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Microscopic dynamics in the liquid Li-Na alloy: An ab initio molecular dynamics study
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We present results for several structural and dynamical properties of the liquigN&, alloy. The study has
been carried out by means of the orbital-fegeinitio molecular dynamics method, combined with local ionic
pseudopotentials constructed within the same framework. We obtain good agreement with the available ex-
perimental data, reproducing accurately, the strong homocoordinating tendencies exhibited by this alloy. The
calculated partial dynamic structure factors exhibit clear side peaks whose frequencigss G@5 A2,
correspond to the hydrodynamic sound dispersion of the binary alloy, whereas forqaaees fast and slow
sound modes are identified. The mass ratio in this systaggy/m,;~ 3, is the smallest one so far for which the
fast mode is observed.
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[. INTRODUCTION tion, whereas IXS can only access the coherent part. In ad-
dition, theoretical developments such as the memory func-
Molecular dynamic§MD) has become a useful technique tion formalism or the kinetic theory, along with the
to study the properties of liquid systems. Whereas classicakalization that the decay of several time-dependent proper-
molecular dynamic§CMD) techniques require interatomic ties can be linked to the interplay of two different dynamical
potentials, theab initio molecular dynamic¢AIMD) meth-  processes, has created a theoretical framework whose appli-
ods compute the forces acting on the nuclei from electroni€ation to simple liquids has led to good qualitative results for
structure calculations performed as the MD trajectory is genseveral dynamical magnitudgs—9].
erated; therefore the nuclear positions evolve according to Less effort has been devoted to liquid binary alloys, but,
classical mechanics while the electronic subsystem followstarting with the pioneering MD studies on liquid NaFKD],
adiabatically. and liquid LiyPb [11], where a high-frequency mode sup-
Density functional theory(DFT) [1,2] underlies many ported by the Li atoms only*fast sound”) was found, sev-
AIMD methods. However, when the Kohn-ShaiiS) or-  eral theoretical12—14], computer simulationg15-21], and
bital representation of DFT is us€élS-AIMD methods, the  experimental[21-24 studies have investigated the collec-
computational demands become very heavy, limiting thdive excitations in liquid binary systems.
sizes of the systems to be studied and the simulation times; On the theoretical side the application of kinetic theory,
for example, previous studies of liquid metals and alloysnamely, the revised Enskog thediRET) to a model binary
[3—6] have used around 100 atoms and simulation times benixture of hard spheresl2,13, and the recent generalized
tween 2—5 ps. These limitations can be partly overcome bygollective model(GCM) approach[14] have given useful
the so-called orbital-freab initio molecular dynamic§OF-  insights into the nature of the collective excitations, particu-
AIMD) method, which uses an approximate form for thelarly the longitudinal ones. The transverse dynamics has re-
electronic kinetic energy, but no longer requires the orbitalseived less attention because it is not visible in scattering
of the KS formulation. Consequently, the number of vari-experiments and only the MD simulations can provide infor-
ables and the computational time for a simulation are greatlynation on it. The recent application of the GCM approach,
reduced, enabling the study of larger samgkesveral hun-  which combines MD simulations with the memory function
dreds of particlesand for longer simulation time&ens of  formalism, to binary Lennard-Jones fluids and liquid alloys
ps). has revealed the existence of transverse optic modes, which
Research into the dynamical properties of liquid metalsarise in connection with the concentration fluctuations.
has already produced much experimental and theoretical In this paper we present an AIMD study on the structural
work [7]. Inelastic neutron scatteringNS) has been the and dynamical properties of the liquid,Li,Na, alloy. This
usual experimental technique for studying the dynamics ofs a typical phase separating system with a phase diagram
condensed matter at the kinetic region. Moreover, it has beetiominated by a region of two immiscible liquids. The phase
recently supplemented by high resolution inelastic x-rayseparation curve has been experimentally determj2&e-
scattering(IXS) which overcomes the kinematic limitations 27] and shows a consolute point B&577 K and composi-
of INS techniques. With a proper separation procedure INSion x,;~0.64; this is close to the “zero alloy” composition
provides in principle information on both the coherent and(x;;=0.61) for which the total static structure facit8¢(q)
incoherent contributions to the inelastic scattering cross segeduces to the concentration-concentration partial structure
factor, namelyS;(q) = Scc(q) /X iXna, because of the nega-
tive scattering length of théLi isotope. Sy(q) has been
*On leave from: Departamento deéska Teoica, Facultad de measured?28] for several compositions, and temperatures in
Ciencias, Universidad de Valladolid, 47011 Valladolid, Spain. the range 590 K—725 K, whereas INS experimg@g have
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been performed for the zero alloy only. The experimentalground state electronic density. According to DpJ(r") can
S;(q) for the zero alloy is dominated by strong small-anglebe obtained by minimizing the energy functional
scattering, which is a typical characteristic of a phase sepa- N
rating system, and the oscillations &(q) beyond the Elp(N]=Tdp]+Eedpl+Enlp]+Edp], (2
small-angle region are rather weak, with a characteristigvhere the terms represent, respectively, the electronic kinetic
ripple aroundg~2.2 A~1. The simultaneous reproduction energyT{ p] of a noninteracting system with densipyr),
of these structural features has become an objective of mogtie energy of interaction with the external potential due to
theoretical studies, which have used either semiempiricahe ions,E.,J p], the classical electrostatic enerfyartree
[30,31] or more fundamental[6,32—37 approaches. Re- term) E4[p], and the exchange-correlation eneigy] p],
cently, Canale®t al. [36] have obtained a very satisfactory for which we will adopt the local density approximation.
description of the static structure of the zero alloy by using Within the KS-AIMD approach the electronic density is
CMD combined with interatomic pair potentials derived described in terms of orbitals afid[ p] is calculated exactly,
within the neutral pseudoatom meth¢NPA) [38]. These although with a large computatio_nal effort. This obstacle can
same potentials have also been used in a study of the dje reduced somewhat by adopting the OF-AIMD approach
namic properties of the zero allg®9] by CMD, leading to Where_ an explicit but approximate density functional for
results in good agreement with the experimental measureLs.P] is used[40]. In this work we have used fof{p] a
ments. simplified version of an expression proposed by Garcl
Recently, two KS-AIMD simulations have investigated Gonzaez et al.[41], namely, Ts=Ty+ T, whereTy is the
the static structure of this alloy. Hoshino and co-workéis von Weizsacker term, and
used 100 atoms, an energy cutoff of 10 Ry, and t8g{q) 3
reproduces the main experimental trends, although the re- T[;:Ef dip()%32Fk()?, 3
sults are extremely noisy. Also, Costa Calethl. [6] used
108 atoms, an energy cutoff of 9 Ry, and obtained properties -
averaged over 400 configurations. The resul@q) is in k(r*):(Zkg)?’f d3K(S)w,(2k2[F—3)), 4
good agreement with experiment, although the short simula-
tion time obviously precludes the study of the dynamicalwhere k()= (372)3p(F)?, k2 is the Fermi wave vector
magnitudes, except for the diffusion coefficiefBC’s). corresponding to a mean electron dengigy andw(x) is a
We have recently reported two other OF-AIMD calcula- weight function determined by requiring the correct recovery
tions for the zero alloy at 590 K19,20, leading to excellent of both the linear response and the uniform density limits
agreement with the experimental static structure, and show40]. This functional is positive definite for any value f
ing the appearance of a fast sound mode and its merging witwhich is an essential requirement in a variational calculation.
the hydrodynamic mode for small wave vectors. In this papein these simulations we have used a valueBef0.51 for
we extend the simulations to other concentrations and tenreasons discussed elsewhp48].
peratures and study a variety of dynamic properties, includ- The construction of the ion pseudopotential§(r), used
ing both single particle and collective magnitudes, which ardor the ion-electron interaction is described fully in Refs.
amenable to study because of the possibility of running lon¢19,44]. The pseudopotentials are local and are constructed
simulations with a large number of configurations. from first principles by fitting to a model of an ion immersed
in a metallic medium.

