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We present an ab initio molecular dynamics (MD) method for simple liquid metals based on the 
quanta1 hypernetted-chain (QHNC) theory derived from exact expressions for radial distribution func- 
tions (RDF‘s) of the electron-ion model for liquid metals. In our method based on the QHNC equa- 
tions, the classical MD is performed repeatedly to determine a self-consistent effective interionic poten- 
tial, which depends on the ion-ion RDF of the system. This resultant effective ionic potential is 
obtained to be consistent with the density distribution of a pseudoatom and the electron-ion RDF, as 
well as the ion-ion RDF and the ion-ion bridge function, which are determined exactly as a result of the 
repeated M D  simulation. We have applied this QHNC-MD method for Li, Na, K, Rb, and Cs near the 
melting temperature using upto 16,000 particles for the M D  simulation. It is found that the conver- 
gence of the effective interionic potential is fast enough for practical applications; typically two M D  
runs are enough for convergence of the effective ionic potential within accuracy of 3 to 4 digits. 
Furthermore the resultant static structure factor is in excellent agreement with experimental data of 
X-ray and/or neutron scatering. 

KEY WORDS: Molecular dynamics simulation, simple metals, liquid alkali metals, radial distribution 
function, bridge function, density-functional theory. 

1 INTRODUCTION 

A simple metal can be thought as “simple” one, when the bound electrons can be 
clearly distinguished from the free electrons, and the bound electrons forming an ion 
do not overlap with those of neighboring ions significantly. Therefore a simple 
liquid metal can be modeled as a binary mixture of electrons and ions interacting via 
pair potential among them; the ions can be treated as a classical fluid while the free 
electrons form a quantum fluid [reffered to as the electron-ion model]. In ab initio 
molecular dynamics (MD) scheme proposed by Car and Parrinello [l], a liquid 
metal is essentially treated as such an electron-ion mixture where fictitious dynamics 

‘Author to whom correspondence should be addressed. 
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32 S. KAMBAYASHI A N D  J. CHIHARA 

for the free electrons is introduced to enable a molecular dynamics simulation on the 
Born-Oppenheimer surface. In the present paper, we propose another ab initio MD 
simulation scheme based on the exact expressions for the ion-ion and electron-ion 
radial distribution functions (RDF's) derived from the density functional theory to 
the electron-ion model [2]. 

Since the ions are regarded as classical particles in the electron-ion model, the 
ion-ion and electron-ion RDF's are equivalent to the ion and electron density 
distributions around a fixed ion in a liquid metal, respectively. Because a fixed ion 
causes external potentials acting on ions and electrons, the ion-ion RDF glI(r) and 
electron-ion RDF g&) are expressed in terms of density distributions of non- 
interacting systems $ ( r )  under effective external potentials U;"(r) [ i  = I, e] on the 
basis of the density-functional theory as follows: 

nbg,,(r) = np(rlUiff) = nbexp[ - PUf"(r)], (1) 

where 11; denotes the chemical potential of a noninteracting electron gas, nb(nt) is 
the number density of ions (electrons), and f? = (k,T ) -  the inverse temperature. The 
electron density distribution $(rl U) is determined by solving the wave equation for 
an electron under the external potential U ( r )  

Analogous to the case of classical binary mixtures, the effective external potentials 
V;"(r) are written explicitly in terms of the bare potentials uil(r), direct correlation 
functions (DCF's) Cij(r), and bridge functions Eil(r): 

When we combine equations (1) and (2) with Ornstein-Zernike relations 

SllM - 1 = cIl(r) + rII(r)> 

ge1(4 - 1 = WC,,(r) + gre,(4, 
(6) 

(7) 
a set of integral equations for DCF Ci j ( r )  are obtained. Here 
defined by 

denotes an operator 

9QC9'J(r)I  EE ( X ~ ) ~ ~ ~ C J ( ~ ) I =  (x:)' ex~CiQ.rlf(r)dr,  (8) s 
for an arbitrary real number y, and represents a quantum-effect of the electron 
through the density response function 

Although the integral equations (1)-(7) are exact within the framework of the 
electron-ion model, it is practically impossible to obtain their solution for Cij(r).  In 

of the noninteracting electron gas. 
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AB INITIO DYNAMICS 33 

our previous papers [2], we have derived a closed set of the quanta1 hypernetted- 
chain (QHNC) equations by introducing some approximations to these exact 
expressions. With use of the approximation to the ion-ion bridge function by that of 
the hard-sphere fluid, the QHNC equations have been successfully applied to liquid 
alkali metals and liquid aluminium [3,4,5,6], and shown to give both ionic and 
electronic structures for liquid alkali metals and liquid aluminium in good agree- 
ment with experimental results. We found, however, a small but systematic discrep- 
ancy between calculated and experimental structure factors near the second peak in 
liquid alkali metals. 

