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lon-electron correlations in liquid metals from orbital-free ab initio molecular dynamics
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Extensiveab initio molecular-dynamic$AIMD ) simulations have been performed for liquid Na, Mg, and
Al, three metals having the same core of 10 electrons but with a different number of valence electrons. The
calculations have been carried out with the orbital-free version of the Car-Parrinello technique. Results were
obtained for the functions that describe the ion-ion and ion-electron correlations. Comparison of these with
results of those from standard Kohn-Sham AIMD confirms the ability of the orbital-free scheme to provide
correct properties from first principles at a reasonable computational cost. The results presented here demon-
strate that the overall ion-electron correlations predicted by simulation differ substantially from the experimen-
tal data so far reported for this property. This observation is closely related to the fact that, according to the
theory, the difference between x-ray and neutron-diffraction structure factors should be much smaller than that
encountered in the experimenf§0163-18208)04834-9

[. INTRODUCTION comparison with experiment, although excellent with regard
to the ion-ion structure factor and pair-correlation function,
A liquid metal can be regarded as a mixture of positivelybrought out a striking discrepancy for the functions that de-
charged ions and nearly-free electrons, an intuitive picturecribe the ion-electron correlation. Due to the pseudopoten-
that has been extensively exploited in many theoreticatial approximation, the electronic structural data provided by
works!~" As first pointed out by Egelstaff, March, and the AIMD simulations are not accurate at distances close to
McGill,? the existence of electrons that are not attached téhe atomic nuclei. Nevertheless, as already stressed by de
the ions leads to the structure factors measured by neutron¥ijs et al,'® this does not affect the region in which the
x-ray-, and electron-diffraction experiments being slightly discrepancy between experiment and simulation for the ion-
different from each other. From this analysis, it is concludedelectron correlation is most pronounced.
that it should be possible, in principle, to extract the ion- An alternative to the KS formulation of the Car-Parrinello
electron partial structure factor from the comparison of vari-method, the so-called orbital-fré©F) ab initio molecular-
ous types of diffraction data. A more rigorous treatment thardynamics(OF-AIMD),%6~1% offers an attractive approach to
that of Egelstaff, which involved just neutron and x-ray dif- the problem. By dispensing with the orbitals of the Kohn-
fraction, has been discussed by ChihiaHis work has been  Sham formulation, the OF-AIMD method takes full advan-
followed by several efforts to assess the magnitude anthge of the Hohenberg-Kohn theorem and provides a simu-
shape of the ion-electron correlation from experimentalation method that scales almost linearly with system $ize.
measurement$.? It therefore becomes possible to perform simulations with
The first theoretical attempts to determine the ion-electrodarger numbers of particles and to carry out longer runs than
correlation were undertaken in the framework of linear-for KS-AIMD, thereby achieving greater statistical precision.
response theoryLRT).>! The ion-electron partial structure The OF-AIMD method has already been used to obtain the
factor can be related to the ion-ion structure factor via théon-ion structure factor of liquid sodiuff.It has also been
screening density function that is in turn related to the dielecshown to describe correctly static and dynamic properties of
tric or linear-response function. The case of (¢ad other solid Na(Ref. 16§ and Al'® Recently, Watsoret al?° have
alkalist) is particularly well studied. Linear-response-baseddevised a method for producira initio local pseudopoten-
predictions for this system give results that depend on théals for application in OF-AIMD. The basic idea is to con-
assumed form of the pseudopotentiat.lon-ion and ion-  struct pseudopotentials that render, when introduced within
electron correlations in NéRef. 6) and Al (Ref. 7 have also the OF scheme, the same results for the electron density as
been studied by means of the Quantal hypernetted chaitnose of KS calculations witlab initionon-local pseudopo-
equation. In this case theory and experiment evince cleaentials in an appropriate reference state. This method, to-
disagreement, even for the ion-ion structure factor. gether with the OF-AIMD simulation itself, affords a fully
Ab initio molecular-dynamics method$!® based on first-principles procedure suitable for studying metallic sys-
density-functional theoryDFT),}* provide a direct method tems. We will discuss this point thoroughly when analyzing
to calculate ion-ion, ion-electron, and electron-electron corour results.
relations since they contain an explicit representation of the In this paper we have used the OF-AIMD method and the
valence electron density. A first attempt of this type waspseudopotential generation scheme to simulate liquid Na,
made by de Wijset al,'® who performed Kohn-Sham Car- Mg, and Al near their melting points. Following Takeda
Parrinello molecular-dynamicé<S-AIMD) simulations for et al,!° we have chosen these metals since they possess the
liquid Mg and Bi. They reported results for the ion-ion and same core of 10 electrons, but have one, two, and three va-
ion-electron microscopic structure of these metals. Theitence electrons, respectively. This should lead to a system-
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atic variation in the ion-electron correlations as we movecated in all directions. As a consequence of this, the electron

from Na to Al. The purpose of our calculations is twofold. density of the conduction electropg(r) is a periodic func-