Il. THEORY Technical details

A liquid simple metal alloyA,B;_,, can be regarded as  We have considered 2000 ions in a cubic cell with peri-
an assembly oN,, A-type, andNg, B-type, bare ions with  odic boundary conditions. Given the ionic positions at time
charges Zf and ZS‘, respectively, interacting withN, the electronic energy functional is minimized with respect to
=NaZ+NgZ? valence electrons through electron-ion po-p(F) represented by a singédfective orbitaly/(r) defined as
tentialsv (r) andvg(r). The total potential energy of the »(F)=y(F)?. The orbital is expanded in plane waves trun-
system can be written as the sum of the direct ion-ion intercated at a cutoff enerdyc,=8 Ry for all the concentrations
action energy plus the ground state energy of the electronigonsidered. The energy minimization with respect to the
system subject to the external potential created by the iong;ourier coefficients of the expansion is performed every time
Vext(Fv{F_éI}):Ei:A le(i)vi(“»_ §||), step using a quench_mg method which results in the ground

' state electronic density and energy. The forces on the ions are
obtained from the electronic ground state via the Hellman-
ZZ; Feynman theorem, and the ionic positions and velocities are
updated by solving Newton’s equations, with the Verlet leap-
frog algorithm with a time step of 26102 ps. In the simu-
+Eqgl pg(F),Vex(F-{R )], (1)  lations equilibration took 5 ps and the calculation of proper-
ties was made averaging over 50 ps.
. The calculation of the time correlation functio(@F) was
whereR, are the ionic positions, the sum oudi) extends performed by taking time origins every five time steps. Sev-
over the sites occupied by theype ions, andpy(r) is the  eral CF depend on the wave vectiprthough in fact, as the

1
E({RV)=— T
({Ri}) 2i,j=EA,B 1#m(i) [Rj— Ry
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TABLE I. Input data for the series Li-Na &at=590 K, studied
in this work, along with some simulation details. The numbers in
parenthesis correspond =725 K. p is the total ionic humber
density taken from Ref42] andN the number of particles.

X=XNa p (A_S) N
0.0 0.04330 600
0.20 0.036819 2000
0.39 0.032180 2000
(0.031085% (600
0.60 0.028241 2000
1.0 0.022960 600

real system is isotropic, they depend only g=|d|. For a
given g value, N, vectors exist with the same modulus and
the final result of the CF is an average over thiigedirec-
tions. In our calculationsN,=3 for the smallestq

(=~0.16 A~1) whereas for the greater wave vectors selected

for our calculationsN, takes a maximum value of 24.

Ill. RESULTS

The liquid Li;_,Na, alloy has been simulated at
=590 K and concentrationsy,=0.2, 0.39, and 0.60, and
T=725 K for xn,=0.39, with total ionic number densities
taken from the experimental data of Jestal. [42]. Table |
shows the thermodynamic states considered in this study.

A. Structural properties

The simulations allow a direct evaluation of the partial
pair distribution functiongy;;(r), as well as the correspond-
ing partial Ashcroft-LangretfiAL ) structure factorss;;(q).
Figure 1 shows the calculateg}(r). The changes with con-
centration ofg,;; (r) are more marked than those@fy.(r)
andgnandr). With increasing Na concentration the height of
the main peak ofj ;;(r) increases, whereas that@fia(r)
is practically unchanged and that gf.\{r) decreases. For
all concentrationsg, jna(r) remains smaller than the average
of guii(r) and gnandr) suggesting the homocoordinating

tendencies in the alloys. A simple, quantitative analysis of
the short range order in the alloy is provided by the Warrenb

Cowley [45—-47 short range ordefSRO parameter for the
first neighbor shella{”, defined as

nij

(i)—1_
ay’=1
! X; (i + ;)

(j#i=1,2), (5

wherex; is the concentration of thetype particles and; is
the number ofj-type particles around amtype particle,
within a sphere of radiuR;; . n;; can be calculated from the
partial pair distribution functiongg;;(r), as follows:

R

nij:47TpXjf ijrzgij(r)dr, (6)

0

whereR;; is usually taken to bg48] the position of the first
minimum of the corresponding;;(r). For a random distri-
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Xpa=0.20

gij(r)

r (A)

FIG. 1. Partial pair distribution functiong;;(r), for the liquid
Li-Na alloy atT=590 K and three concentrations. The full, dashed,
and dot-dashed lines represeni;(r), gnandr), andg ina(r), re-
spectively. Forxy,=0.39 the symbols denote the pair distribution
functions atT=725 K.

ution of atomSa(l') =0, whereas a positivenegative value

for a(l') suggests a homocoordinatirgeterocoordinating
tendency. We have evaluated baiff) and o™ for the
liquid LiyNa, _, alloy at T=590 K. The results shown in
Table Il clearly confirm the segregating tendency. Moreover,
the results foiT =725 K show that as temperature increases,
the segregating tendency weakens.