The aim of the present work is to show how we can perform an ab initio MD 
simulation on the basis of the exact expressions (1)-(7) together with the extracting 
procedure of the bridge function proposed recently by us [7]. This method enables 
us to calculate not only the bridge function but also the RDF and structure factor in 
the whole range of distance or wavenumber for the full pair potential from the MD 
data where a truncated potential is used inevitably. As we have shown in [7], the 
intermediate-distance part of the bridge function cannot be reproduced by the 
bridge function of hard-sphere fluids due to its significant dependency on the pair 
potential; this brings a systematic discrepancy in the RDF between experimental 
results and theoretical predictions. Therefore the combination of the QHNC equa- 
tion and MD simulation [referred to as QHNC-MD method] is expected to 
improve our previous results on the ionic structures obtained from the QHNC 
equations with use of the hard-sphere bridge function. 

We have applied the QHNC-MD method to five liquid alkali metals, i.e., Li, Na, 
K, Rb, and Cs near the melting temperature by using up to 16,000 particles in the 
MD simulation. It is found that the convergence of the effective interionic potential 
is fast enough for practical applications; typically two MD runs are enough for 
convergence of the effective ionic potential within accuracy of 3 to 4 digits. Further- 
more the resultant static structure factors are in good agreement with experimental 
data of X-ray and/or neutron scattering, and the small deviation of our previous 
results from experiments near the second peak in structure factors is not seen in 
these new results. In the following, we describe the QHNC-MD method in detail 
and its application to liquid alkali metals together with comparison of present 
results with experimental data. 

2 QHNC-MD METHOD 

It is important to realize that the electron-ion model can be translated into the one- 
component model, where an effective interionic interaction ueff ( I )  is given in terms of 
the electron-ion DCF in a similar way to the usual pseudopotential theory. The 
effective interionic potential is defined in such a way that the RDF of a one-compo- 
nent fluid for the liquid metal should become identical to gll(r) of the mixture 
given by equation (1): 
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T(r) = C(lr - r'l) nb [g(r') - 1]dr' and g(r) - 1 = C(r) + T(r), (10) s 
which is the Ornstein-Zernike relation for a one-component fluid. Helped by the 
definition of the DCF for the one-component fluid 

nbC(Q)=l-SII(Q)-'  = 1  - [ l + n b ~ ~ [ g , , ( r ) - l ] ] - ' ,  (11) 

the one-component DCF is written in terms of the DCF's of the electron-ion model 
as 

Substituting equation (12) into equation (9), we obtain the exact expression for the 
effective interionic potential for a quasi one-component model of a liquid metal: 

by taking the bridge function B(r) to be BJr) of the electron-ion mixture. Note that 
equation (3) can be interpreted within the scope of the standard pseudopotential 
theory by regarding CeI(r) as to be the pseudopotential wb(Q) = - Ce,(Q)/B, which 
takes account of the many-body forces and nonlinear effect in the electron screening 
in the linear response expression (1 3). 

By noting the above relations (9)-(13), the exact expressions (1)-(7) can be trans- 
formed into a set of integral equations: One is the integral equation for the one- 
component model with the effective interionic potential ueff(r) 

C(r) = exp[ - Bueff(r) + T(r) + B(r)] - 1 - T(r), 

BCe1(4 = n,O(rlue, - TeI/B)/% - 1 - @re1(r), 

(14) 

(15) 

and the other is electron-ion correlation functions to evaluate using equation (13) 

where the electron-ion bridge function BeI(r) is neglected, i.e., the hypernetted-chain 
approximation is applied to equation (4) due to weakness of the electron-ion corre- 
lation in a simple metal. 

