current correlation functiég(q,t) is not
whereKg, the adiabatic compressibility, was derived from directly measurable by experiment but can be computed by
the microcanonical MD simulations using the relation MD simulations. For all they values investigated, the nor-
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FIG. 8. The spectrun€ (g, ) of the longitudinal current cor-
relation function of liquid Ni aff=1775 K,p=0.0792 A3 for the
wave numbery=0.832736 A1, as computed by calculating the
Fourier transform of,(q,t) (solid curve and by using the relation
Ci(q,»)=w?S(q,») (dashed curve

malized functionC{“(q,t)=Ct(q,t)/Ct(q,O) for liquid Ni at
T=1775 K, p=0.0792 A 3 exhibits oscillations indicative
of transverse(sheaj excitations. To estimate the kinetic
shear viscosityw= 5/(pm) for this state, we first estimated
the generalized kinetic shear viscosit{q) by fitting the HF
expression°2

cNg,t)=e vt (19

to the MD results forC{“(q,t), and then extrapolated tp

TABLE lIl. Values of the shear viscosityin eV ps A~%) for
liquid Ni at T=1775 K, p=0.0792 A3 and T=1875 K,
p=0.078 A3, as computed using the Green-Kuf@®K) and gen-
eralized Einstein(E) relations, and the respective experimental
(EXPT) data(Ref. 45. For the statf =1775 K, p=0.0792 A"3,
we also show the values obtained by analyzing 6yfd,t) MD
data in terms of an HF modgEq. (19)].

T=1775K, T=1875 K,
p=0.0792 A3 p=0.078 A3
GK 0.028+0.002 0.022-0.002
E 0.029+0.002 0.024:0.003
EXPT. 0.0311 0.0259
HF 0.031+0.003

Fig. 11. Although this procedure would not by itself be ex-
pected to give a very accurate estimategpf the result,g;
=0.19+0.02 A%, agrees with the valug,=0.18 A" ! af-
forded by the expressiog,=27/(14a) (which Jacucci and
McDonald’ inferred from MD results for liquid Na and K
when the nearest-neighbor distaracés set to 2.430.01 A,
the value obtained from the radial distribution function com-
puted using the VC EAMthe experimental value derived
from x-ray measurements @=2.5 A; Ref. 19. Further-

0.06

. 0.05

=0. The resulting value is in excellent agreement with the g

experimental value and is consistent with those derived di- g

rectly from our MD simulations using the Green-Kubo and &

generalized Einstein expressioiiable Ill). The Green- o

Kubo and generalized Einstein values also agree well with
experiment for the stat&=1875 K, p=0.078 A3 (Table
).

Figure 10 shows that all the curv@(q,w) present a
maximum at some, ,,>>0. Since the dependence®f ,, on
g is linear for smallg (Fig. 11), a rough estimate df;, the
critical wave number above which shear waves are sup-
ported, can be obtaingtbgether with an estimate af, the
velocity of propagation of shear modegsy fitting the linear
dispersion relatiorw; ,=c(q—q;) in the low region of

SRS L S
50 .t . _ 0.012
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40 - . E -
. . 32
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FIG. 9. Comparison of the dispersion relation ,(q) of the
longitudinal current correlation functiofsolid circles, the Bril-
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FIG. 10. The spectrunﬁ:{\'(q,w) of the normalized transverse

louin dispersion relatiorog(q) (open circleg and the linear func-  current correlation function of liquid Ni in the stale=1775 K,

tion ws(q) =c4q for liquid Ni at T=1775 K, p=0.0792 A"3,

p=0.0792 A3, Values ofq are listed in Table II.
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35 T factor S(q) are in reasonable agreement with experimental
data. The values of the dynamic structure factS{&y, )

: . oo and S(q,w) are also in quite good general agreement with
25 ¢ - T the results of inelastic-neutron-scattering measurements; the
; 3 main discrepancies occur at specific wave numbers wihen

30 £ =

o, @ (ps

20 F 3
: 1 =0, and the origin of these discrepancies may lie in the
15 - 0 g experimental data rather than in the VC EAM-based MD
10 [ - E results. No direct experimental data on the diffusion constant
; 1 D of liquid Ni are available for comparison, but the values of
5 o E D obtained by using the computed mean-square displace-
O Bl b b b L ment (A%r(t)) and the velocity autocorrelation function
0 1 2 3 4 5 6 W¥(t) in the Einstein and Green-Kubo equations are mutually

q &) consistent. HF, MF, and MC models fitted to our MD data
give similarly consistent values of the diffusion constant.
Our simulation results are also supported by the good agree-
ment between the values of the shear viscosity calculated by
various methods and available experimental data.

FIG. 11. Dispersion relatiom, ,(q) of the transverse current
correlation function for liquid Ni alf=1775 K, p=0.0792 A 3.

more, with the same value af Jacucci and McDonalcfé

expressiong, = 2/(1.4a) for the maximum wave number A priori it is not obvious whether a model potential such
for longitudinal collective modes affords a valgg=1.8 @S the VC EAM, which uses only solid-state data and the

A1 that is in keeping with the behavior observed in Fig. 6,Properties of the diatomic molecule to parametrize the em-
which shows that longitudinal collective excitations disap-°€dding function and pair interaction, can describe the static
pear at aboug=1.923121 A . Thus our results for botb, and dynamic properties _of_ the liquid phgse. The agreement
andq, are in keeping with the validity of Jacucci and Mc- Peétween VC EAM predictions and available experimental
Donald’s expressions for a nonalkali metal, and suggest thafSults for liquid Ni is quite encouraging, and suggests that
in liquid transition metals, as in liquid alkali met&f3L-3267  this model(and probably other EAM approachesay also
capable of describing the dynamical properties of other

the g regions where sound and shear waves are supportetX . . . :
overlap. This behavior differs from that of Lennard-Jones'qu'd transition metals reasonably well. To enable this point

systems, which exhibit @ gap where neither longitudinal t© be venified, information derived from neutron- or light-
nor transverse modes can propagétds has been pointed scattering experiments on this kind of system would be wel-
out by Copley and Loves& and by Jacucci and COME€:

McDonald®’ these differences reflect the stronger collective

character of liquid metals. ACKNOWLEDGMENTS
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