Ruppersberg and Kno[l28] have measured, by neutron
diffraction, the total static structure factor &&= 590 K and
Xna= 0.20, 0.39, and 0.60 as well as for=725 K andxy;,
=0.39. The experimental static structure factd®$®{q),
have some common features, namélya rapid increase of
S¥*(q) as q—0, (ii) extremely weak oscillations beyond
q=2.0 A~%, which is characteristic of alloys with weak
chemical ordering,(iii) at the zero alloy composition,
LiggiNag 39, there appears a characteristic ripple with two
peaks af~2.0 and~2.25 A1, respectively.
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TABLE II. Calculated values of coordination numbers;, and the Warren-Cowley SRO parameters,
a(l'), for the Li-Na liquid alloy atT=590 K. The numbers in parentheses correspontl=ta25 K.

XNa Ny Niina NNaLi NnaNa a(lLi) a(lNa)
0.20 10.3 2.4 9.8 4.7 0.06 0.16
0.39 8.38.0 4.34.5 6.7(7.0 7.36.9 0.120.08 0.21(0.17
0.60 5.76 6.5 4.3 9.1 0.12 0.20

Figure 2 shows a comparison, for three concentrations although the ripple is somewhat underestimated, possibly
T=590 K, betweenS?*(q) and the corresponding OF- due to the small number of configurations and/or particles
AIMD simulation results. The agreement between experiused in the simulation. Their results are shown in Fig. 2
ment and simulation is very satisfactory, with the OF-AIMD along with those from the KS-AIMD simulations of Hoshino
simulations reproducing rather well all the basic features ot al. [5] which have a much greater statistical noise.
SP*P(q): an increase ag—0, and the position and ampli- The analysis of the ordering tendencies in a liquid alloy is
tude of the oscillations. Moreover, the two peaksjat2 and ~ more conveniently performed in terms of the Bhatia-
2.5 A~ for the Lig 5;Na 30 alloy are also well reproduced. Thornton (BT) partial structure factor$49]. For a binary

The KS-AIMD simulations of Costa Cabral and Martins alloy these ar¢C denotes concentratioN denotes numbegr
[6] for the LiggiNag 39 alloy follow the trend ofS$*{(q),

Sed( @) =X1X2[ X2S11(q) + X1 Sp0(0) — 2(X1%2) *2S1( )],

San(@) = X1 S11(0) + XS 0) + 2(X1%2) 2S5,

Snc(@) = S11(A) — So @) + (Xa— X1)/ (X1%X2) ¥2S1(q)

whereS;;(q) are the partial AL structure factors. The long-
wavelength limits of the BT partial structure factors are re-
lated to thermodynamic quantities and also provides infor-
mation on the short range order. In the present system, the
experimentalSe®{q— 0) take substantial values for all con-
centrations, indicating strong homocoordinating tendencies,
and this tendency is satisfactorily described by the present
OF-AIMD simulations for smalb.

B. Dynamic properties

1. Single-particle dynamics

For liquid systems, information about several transport
properties related to the mobility of particles and the cou-
pling between the velocities of distinct particles is provided
by some time correlation functions among the atomic veloci-
ties. These functions cannot be determined experimentally
and other methods, such as MD simulations, must be used.
Here, we present results for the relative velocity correlation
functions(VCF), Z;;(t), which are defined50] as the time
correlation function of the relative velocity of the center of
mass of specigswith respect to the center of mass of species

j|

q (A7)

FIG. 2. Total static structure fact@(q) for the liquid Li-Na Zij(= X N([G (1) = G;(D]-[6(0) ~ G (0)]), ()

alloy at T=590 K and three concentrations. Continuous lines are

the results from the present OF-AIMD simulations whereas the fullwhereN is the total number of particles ami(t) is the mean
circles are the experimental neutron diffraction data of Ruppersbergelocity of component,

and Knoll[28]. In the figure forxy,=0.39, the dotted line and the

open circles are the KS-AIMD results of Hoshies al. [5], and N;

Co;ta Cabral qnd Marting6], respectively. The insets show the Gi(t)ENfl 2 Gl(i)(t)a (8)
main peaks region expanded. 1(i)=1
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with N; being the total number aftype particles andi;(t)
the velocity of thei-type particlel(i). Z;;(t) can be sepa-
rated into seIf,Zﬂ(t), and distinct,Zidj(t), contributions as
follows:

Zij ()= (1= 8;)Z) (1) + X% Z§ (1), 9

where &;; is Kronecker's delta, with Z?j(t)=xj2f(t)
+xZj(t), Z3(t) stands for the well-known velocity autocor- -05 ; I

relation function of a tagged-type particle in the fluid, N

whereasZj(t) account for the contribution of the distinct ) X;=0-39
velocity correlations. The time integrals &;(t), Zioj (1), %\
Z{l(t), and Z(t) give the associated DC's, name,; , AT
Df}, Djj, andD respectively, wher®? is the standard self- 0 1\ RS
diffusion coefficient. For binary mixtures we may write '/

D15=D%+ X1%,D,=D i1+ 1), (10) 05 N '

with D3,=x,D$+x,D$ and y;, is a measure of the devia- ‘
tion from an ideal mixturgwhen all species are identical, G

v1o,=0). Also, within this formalism, the interdiffusion co- i
efficient is written as 0 '\ LR sy

Din= 0D 15=0(1+ y;5) DY, (11) -

where 6=Xx;X,/Scc(q—0). For a nearly ideal mixture, 0 0.2 0.4

6~1, y1,~0, and therefor®;,~D?,. t (ps)

VC-Ir:r’]: i;e?rlljgsLiObtﬁne?i fl(J)ird tgﬁoseg;ereslﬁng iitlnid:idlsgnct FIG. 3. Normalized relative, self, and distinct VCF’s for the
h-xN& 1Iq y 9. .. _liquid Li-Na alloy at T=590 K and three concentrations. The dot-

where for comparison we have also plotted the VCF's for.