Integral equations (14) and (15) do not form a closed set themselves yet, even 
though the evaluation of equation (14) can be replaced to a numerically exact 
computer simulation for uetf (I). In order to make closed equations, we introduce 
following three assumptions: (A) The electron-electron DCF Cee(r) is approximated 
by the local-field correction (LFC) Gj""(Q) of the jellium model [2] in the form of 

c,,(Q) = - B ~ , , ( Q )  1 - G ~ Y Q )  . (16) [ I  
(B) The bare ion-ion potential uII(r) is taken as Coulombic, i.e., uII = (Z,e)'//r where 
Z, is the ion charge, i.e., the positive nuclear charge plus the total negative charge of 
the bound electrons, in units of the elementary charge. (C)  The bare electron-ion 
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AB INITIO DYNAMICS 35 

potential is given by 

where n!(r) 3 neOb(r(u:E) = ny(rlu::)  is the bound-electron distribution around a fixed 
nucleus under the external potential uEr(r) given by equation (4) and pXc(n) the 
exchange-correlation potential in the local-density approximation (LDA). This ex- 
pression has been derived by noting that the effective electron-ion potential ,::(,) 
should be identified with the effective nucleus-electron potential u:E(r) of the nu- 
cleus-electron model for liquid metals [8], in which a liquid metal is regarded as a 
mixture of nuclei and electrons in order to take into account the inner structure of 
an ion. The electron distribution n;(rlu:E) around a fixed nucleus is separated into 
two parts as 

(18) 

where nr(rlu$) is the free electron distribution around a fixed nucleus, and gives the 
electron-ion RDF as follows: 

n,O(rIu::f) = neOb(rlu::f) + np(r luzE) ,  

which is used in the evaluation of equation (15). We note that 2, is explicitly given 
by 

2, = z, - j n : ( r ) d r  (20) 

where we assume that there is no overlapping of bound electrons among ions. 
The QHNC equations (14) and (15) with these assumptions (A)-(C) enables us to 

perform an ab initio M D  simulation which requires only the atomic number Z ,  and 
thermodynamic states as input parameters. In principle, the QHNC equations (14) 
can be solved iteratively with the use of the classical M D  simulation for a quasi one- 
component model with ueff(r);  given an initial guess for g,,(r), the first estimation for 
uef f ( r )  can be calculatrd by solving equation (15) with respect to CeI( r ) .  Then the M D  
simulation is performed with use of uef f ( r )  to obtain the next guess for g l l ( r )  which is 
used to determine a new estimation for ueff (r ) .  This process will be continued until 
convergence of the effective interionic potential is achieved. Such a straight forward 
application of the M D  simulation to the QHNC equation is not practical in the 
viewpoint of the computational cost. Becuase the dependence of the effective in- 
terionic potential on the ionic structure is rather weak in a simple metal as we have 
shown in [6], an approximate theory for B ( r )  in equation (14) can be applied for the 
beginning of the QHNC calculations instead of the M D  simulation, which will 
largely enhance convergence of the effective ionic potential. For this purpose, we 
take the variational modified HNC (VMHNC) equation proposed by Rosenfeld [9], 
in which the bridge function is approximated by Bpy(r ;  q)  of the Percus-Yevick 
equation for hard-spheres of diameter CT with the packing fraction q = zn',a3/6. In 
the VMHNC equation, the adjustable parameter q is determined by the following 
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condition: 

calc. g,l(r) by MD ~= 
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I I ~ kale. ve~(r) by QHNC) 

where gpy(r;q) is the RDF for the hard-sphere fluid with the Percus-Yevick equa- 
tion. Finally our procedure to solve the QHNC equation with the MD simulation, 
i.e., the QHNC-MD method is summarized as the flow chart shown in Figure 1.  For 
a given initial potential ueff(r) which is obtained by approximating gll(r) in equation 
(15) by the step function O(r - a)  with the ion-sphere radius a = (47~nb/3)- ' I 3 ,  a good 
initial guess for the M D  simulation is determined in the preparation phase by using 
the VMHNC equation. Then the MD simulation is repeatedly performed to achieve 
convergence of ueff(r) in the rejnement phase. 