On the one hand, we attempt to test the ability of the simution and, therefore, can be expanded in a Fourier series

lation method itself to provide correct structural data in the

liquid state as an alternative to the computationally more

expensive KS-AIMD scheme. In this regard, the most sig-

nificant comparison is with the results of de Wagsal. for )

Mg. However, we are also interested in the comparison withvith

the ion-electron structure factor predicted by linear-response

theory, to which our results would be expected to agree ex-

actly if the pseudopotentials in these metals were sufficiently K= 2—7T(m nl); k2<K?2 4)
: R IR cut?

weak. We will show that the calculated ion-electron structure L

factor evolves in a readily interpretable way from Na to Al.

On the other hand, we will compare the results yielded b))NhereL is the side length of the simulation bom,n,| are

the simulations with the available experimental data in ordef"tegers, ancK gyt IS Fhe sphencalcu.toff in the p_Ianga—vyave
to clarify the actual significance of the ion-electron structureeXpanS'f)n' In addition, the following constraint is imple-
factors derived so far from scattering measurements. In thi@ented'

regard, the route that we have used is complementary to the N

experimental one. Starting from the calculated partial struc- pe(0)= -y (5)
ture factors, we have evaluated a theoretical estimate of the v

difference between the x-ray- and neutron-diffraction Str“C'vvhereNe is the total number of valence electrons ands
ture factors, which may be directly compared with the eX-the yolume of the system. In AIMD the Fourier coefficients
perimentally obtained difference from which the |on—electronof the number density of the iofig, (k)] and of the valence
correlations are extracted. By these means, we expose Higacron density that minimizes the electronic energy func-
importance of the treatment of the incoherent x-ray scattergonal at each ionic configuratiotthe “adiabatic electron

ing by the valence electrons and the requirements on thgengiy™) are directly available and can be used in the cal-
experimental resolution in the two experiments in order o, ation of these structure factors.

extract the desired quantity.

pe<r>=; pe(k)ek T ©)

B. Neutron- and x-ray-diffraction structure factors
Il. THEORETICAL BACKGROUND .
X-rays are scattered by electrons and the scattering am-

A. The Ashcroft-Langreth partial structure factors plitude is related to the number density of electrpfis) via®*
As mentioned in the Introduction, a metal can be treated _
as a mixture of ions and electrons. Under this assumption, a Ix(k)=(p(K)p(=K)), ®)

convenient method of describing all correlations occurring i“vvhere(- ..} refers to a thermafand quantal average over
the system is in terms of Ashcroft-LangretAL) partial  the positions of ionsand electrons. The x-ray-diffraction

structure factors structure factor is conventionally defined as
sij(k)zaipu/NiNjf[gij(r)—l]eik-fdr, (1) )
Sx(k)= NEW' @
A

whereN; andN; are, respectively, the number of particles of ) _
species andj, andg;; is the pair distribution function. This fa(k) andN being the form factor of the isolated atom and

expression can be shown to be equivaleft to the total number of atoms, respectively. ThBg(k) is ob-
tained by eliminating the incoherent part from the experi-

mental data. We now consider how, following ChihAtajs

1
Sij (k)= —=(pi(k)pj(—k)), (2 is achieved for a metal in a two-step procedurg.
VN;N; We first separate the contribution of the ionic cores. We
where p;(K) is the kth Fourier component of the number write
density of species and(---) denotes averaging over the p(K)=1F,(K)py(K) + pe(K), @)

positions of ionsand electrons. If the system is homoge-
neous, both the structure factors and the pair distributionvherepc(k) is the valence electron density ahdk) is the
functions depend only on the modulus lofandr, respec- ionic form factor, i.e., the Fourier transform of the ground-
tively. Equation(2) is computationally more convenient in state ionic electron density. However, we must recognize
the context of AIMD, as we will see below. Our task will that in replacing the instantaneous core density by its average
then be to evaluate the three structure fac&yék), Se(k),  value, we are ignoring the incoherent scattering by the cores,
and S, (k) (describing, respectively, ion-ion, ion-electron, due to Compton effects, and these must be reintroduced in
and electron-electron correlationsas well as their corre- the expression for the total scattering. Using &), the total
sponding distribution functiong;,(r), g,e(r), andged(r). scattering functior(6) can be split up into several terms in-
To simulate a real system, we use a small nhumber ofolving partial AL structure factors and the incoherent core
particles confined in a cubic cell that is periodically repli- scattering
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Ix(K)IN=f2(K) Sy (k) + 212 f,(K) Sie(K)