) - = ted, pluses, dashed, and dot-dashed lines repreggnt(t),
both pure Li and Na al =590 K and number densities at , . 74 (), z5(t), andz{(1), respectively. The full thick lines

their corresponding coexisting lingsee Table)l Z}i(t) and represent the VACF's of pure I(fast decayand Na(slower decay
na(t) have shapegi.e., rate of decay and depth of first at T=590 K.

minimum) similar to the pure components although with

some differences due to the variations in the total ionic numtion of the accuracy of our results for the alloys, we have

ber density as the concentration is varied. Notice that whegvaluated the self-diffusion coefficients of the pure compo-

going from pure Na to pure Li, the total number densitynents at 590 K. The calculation has been performed using

changes by=100%. Asxy, is decreased, the total ionic num- their respective VCF’s with the resul8y,=1.22 andDy,

ber density is increased, which implies that the Na ions ex=1.13(in 10~* cn?/s unit9. The corresponding experimen-

perience an increased rate of collisiof@s compared with tal values areDﬁ,’;ptz 1.24+0.20[53] but for Li several val-

the pure Na cageand therefore their correlation time is de- ues are available which lie within the range 1.02—-12720

creased. This effect is reflected in a somewhat faster decreafgs,54.

(as compared with pure Naf Z}.(t) and a smalleDy, Table IIl includes the results fd--(q—0)D;,.. The re-

whenxy, is decreased. On the other hand, just the oppositsults using Darken’s semiempirical express|[&&], Sc(q

behavior is exhibited by bot#;(t) andD7;. e - L4
2d () accounts for the effects of distinct correlations TABLE |Ill. Diffusion coefficients(in 10% cn?/s) and related
LiNa ' magnitudes, for the Li-Na liquid alloy &=590 K. The numbers

either with particles of the same or different species. A quan; parenthesis correspond t,=0.39 atT=725 K
titative measure of the distinct effects is given byia, sl '

defined in Eq(10), which as shown in Table Ill, takes sub- X 0.20 0.39 0.60
stantial positive values. This indicatfs0,51] that particles
of the same species have a greater tendency to diffuse t®; 1.17 1.22(1.87) 1.25
gether than those of distinct species. This is another indicatdpy, 1.04 1.15(1.79 1.23
of homocoordinating tendencies in the alloy which are stronDy, 1.48 2.00(2.45 1.80
ger, in accordance with experiment,»@j;~0.39, where the DY, 1.06 1.18(1.79 1.26
values of bothy, i, and DEiNa reach a maxima. D% \a 2.62 3.50(2.76 2.25
Unfortunately, the experimental determination of the self-y, . 0.40 0.71(0.37) 0.43
diffusion coefficients in metallic melts is rather difficult and, s.40)D;, 0.26 0.48(0.58 0.46
to the best of our knowledge, results are only available fOfSCC(O)Di(rEfa’ke”’ 0.17 0.28(0.43 0.30

the Na 3K gs System[52]. However, to give some indica-
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—>O)Dim=x1x2D22, are nearly 50% smaller than those from 3 _
the OF-AIMD. This is another manifestation of the important — T ——
role played in this alloy by the distinct interparticle velocity \

correlations which are neglected in Darken’s relation.

2. Collective dynamics

|:ij (q$ t)
o

The collective dynamics of density fluctuations in an alloy ]
is usually described through the partial AL intermediate scat- -
tering functionsF;(G,t)=(pi(d,t)p; (,0)), where i

J
pi(G,t)= JE exid- Ry ()] (12)

1

is the Fourier transfornFT) of thej-type component partial

number densityl; is the number of-type particlesﬁm)(t)
is the position of thg-type particlel, and(---) denotes the
ensemble average. The time FT Bfj(qG,t) into the fre-
guency domain gives the partial dynamic structure factors : -
Sij (g, ) which are directly connected with the inelastic neu- ~
tron scattering data.

Another important dynamical quantity is the¢ype com-
ponent particle current defined as

N;

jj(a,0 F E Ggy(Dexdig-Riy(D],  (13)

I(j)=1

which is usually split into a longitudinal componejh‘(q 1),
parallel tod, and a transverse componqﬁ(q t), perpen-
dicular to g. The partial Iong|tud|naIC (q t), and trans-
verse, CT(q t), current correlation functlons are defined in
terms of these: t (ps)

Lig+y—/ilia yil*x s FIG. 4. Partial intermediate scattering functiofs;(q,t), atq
Ci(a.0={r(a.0i7(d.0) (14 =0.23 A1, for the liquid Li-Na alloy atT =590 K and three con-
Timen 1T m gr:Th = centrations. Full line-+~;;(q,t), dashed line+~y.n{Q,t), dot-

Cij(q't)_5<li (q’t)Jj (d,0)), dashed line—Fj\.(,t), open circles+\\(Q,t), stars—

Fne(g,t), and dotted line—++c(q.,t).
and their time FT’s give the respective spec@é}(q w) and NC el

C{j(d.w). Finally, for isotropic systems, all the previous cor- jor in the hydrodynamic regime and represents a propagating
relat|on functions depend ap=|g| only. acoustic mode. This is clearly reflected $yn(q, @) which

The partial AL scattering functions, F;;(q,t), accounts for the average behavior of the system and in the
FnandQ:t), and Fina(a,t), as well as the BT ones hydrodynamic regime exhibits a clear Rayleigh-Brillouin
Fan(a,t), Fae(ast), andFec(g,t) are shown in Figs. 4 and  structure[56], similar to the dynamic structure factor in one-
5 at two q values.Fi(q,t), Fnandd:t), Fan(g,t) and  component liquids. From the position of the observed Bril-
Fco(q,t) are always positive, whereas titg\,(0,t) and louin peaks at the smallest value allowed by the simula-
Fne(a,t) can be either positive or negative, becausetions (qmn~0.151, 0.158, and 0.165 & for xy,=0.60,
Fij(q,t=0)=S;;(q) and bothSj\,(q) andSyc(q) oscillate  0.39, and 0.20, respectivelyve can estimate the adiabatic
around zero.F;;(q,t) go monotonically to zero, showing velocity of propagationgs= wg/q, Wherewg stands for the
slower decays ag decreases; moreover this long-time be-position of the Brillouin peak. Foky,=0.20, SNN(q,w) at
havior is reflected in their correspondir®;(q,@=0), as gy, shows a clear Brillouin peak abg~5.1 ps*, which
observed in Figs. 6 and 7. leads to ac,=3100 m/s; similarly, we obtaies=2530 m/s