In addition to the flow chart shown in Figure 1, we also apply an extension 
procedure for g ( r )  determined by the M D  simulation, because the computer simula- 
tion provides g(r) only within the half of the side length L of the simulation cell. This 
causes an unavoidable truncation error in calculation of the Fourier transform 
FQ[g(r)  - 13 to be used in the evaluation of equations (13) and (15). Furthermore 
the computer simulation may yield different RDF's depending on the cutoff radius 
R, of the potential especially for liquid metals whose effective interionic potential is 
accompanied by a long-ranged oscillatory tail. Recently we have proposed a precise 
procedure to get the RDF for the full potential ueff(r) in the whole range of distance 

(initial potential vM(r)) 
I + 

Ic. gI,(r) by VMHNC 

Ic. ven(r) by QHN 
4 

preparation 

refinement 

end 

Figure 1 Flow chart of the QHNC-MD method. The initial potential ucff(r) is determined by approxi- 
mating gn(r) in equation (15) by the step function O(r -a) witth the ion-sphere radius a = (47~n;/3)-"~.  
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from the simulation result for the truncated potential u,(r) [7]: 

As the first step of this procedure, we extract the bridge function from the raw RDF 
data. For this purpose, we extend the raw RDF data of the M D  simulation gMD(r), 
by solving an integral equation 

coupled with the Ornstein-Zernike, where R is the extrapolating distance (R < L/2). 
At this stage, in order to obtain a reliable bridge function, it is essential to take R as 
short as about 3 to 4 interatomic spacings or simply as R = Rc[7] to discard the 
RDF data outside that distance so as to reduce the statistical noise contained in the 
raw RDF data. Using the extended g(r), the bridge function BMD(r) can be extracted 
for distances where gMD(r) # 0 by 

At the second step to get the RDF and DCF for the full potential uefr(r), we solve the 
integral equation (14) for the full potential with this &,(r) assumed to be that of the 
full potential, based on the fact that the bridge function is not sensitive to the 
long-range part of the potential and very weak for long-range distance [7]. 

3 APPLICATION TO LIQUID ALKALI METALS 

3.1 Numerical Procedure and Simulation 

We have applied the QHNC-MD method for five liquid alkali metals (Li, Na, K, 
Rb, and Cs) near the melting point. The parameters used in the present QHNC-MD 
simulation is shown in Table 1, where the temperature and density have been chosen 
so as to make it possible to compare the present results with experimental data in 
[lo, 11,12,13]. When we proceed to apply the QHNC-MD simulation to liquid 
metals, it is necessary to introduce explicit expressions for the local-field correction 
of the jellium model in equation (16) and the exchange-correlation potential on the 
local-density approximation in equation (17). In the present calculation, we choose 
Gj'"(Q) introduced by Geldart and Vosko [18], 

" 2  
Y 

G " " ( Q ) = ~ q z  +4(1 +0.0155crnrS)-' 

with q = Q/QF and a = (9n/4)-'I3, where QF is the Fermi wavenumber and r,aB = 
(4nn33)- ' I 3  is the electron-sphere radius with the Bohr radius aB = h2(m,e2)- '. The 
exchange-correlation potential pxc(n) is taken to be that of Gunnarsson and 
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Table 1 Parameters used in the present QHNC-MD simula- 
tions for liquid alkali metals: r,aB = (471n:/3)-"~ is the elec- 
tron-sphere radius with the Bohr radius h2(m,ez))-' and 
a = a, = (4nn;/ 3)-''3 is the ion-sphere radius. RCI and R,,  are 
the cutoff length of the effective interionic potential utff(r) in the 
M D  simulation for the first M D  run and second M D  run [see 
text], respectively. 

Li 470 3.308 0.940 5.88 5.88 
Na 373 4.046 2.349 7.06 7.06 
K 338 5.024 3.996 6.76 6.76 
Rb 313 5.338 6.585 6.81 6.80 
CS 303 5.781 8.954 6.83 6.84 

Lundqvist [ 191 

(26) 
2 

anr, pxc(n)  = -I [ 1 + 0.0545r:ln(l + 11.4r;-')] Ry 

with riaB = (4nt1/3)-"~. 
We have performed two iterations in the refinement phase of the QHNC-MD 

method (Fig. l), where 16,000 particles have been used in the first MD run (Run-1) 
and 4,000 particles for the second M D  run (Run-2). The MD simulation has been 
performed over 50,000 time steps for Run-1 and 100,OOO time steps for Run-2 by 
applying the cubic periodic boundary conditions and isokinetic constraint [ 141 to 
maintain the temperature. The equations of motion are integrated by a fifth order 
diffferential algorithm [15] with the time increment A t  = 0.0025n',-1i3(m,~) of which 
correspondence to the real unit is shown in Table 1, where rn, is the mass of an ion. 
The cutoff radius R, is located at the node of the Friedel osciallation of u&) for 
each iteration. All MD simulations have been carried out on a vector-parallel pro- 
cessor Monte-4 [16] at Computing and Information Systems Center of Japan 
Atomic Energy Research Institute. The computational time required for 10,000 steps 
is about 30 to 50 hours for 16,000 particles including the sampling of the RDF. 

The integral equation (23) for extending the raw MD data of gMD(r) has been 
solved by an iterative procedure introduced by Ng [ 171 with the extending distance 
of R = R, for the whole cases. The number of grid points and step size used in 
numerical integrations are 1024 points and Ar = 0.025a, respectively. Using C(r )  
obtained by the HNC equation as an initial input function, it takes about 10,000 
iterations to achieve convergence. The computational time required for this calcula- 
tion is about 10 seconds on a vector processor VP2600/10 with the vectorized fast- 
Fourier-transform routine. 

3.2 

In order to examine both numerical and computational efficiency of the QHNC- 
M D  method, we have tested the convergence of the RDF and effective interionic 

Convergence of the QHNC-MD Method 
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potential by evaluating following consistency measure for g ( r )  and ueff(r):  

Here fi(r) is g ( r )  or buef f ( r )  obtained by the i-th M D  simulation and f o ( r )  is that 
obtained by the final step of the preparation phase. 

Figures 2 and 3 show the consistency measure defined by equation (27) of the 
present QHNC-MD simulation for liquid Li. It is easily seen that the convergence of 
g,(r) and uef f ( r )  is very fast; the difference of g&) between Run-1 and Run-2 is 
situated almost within the statistical error of the sampling of the RDF in the MD 
simulation, that means accuracy of about 3 to 4 digits is already achieved in the 
QHNC-MD calculation of Run-1. In a consistent way to the convergence of the 
RDF, a good convergence of the effective interionic potential uef f ( r )  is achieved in 
Run-1. Although a small discrepancy between the results of Run-1 and Run-2 can be 
found from Figure 3 for the core region of the potential ( r  5 0.2a), this may not affect 
to the ionic structure produced by the M D  simulation because the interparticle 
distance will never get into such a short distance in usual simulations. Similar to the 
case of liquid Li, a good convergence of glI (r )  and ueff (r )  is also achieved for other 
liquid metals treated in the present work as shown in Table 2. 

0 2 4 
ra-’ 

6 

Figure 2 The consistency measure Agi(r) defined by equation (27) for liquid Li; dot-dashed curve, Agl (r); 
dashed curve, Ag2(r). Solid curve is the final result for the ion-ion RDF AgJr). 
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0 

Figure 3 The consistency measure Afiuerr,(r) defined by equation (27) for liquid Li; dot-dashed curve, 
Afiuefr,(r); dashed curve, ABuefrz(r). Solid curve is the final result for the effective interionic potential 
W.rr(r).  

Table 2 The convergence measure of the QHNC-MD simulation 
defined in equation (28). 

element lAgll IA921 1fiUef,,l IfiULff21 

Li 1.53 1 0 - 1  5.92 x 1 0 - 3  2.90 x 10-2 1.10 x 10-3 
Na 1.34 x lo-’  3.69 x 1.95 x lo-’ 1.91 x 
K 1.38 x lo-’  4.75 x 2.21 x lo-’ 6.68 x 
Rb 1.49 x lo-’  4.14 x 2.29 x lo-’ 2.23 x lo-’ 
c s  2.06 x lo-’  2.44 x lo-’  3.61 x lo-’ 2.18 x 10-3 

It should be noted that the preparation phase of the QHNC-MD method largely 
enhances the convergence of oeff(r): the iteration count of the preparation phase is 
typically reached to about one thousand in the present work. This means that, with 
the straight forward application of the MD simulation to solve the QHNC equation, 
it requires one thousand MD runs to achieve convergence of uetf(r). On the other 
hand, only a few MD run is enough to get convergence in the present QHNC-MD 
simulation, where a reasonable estimation is provided by the VMHNC equation in 
the preparation phase which requires only about twenty minutes of computational 
time with a conventional scalar processor. The successful convergence of the 
QHNC-MD method using the preparation phase with the VMHNC equation can 
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be understood from the similarity between the hard-sphere bridge function and the 
bridge function obtained by the MD simulation using equation (23) and (24) as 
shown in Figure 4; the bridge function of the hard-sphere fluid well reproduces the 
core region (r 5 2a) of BMD(r) which is responsible to the coarse feature of the RDF. 
On the other hand, the discrepancy in the intermediate range of B(r) is related to 
the detailed structure of g(r) near its second peak, which is improved efficiently 
by the refinement phase with the MD simulation. This point will be again discussed 
in the next subsection. 