The partial dynamic structure factor§; (g, ), give in-  for xy,=0.60 andcs=3000 m/s forxy,=0.39. Moreover,
formation about the possible existence of propagating longifor this latter concentration a&t=725 K we obtain a lower
tudinal modes. Figures 6 and 7 show, for toywalues, the value of c;=2750 m/s. We are not aware of any experi-
calculated S;i(g,®), Snandd.@), Sun(g.@), and mental measurement of the adiabatic sound velocity in
Scc(g,w). For the three concentrations, at logvvalues, this alloy; however, data are availablat T=590 K) for
SLiLi (9, @), Syandd,@), and Syn(g,w) exhibit clear side the limits xy,=1 (pure Na and xy,=0 (pure Li), where
peaks at very similar frequencies, which is the typical behavthe OF-AIMD calculations givec,=2330+80 m/s andc,
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0.8 |

Fij(q’ t)
Sij(q’ (0)

04 |

0 +

04

0 0.5 1
t (ps)
FIG. 5. Same as the previous figure, but fpr1.50 A" L.

FIG. 6. Partial dynamic structure factor§;(q,w), at g

=4640+150 m/s, respectively, which are close to the corre-_ 54 AL, for the liquid Li-Na alloy atT=590 K and three con-

sponding experimental valug¢s8] of 2410 and 4450 m/s.  ooirations.  Eull line-S, (0, @), dashed line-Syudd, o),
Whereas for the three concentratio§s,i(d,®) Shows  gicles s, (g, @), and dotted line-Sec(q,®). The insets show
side peaks up toq~1.30 A%, those of Syy(q,@) and 15 (q,).
Snand 0, @) depend on the concentration. The maximgm :
value for which peaks ofy\(q,w) appear vary with con- this case a pure Li system obtained by substituting all the Na
centration frong~1.30 A~* atxy,=0.20 tog~0.85 A"t at  particles by Li particles. Consequently, we have performed
Xna= 0.60, while in the case dbyand 0, ) the maximumg  OF-AIMD simulations for pure Li at 590 K and a total num-
for which peaks are present ranges frapx0.40 A™ at  ber density corresponding to theglsiNay 39 alloy, and for
Xna=0.20 tog~1.1 A~! atxy,=0.60. From the positions of which we obtained an adiabatic sound velocity of 3900 m/s,
these side peaks, we have obtained dispersion curveghich is very close to the velocity of the fast mode. Denot-
oL (q) and wyandq), Which are shown in Fig. 8. Up tq ing by gy, the upper limit of the hydrodynamic region, we
~0.25 A1, w i (9) and wyand ) show, for the three con-  stress that our results show that whgmlecreases towards
centrations, the same linear behavior of hydrodynamic colg;,, the fast sound mode undergoes a continuous transition
lective excitations propagating with the respective adiabatiénto the hydrodynamic sound mode and the process takes
velocities cs. Above this q value, each dispersion curve place at 0.2q<0.4 A1, Furthermore, as discussed by
splits into two branches indicating two modes, known as fasCampa and Cohen, when the concentration of the light com-
and slow sound modes, which signals the onset of a dynamigsonent is increased the fast mode will eventually disappear,
decoupling between the Li and Na particles. The fast modeheing overcome by the extended sound mode. This can be
which involves the Li particles only, has a phase velocity,observed in Fig. 8 where ag,=0.20, the dispersion curve
Crast= 3800+ 200 m/s, which is roughly the same for the w;;(q) is rather close to the extended hydrodynamic sound
three concentrations. Furthermore, according to the predianode.
tions of the RET[12,13, the phase velocity associated with  There has been some argument concerning the way in
the fast mode should take a value very close to the adiabatighich the two kinetic modes behave when approactijpg
sound velocity of the corresponding light particle fluid, in from above. Some theoretical and CMD results for He-Ar
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FIG. 8. OF-AIMD results for the dispersion curves of the col-
FIG. 7. Same as the previous figure, but épr 1.50 A~ L. lective modes inS;;(q,w) and Syandd,@) (open circles and

squares, respectivelyor the liquid Li-Na alloy atT=590 K and
three concentrations. The dashed line stands for the corresponding

and He-Ne mixtures have suggested that either the fast a drodynamic adiabatic sound velocities.

slow sound merge into the hydrodynamic soul@8,21] or
that the fast sound disappearst, and the slow sound
merges into the hydrodynamic one, with a predicted valu
[13,15,2] for g,~0.07 A, A similar value forqy, has re-
cently been obtained for liquid LiPb by both INS and by
CMD calculations[16,24]. However, recent CMD calcula- th I | hed by the simulati " Ki
tions [18], following the INS measurements of Bafig al. f smallery values reached by the simulations, the peak in
[57], for the dynamic structure of a eNey »3 gas mixture C[‘aNa(q"") as vaell as the low-frequency peaks of
at two densities, have shown a clear crossover from hydraCtii (4,@) and Cyy(q,w) are at the same positions as the
dynamics to fast and slow modes at €@<0.5 A-1 and  Brillouin peaks inSyan{ g, @), S.ii(9,®), and Syn(q, @),
gave g,~0.2, which is substantially greater than previousref’peCt'Vely- MLoreover, at these layvalues, the peaks in
estimates, and quantitatively agrees with the present resulfsnandd: @), Ciina(d,@) and the low-frequency peak of
for the liquid Li-Na alloy. Cri (0, @) appear at practically the same positi@ee Fig.

Additional information on the longitudinal collective 9), which is another indication of the hydrodynamic behavior
modes in liquids is provided by the longitudinal current cor-of the Li and Na particles at these smglivalues. On the
relation functionsph(q,w)EwZSj(q,w)_ For example, al- other hand, foxy,=0.39 and 0.60, the high-frequency peak
thoughScc(,®) shows neither side peaks nor shoulders aof Cri;(d, ) occurs whereCpy,(d,) has a minimum,
any q value because of the dominance of the diffusive conwhich suggests that the Li and Na particles oscillate out of
tributions in the partial intermediate scattering functions, colphase in an opticlike mode.
lective modes may be exposed @ (q,w). The longitudinal dispersion relationsy; ; (d), @xandd).