Concerning the treatment of raw MD data for the ion-ion RDF, it should be 
emphasized that the extension procedure to obtain the RDF for the full potential 
applied to the raw MD data is indispensable for the present calculation. As shown 
in Figure 5, the truncation error in gJr) due to the use of the cutoff potential in the 
M D  simulation is so large that the convergence of the QHNC-MD method will not 
be attained with the raw RDF data. In addition, the extended RDF for the full 
potential is almost identical with the result of VMHNC equation for the same 
potential (Fig. 5) for r 2 5a, i.e., after the third peak of RDF. This suggests that the 
long ranged Friedel osicllation of ueff(r) typically seen for liquid metals is essential 
for the detailed structure of the RDF at long distances, and it is necessary to include 
the information of the long-range part of ueff(r) into qe(r) on order to obtain a 
self-consistent solution of the effective interionic potential by the QHNC-MD 
calculation. 

0.5 

0.0 

n -- L 

mi 

-0.5 

-1 .o 
1 2 3 4 5 

ra-’ 
Figure4 The bridge function of liquid Li obtained from the QHNC-MD simulation (solid curve), 
compared with that of the hard-sphere fluid used in the final step of the preparation phase (dashed curve). 
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ra-’ 

Figure 5 Comparison ol the raw M D  RDF for liquid Li with the extended RDF: dashed curve is the 
raw RDF data; solid curve is the extended RDF with the full potential by equation (23); 0 is the result 
from the VMHNC equation for the present self-consistent potential. L is the side length of the simulation 
cell; L/2 = 12.7940 = 22.40 8, in the MD simulation for liquid Li with 4,000 particles. The discrepancy 
between the raw data and extended data becomes clear for r 24a, i.e., after the second peak of RDF. On 
the other hand, the extended RDF becomes indentical to that of the VMHNC equation for r 2 5 a .  i.e., 
after the third peak of RDF. 

It is concluded that the convergence of the present QHNC-MD simulation is well 
attained from both numerical and computational points of view, helped by a good 
initial estimation of the preparation phase with the VMHNC equation and the 
extension procedure applied for the raw M D  data in order to obtain the RDF for 
the effective ionic potential without any truncation. 

3.3 Comparison with Experimental Data 

The ion-ion structure factor S, , (Q) of Li and Na liquid metals are shown here as 
applied examples of the QHNC-MD simulation in comparison with experimental 
results. The structure factor is calculated by the Fourier transform of the M D  RDF 
corrected for a full potential and extrapolated to whole range of distance [see 
equation (1 l)]. 

Figures 6 and 7 exhibit the structure factors calculated by the QHNC-MD simu- 
lation together with the experimental results for liquid Li [lo] and liquid Na 
[113 121. It is clearly seen that the present results are in excellent agreement with the 
experiments, improving the detailed structure of S, , (Q) near its second peak 
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Figure6 The ion-ion static structure factor S,,(Q) for liquid Li: solid curve, the QHNC-MD result; 
dashed curve, result of the final step of the preparation phase, 0, experimental result taken from [lo]. 
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Figure7 The ion-ion static structure factor S,,(Q) for liquid Na: solid curve, the QHNC-MD result; 
dashed curve, result of the final step of the preparation phase; o and 0, experimental result taken from 
[ l l ]  and C123, respectively. 
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compared with the result of the VMHNC equation (the final result of the prepara- 
tion phase). This improvement on S,,(Q) by the refinement phase essentially relies on 
the detailed oscillatory behavior of the bridge function extracted from the raw RDF 
of the M D  simulation. The discrepancy in the bridge function between the M D  
simulation and VMHNC equation shown in Figure 4 gives no serious effects on the 
first peak of the RDF. But details of the RDF for 2a 5 r 5 5a are rather sensitive to 
the oscillation of E(r) in a similar way as discussed in [7]. Therefore the use of 
the extracted bridge function EMD(r) to determine the corrected RDF is important 
in order to guarantee the correct behavior of the structure factor by using 
equation (1 1). 