We have evaluated these functions, as given by(Eg), and wkn(Q), obtained from the positions of the peaks dis-
and they are shown in Figs. 9 and 10. For apyalue, cussed above are shown in Fig. 11. Note tbtha(q) takes

Crii (0, @), CRand @, @), andCry (g, ) exhibit at least one
%eak, although when the hydrodynamic region is approached
both Cl,;(g,0) and Cky(g,®) show two peaks fory,
=0.39 and 0.60, and a peak and a shouldexfgr0.20. At
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FIG. 9. Partial longitudinal current correlation functions,
Chi(d,w), at q=0.23 A1, for the liquid Li-Na alloy at T
=590 K and three concentrations. Full lin€k;(q,w), dashed
Ilne—CNaNa(q w), dot-dashed Ilne-GL,Na(q ), open circles—
Cin(0, ), stars—€{(q,w), and dotted line-C£(q, w).

mum atq~2.0 A1 which corresponds to the main peak
position of Syandd). AS Xna increases, the main peak of
Snandd) gets higher and narrower but at a fixed position;
and therefore the first minimum a$f,{q) becomes more

H L
smaller values than those ot ;(q), because of the atomic Marked. The high-frequency branch efj;;(q) behaves

. . . . . . 71
mass difference. For all concentrationsyy{q) has one S|m|la_rly, with a maximum and minimum a¢ 1.5 A. anq .
L L e 2.3 A1, respectively, which coincide with the first mini-
branch whereaso[;;(q) and wyy(q) exhibit two for Xy,

—0.39 and 0.60, with the low-frequency branch, which has g - and maximum OBL'L'(q) Moreover asxys is in-

limited extent, located at the low's, close to the hydrody- Creased the structure ad;;(q) becomes less marked as
namic region. This is because at these two concentratlorg"’lp'oenS with the maxima and minima3gy,;(q).

(see Figs. 9 and 2pwhenq decreases, going towards the "€ wyn(0) dispersion curve has two branches fqy,
hydrodynamic regimerLl(q ) and Ckm(q ) develop =0.39 and 0.60, although the high-frequency branch has a
two peaks with the low-frequency peak being close to thaﬁery limited extent close to the hydrodynamic regitsee

11). At these lowq values, the high-frequency branch is
O.f (.:Na’\'f(q w), and the h|gh_frequency one taking Valuesdue to Li particles only, whereas the other comes from both
similar to those of the pure Li system. This suggests that ”L and Na particles. For largeg, C (9, @) becomes the
LiLi

the binary alloy the heavy Na ions always keep their charac-
teristic low frequencies whereas the light Li ions have amain contributor taCR(a, “’) and when Li is the majority

much higher frequency which is largely maintained whencomponentwi;;(d) and wyy(q) are rather close. In con-

approaching the hydrodynamic regime, althoughgade-  trast, when Na is the majority componeatyy(q) lies be-

creases some Li ions adopt the low frequency of the heavgweeanaNa(q) and leLl(Q)

Na ions. Obviously, in the hydrodynamig--0) limit, all wt(q) also has two branches beca@®g.(q, ), which

the particles oscillate with the same frequency ands smaller than the other partial currents especially atdpw

Crii(0,0) and Ciy(q,w) only show the low-frequency shows either one or two peaks which may be connected with

peak; the high-frequency one will vanish. propagating concentration modes. The high-frequency
As shown in Fig. 11, at lowq values wk.n{q) has an  branch ofwe(q), which exists for allq values, closely fol-

initial linear increase up to a maximum followed by a mini- lows the high-frequency branch afj nn(0) and tends to a
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where §;;(q,w) are AL partials, S’(q,w) are the self-

20 ﬁA - 2 @\-g// B dynamic partial structure factor&;) is the coherent scatter-
=y $¢ EF\Q{ & ing length, 4m(b?) is the total scattering cross section, and
:ﬁfoo 39 (b?y=32_,ci(b?) is the average cross section per atom. The

o .. first and second terms in E@l5) are the incoherent and
ST T coherent contributions, respectively. In the case of IXS ex-
I / \\ periments, the observ@(q,w) is given by a similar ex-
40 i / ‘F'Z DJZ|1 \ / pression but with no incoherent contribution and scattering
EP@_D A AA \@ &, :cengths,fb&,)replaced by theg-dependent atomic scattering
- A actors,f;(q).
20 + %) ée.pq}ﬁa /% The total dynamic structure factor has been measured
I ﬁ' & __6 [29], using INS, for the zero alloy composition @t=577
X,=0.60 and 725 K, leading to a monotonous decaying shape. Our
0 0 ' 1‘ ‘ é ' 3 simulations have confirmed this absence of side peaks which
A we have explained as due to the cancellation between the
q(A") contributions from the LiNa partial structure factor and those

FIG. 11. Longitudinal dispersion relation of the partials, fr_om th_e LiLi and NaNr? partials strgcture factdiz0]. The
",(9), (open and full squar@swl,{a) (open circle number- S|mulgt|on results forST(q_,w) are _shghtly larger than _the
number, w5, (q) (open and full trianglés and concentration- experimental results. This behavior was noted earlier by
concentrationws(q) (pluses longitudinal modes for the Li-Na Anentoet al.[39] in their CMD simulations with NPA po-
liquid alloy atT=590 K and three concentrations. The dashed lined€ntials, and explained in terms of the experimental uncer-
show the longitudinal dispersion relations of pure Li and Na at tainties(limited » range, inelasticity correctionshat led to
=590 K. a certain inconsistency between the experimental dynamic

structure factor and the static counterpart. However, the IXS
finite value wheng— 0, which is typical of kinetic modes. results for the zero alloy obtained from the simulations did
On the other hand, the low-frequency branchugf(q) ap-  show side peaki20], mainly connected to those of the NaNa
pears just outside the hydrodynamic regime and followspartial structure factor because of the larger magnitude of its
wrand Q) closely. prefactor.

Dispersion relations for pure Li and Na &=590 K are Here we have extended these calculations to the other two
also shown in Fig. 11. Notice that the dispersion relation forconcentrationsxy,=0.20,0.60 and the results are shown in
the majority component in the alloy is very close to that of Fig. 12 for threeq values. Two points are noteworthy: first,
the pure component; however, the dispersion relation of théhe neutron total dynamic structure factor does show side
minority component has less structure than that of the corre?eaks in a limitedj range, because the cancellation between

sponding pure metal. the like and unlike partial structure factors is not complete
(note the peak a§=0.16 A" for both xy,=0.20 and 0.60,
3. Total dynamic structure factor while there are no peaks at the larger wave vectors shown in

the figurg and second, the x-ray total dynamic structure fac-
lated to the intensity obtained in either INS or IXS experi- tor also displays side peaks in a similar or widerange

o : (note the peak afj=0.16 A~ for x\;=0.20 and the clear
sr?eer\r/]tescisl’;?(; tr)e iipg?\(/:gl: *;:;ase of an INS experiment, the Obpeaks aig=0.16,0.50, and 0.91 At for xy,=0.60), which

depends on the concentration because of the previously dis-

The total dynamic structure fact&;(q,w) is directly re-

2 cussed concentration dependence of the NaNa partial struc-
(b%)SH(a,0)= 2, (b)) —(bi)?)ciS¥(a, ) ture factor.
) 4. Transverse currents
+ c.cHYAb Wb VS (0, ), (15 The partial transverse current correlation functions,
i.JZZI (ci6) b (by)S;,(q.0). (19 Cﬁ(q,w), provide information about the existence of shear
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modes in the system. There are few reports of studies of the
transverse currents in liquids, and most of these have focused
on one-component systems wh&@#&q, w) evolves[7] from
a Gaussian, wheg—, towards a Lorentzian curve when
g—0. These extreme regimes preclude the propagation of
transverse modes. However, at intermediatealues above
someq., C'(q,w) exhibits a peak at nonzero frequency,
which is associated with propagating shear waves.

The first CMD simulations of transverse current correla-
tions in binary systems were performed on molten $&18,
and showed tha€J\(q,») behaved similar t€C"(q,w) in
one-component liquids, with a peak at intermed@talues.
Moreover, the charge-charge transverse current correlation
functions showed a peak at both low and intermedifte
which was related to the existence of transverse optic modes
whose frequencies take a finite value in the hydrodynamic
(g—0) limit. Later CMD studies of transverse modes in
binary Lennard-Jone$14] systems have found opticlike
modes associated wil@(T;C(q,w). Similar conclusions have
also been reached by Anento and Padi@) in their recent
CMD studies of liquid Li-Mg, Li-Na, and Li-Pb alloys.

Results forcg(q,w) are shown in Figs. 13 and 14. Nei-
ther Cln{d, @) nor Clin.(9,w) have peaks atjy, al-
though for largerq a peak appears in both partial currents
and persists for a limited range af values. Moreover,
C[iNa(q,w) falls quickly asq increases reflecting the rather
weak coupling between the dynamics of the species. How-
ever, even at the correspondirggy,,, C[iu(q,w) at Xya
=0.60 already exhibits a high-frequency peak which persists
up to g~4 A1, Figures 13 and 14 also sho®y(q,®)
which for the three concentrations at their respectiyg,,
decay monotonically, although a peak appears in a limited
range at largeq. FIG. 13. Partial transverse current correlation functions,

The transverse dispersion relations;(q), shown in Fig. ~ Cjj(q.»), at q=0.23 A%, for the liquid Li-Na alloy at T
15, have b$en obtained fromAthle peTak positionsTof the correi? SSECKT azd th)reedc?r(;ce?]trzti?ns;eﬁull ('in@—)&i(q,w), _da|5hed
spondingCi: (q,w). Forg=1 A", w;;:(q) andw q), INe—CL\and 0, @), dot-dashed line-G;\,(q,w), open circles—
at the three concentrations, are roLlleithy the sg?gg( and trfeun(d.»), stars—Cc(q,»), and dotted line-€{(q, w).
important changes appear at Tthe laregion. However, (5165 from the other two and is finite gs-0, which sug-
whereas for all concentrationsyan{q) goes {0 zero a§  gests that the shear modes will now propagate only through
—0, when the lighter Li particles become the minority com-the heavier Na particles. This explains wiyin the alloy is
ponentw(;;(q) tends to a finite frequency ap—0. the same as that of pure Na.

TThe dispersion curvayp((q), lies betweeno; ;(q) and The small values taken b@{.(q,») suggest weak cou-
wnand9) although closer to the majority component, andplings between density and concentration modes. The small
shows typical features of the one-component system, namelhagnitude ofcgc(q,w), particularly at smally’s, also sig-
it starts at ag. (g.~0.50 A for xy,=0.20 andd. nals a weak contribution to the collective transverse dynam-
~0.55 A"t for x\,=0.60), exhibits a linear behavior for ics. However, for the three concentrations we observe clear
low q values and goes to zero gs-qc. The slope in the peaks inC{«(q,w) which already exist afj,, leading to an
linear region assumingyy(d)~cr(q—dc) yields an esti- I (q) branch which takes a finite value @s—0. The
mate of the velocity of propagation of the shear modes in thgyeaks inCL(q, ) are a result of a minimum i€/,.(q, )
alloy: ¢r~3650 m/s forxy,=0.20, cr~1900 m/s forxna  \which is related to out-of-phase motion of particles of differ-
=0.39, andcy~1600 m/s forxy,=0.60. For the limiting  ent species. Similar behavior in molten salts has been asso-
cases of pure Li and Na &t=590 K, we have obtainedr  cijated with transverse optic modes of kinetic character
~3700 m/s andcy~1600 m/s, respectively. Fofy,=0.20  [14,59. Analogous results have been obtained by Bryk and
and 0.39, when the lighter Li particles are the majority, Mryglod in their GCM study of the transverse dynamics in
ww(Q) is close in the linear region to botl;;(q) and  some liquid alloyg14], and also by Anento and Padi60]
wnand @), implying that the propagation of shear modes in-in their CMD simulations of liquid Li-Mg, Li-Na, and LiPb
volves both species. However, fog,=0.60, w[iu(q) sepa- alloys. Our simulations also show another, low frequency,

I X\,=0.20
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gtransverse modes for the Li-Na liquid alloy B&=590 K and three

associated with the shear modes, in accordance with th%oncemrat'ons'

CMD results of Anento and Padrd60] for liquid

Lio 6:Nag30. This suppression of the CC modes in the long-calculated values fop are shown in Table IV; those for pure
wavelength limit agrees with the predictions of the GCM Li and Na atT=590 K are in reasonable agreement with the
model[14] for systems with a high mutual diffusion and a experimental datd61] but no experimental data are yet

tendency towards homocoordination.

available for the alloy.