To summarize the present section, we conclude that the present application of the 
QHNC-MD method to liquid alkali metals provides satisfactory results for the ionic 
structure in excellent agreement with the experimental results within the computa- 
tional capacity available at present, enabling to handle a relatively large system size 
in the M D  simulation in contrast with the usual ab initio simulation. 

4 DISCUSSION 

We have shown that the QHNC-MD formulation provides a very precise descrip- 
tion of simple liquid metals without any adjustable parameters. In our previous 
calculaions with the VHMNC equation, a small but systematic deviation from 
experiments has been observed near the second peak in structure factors. Now our 
QHNC-MD method is shown to correct this deiiation and to yield results in 
excellent agreement with experiments in the whole range of wavenumber Q. 

In our QHNC-MD formulation, the exchange-correlation effects, expressed in 
terms of the LFG G(Q)  and the LDA pxc(n), are taken from those of the jellium 
model, where the ion distribution is replaced by the positive uniform background. 
The jellium model gives a good description for the electrons in alkali metals; the 
present success of the QHNC-MD method depends on this fact. In addition, the 
structure factors of alkali metals calculated by this method are almost independent 
of what kind of LFC to choose. However, it should be noted that the LFC in the 
QHNC formulation should depend on the ion configuration precisely, since it is 
defined for the electron-electron DCF in the electron-ion mixture. 

To compare the MD structure factors with experiments in detail, it is important 
to extrapolate correctly the M D  RDF to large distances for the uncut effective 
interionic potential. O u r  extrapolation method is shown useful to deal with the raw 
M D  data for liquid metals of which interionic potential is accompanied by a long- 
range Friedel oscillation, and is indispensable for the QHNC-MD simulation. In 
order to obtain such a reliable bridge function as to be used for the extrapolation of 
the M D  RDF, the M D  simulation must be performed for at least several thousand 
particles, and about 10" to 10" samples are necessary so as to ensure a reasonable 
statistical accuracy for evaluation of the RDF [7]. 

The Car-Parrinello MD (CP-MD) method is based on the same ground as ours: 
the electron-ion mixture model for liquid metals and the jellium model for electrons, 
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which are treated by the density-functional theory. The bare ion-ion interaction 
is taken as a pure Coulombic in both treatment, while the bare electron-ion 
interaction is approximated by a pseudopotential in the CP-MD method in contrast 
with our approach where no pseudization is adopted. While in their treatment the 
electron distribution is determined for the multi-ion configuration and the ions are 
considered to be interacting via many-body forces, the one-center problem to deter- 
mine the electron and ion distributions around a fixed ion is solved in our approach; 
it has been proved that the electron-ion mixture can be taken exactly as a quasi 
one-component system interacting only via a pairwise interaction to obtain the 
ion-ion RDF. 

The advantage of the present method against the CP-MD method with usual 
pseudopotential theory can be summarized as follows: (1) The present procedure is 
capable to handle a large system size ( N lo3 to lo4 particles) in the M D  simulation 
within the computational resources available at present, helped by the good initial 
guess with the VMHNC approximation for solving the QHNC equation. (2) The 
many-body forces and nonlinear effect in the electron screening are taken into 
account automatically in the form of a pairwise interaction in such a way that the 
nonlinear pseudopotential is constructed in terms of C&). (3) By setting up an 
addional integral equation for Cee(r), our method can treat the case where the 
jellium model for the electrons in a metal breaks down, that is, the exchange- 
correlation effect begins to depend on the ion configuration [ZO]. Furthermore, (4) 
our method is applicable to high density plasmas where the ionic structure becomes 
significantly so different from a free atom due to high compression that the usual 
pseudopotential theory cannot be applied. 

Our QHNC-MD method is based on the ion-electron model, where the bound 
electrons are assumed to be clearly distinguished from the conduction electrons 
and the ions are so rigid and so small that the ion-ion bare interaction is taken 
as a pure Coulombic uII(r )  = (Z ,e) ’ / r .  Therefore, our method is applicable only to 
a simple metallic system. In a transition metal, for example, an “ion” cannot be 
clearly defined since the bound electrons is not distinct from the conduction 
electron, and the overelap of “ions” is significant: the ion-ion interaction should 
be taken as many-body interactions. Our method cannot be applied to such a 
case. While the CP-MD method treat electrons in the multi-center problem, our 
method treat them in the single-center problem to determine the density distribu- 
tion around an fixed ion in a liquid metal; thus, our method cannot describe 
states of the electrons in a multi-center configuration, such as the density 
of states. 
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