The alloy shear viscosity can be also derived from the For simple liquid alloyss shows either a linear variation
previous results using the total transverse current correlatiofith concentration or a small negative deviation from linear-

function _Ci(a.,t)=(j{(a,)i{*(a.0)).
=x32m,j1(a.t) +x3m,j1(q,t) is the total transverse cur-
rent andj(q,t) are defined according to E¢13). In the

hydrodynamic limit[7]

Cl(q—0,t)= (M B)exp{ — g2 7|t|/mp},

wherem= x,;m; +x,m, and 7 is the alloy shear viscosity. In
its memory function representation

where j](q,t)

ity. In contrast, large positive deviations are exhibited by
those alloys with heterocoordinating tendencies. For liquid
alloys with homocoordinating tendencies, the available ex-
perimental dat§47,62 show a mixed behavior with a nega-

tive departure from linearity predominating. Also, some

TABLE 1V. Calculated values of the shear viscosity (in
GPa ps for the Li-Na liquid alloy atT=590 K. The value in pa-
renthesis corresponds To=725 K.

=1 1 g _ XNa 7 Texpt
Cu(a,2)=—|z+ —7(q,2)
Am pm 0.0 4.0:0.3 4.3+0.2
) . 0.20 3.3:t0.3
where the tilde denotes the Laplace transform, a generalizeglsq 3.£-0.3(2.4+0.3)
alloy shear viscosity coefficier(q,z) is introduced. The g ¢q 2.9-0.3
area under the normalize@],(q,t) gives BmC{(q,z=0), 10 3.2+03 3.3+0.2
from which values fofp(q,z=0) are derived and, when ex-
trapolated toq=0, give the alloy shear viscosityy. The 2Referencd61].
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semiempirical model§53,62 give a connection between 10 would be required for appearance of the nonhydrody-
positive(negative deviations from the linear law and a nega- namic modes. The present calculations show that those
tive (positive enthalpy of mixing in the alloy. Although no modes may appear in systems with a smaller mass rao,
experimental data are available for the enthalpy of mixingFurthermore, we find that as the wave veafoapproaches
several theoretical calculatiof31-33 have predicted posi- the hydrodynamic region, the fast sound mode smoothly
tive values which, combined with the previous semiempiricalmerges into the hydrodynamic sound mode at around 0.2
models, would suggest a negative deviation of the alloy<q<0.4 A 2.
shear viscosity from a linear law. This is the trend in the The calculated longitudinal dispersion relation shows the
results of the simulation shown in Table IV, in qualitative existence of kinetic concentration modes. In addition, the
agreement with expectations for a homocoordinating tenealculated adiabatic sound velocity is in very good agree-
dency in the alloy. ment with experiment for the limiting case of the pure com-
ponents. Also noteworthy is the appearance of two branches
in the transverse dispersion relation foéc(q), with the

We have calculated several static and dynamic propertieBigh-frequency branch representing overdamped kinetic
of the liquid Li;_,Na, alloy at three concentrations. The modes. The Iow—frequenay(T:C(q) branch appears just out-
simulations have been performed using the orbital-fibe side the linear region and does not exist for lqwalues.
initio  molecular dynamics method combined with local This behavior is consistent with the predictions of the GCM
pseudopotentials derived within the same framework. Thenodel.
method approximates the electron kinetic energy and in such The total neutron dynamic structure factor for the zero
is inferior to the full Kohn-Shamab initio approach. How- alloy is in qualitative agreement with the measured [@##,
ever, it is very much faster allowing simulation of much but the possibility that the experimental data are somewhat
larger systems for longer times. Several time correlatiorow, is suggested. Moreover, we predict that measurements at
functions have been calculated and a comprehensive study ofher concentrations would reveal visible side peaks at small
the dynamical properties of the binary alloy has beenwave vectors. The total x-ray dynamic structure factor, on
achieved. Similar molecular dynamics studies have been rghe other hand, shows clear side peaks for a similar or wider
ported using interatomic pair potentials but these do not takevave vector range following the behavior of the NaNa par-
into account effects of fluctuations in the electron densitytial structure factor, and an IXS experiment should show the
The present approach takes account of these effects whiclow sound mode related to this peak.
will be considerable in the alloy we have studied because The shear viscosity of the alloy has been estimated using
although Li and Na have the same valence they have verigs connection to the hydrodynamic limit of the total trans-
different sizes. verse current correlation function. The results are plausible

The results for static structural properties are in goodn view of the homocoordinating tendencies of this alloy and
agreement with the available experimental data, accountinthe positive enthalpy of mixing obtained by several models.
satisfactorily for the homocoordinating tendencies in the al- The main approximations in the present orbital-fiegz
loy. The present calculations correctly give a higlg—0) initio molecular dynamics method are in the electron kinetic
as well as the splitting of the main peak appearingc@t  energy functional and the local pseudopotentials describing
=0.39. the electron-ion interactions. Further improvements in this

In studying the dynamical properties we have analyzednethod will come from the development of more accurate
several time correlation functions, although comparison withkinetic energy functionals and accurately transferable local
experiment could only be made at the level of some transpoipseudopotentials.
c_oefﬂuentg. The calculated values f(_)r self—d|ﬁ93|on coeff|-_ ACKNOWLEDGMENTS
cients are in very good agreement with the available experi-
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SiiLi (0, ) and Syandd,®), show clear side peaks which (Project No. VA073/02 and the DGES (Grant No.
extend far beyond the hydrodynamic regime and represeMlAT2002-04393-C0201L D.J.G. gratefully acknowledges
two nonhydrodynamic modes: the fast and slow soundhe financial support of both the Ministerio de Educacion,
modes, respectively. Although this phenomenon was pre€ultura y Deportes of Spain and the Physics Department at
dicted by the RET applied to a binary mixture of hard Queen’s University. M.J.S. acknowledges the support of the
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