+2SdK)+(Z2-2)S,(k); k#0. (9

Here Z is the atomic numberz is the number of valence
electrons, ancB:nc(k) stands for the incoherent scattering of
the core electrons.

We next separate the part of the valence dengifk)
that is correlated with the ion positions

{pe(K)pi(=K))
pe(k)_ <p|(k)P|(—k)> P|(k)+ 5pe(k)

=n(K)p; (k) + Spe(K). (10
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In(k)

Sn(k)=

Nb?

Sii (k). (17

In conclusion, the availability of the partial structure fac-
tors S, S, and S;e, from AIMD makes it possible to
estimate, theoretically, the x-ray- and neutron-diffraction
structure factors as well as their difference.

C. Orbital-free AIMD

In the OF-AIMD method®"*°the coefficientsp(k) oc-
curring in Eq.(3) are taken to be virtual dynamic variables
associated with “fake” massesuy. These coefficients
evolve in time coupled with the ionic movement in accor-

The correlated part of the valence density is the adiabatigance with the following equations of motidfi*8

average electron density adg (k) is the part of the instan-

taneous valence electron density not correlated with the ion

positions. We can rewrite Eq10) in real space as

N

pe(r>=|§1 n(r—R,)+ 8pe(r). (12)

n(r) is the so-calledcreening densifywhich represents, on

- . SE(pe:{Ri})
mipe(K)=— W' (18
MR =—V,E(pe:{R})-V/\Vyy; 1=12,...N.
(19

In the expressions abov¥,, is the potential energy of the

average, the fraction of valence electron density that surion-ion interactionN is the total number of ions, anfd is
rounds each ion relative to the uniform background. If wethe electronic energy for a given configuration of iqdiRg}.

introduce Eq.(10) in the definition of the partial structure
factors involving the valence electron density, we arrive at

1
n(k) Sy (k),

\z

Sie(k)= 12

1
SedK)=—n(K)S; (k) +(Ipe(k) dpe( —K)). (13

The last term in Eq(13) corresponds to the structure factor
of the uniform electron gas, sinaEp.(k) is explicitly inde-
pendent of the ionic positions. According to Chih&rthis
contribution leads(at k#0) to incoherent scattering and,
therefore, should be subtracted in the expressions above
estimate the correct x-ray-diffraction structure factor. Bear
ing this in mind, thecoherentscattering function is

12 (K)IN=1f,(k) +n(k)|2S;, (k), (14)

where we have used Eqgd.2) and(13). The x-ray structure
factor is then

|f,(k)+n(k)|?
|fa(k)[?

In contrast to x-rays, neutrons are scattered by nuclei

Sx(k)= Si(k). (15

the center of ions, and for that reason, the correspondin

diffraction intensity is related to the number density of ions

|N(k):b2< > e_ik'(R“_RB)> =b*(pi(K)pi(—K))
B

=Nb?S, (k), (16)

whereb is the scattering length of the nuclei. The neutron-

diffraction structure factor is now defined as

According to the basic theorem of DETE is a functional

of the electron density.. In the context of the OF formu-
lation, such a functional is expressed without the introduc-
tion of orbitals!® in contrast to the more standard KS formu-
lation that employs monoelectronic or bielectronic wave
functions (orbitalg to represent the kinetic-energy func-
tional. OF kinetic-energy functionals have been devised that
reproduce the energetics of metals like Na and Al with the
accuracy of KS calculation$:*® This treatment makes the
electronic part of the computation formally of orddrin N
and, because it is possible to “preconditidfi'the AIMD
fake dynamics, the whole dynamics scales linearly with the
number of particles.

oA crucial point in the evaluation of the electronic energy
%unctional is the ion-electron interaction. Unless we perform
a computationally very expensive all-electron calculation,
this interaction must be described vigpseudopotentiathat

is, in principle, nonlocal'?? Unfortunately, the OF method
does not allow for the use of nonlocal pseudopotentials as it
is based purely on the electron density. As already men-
tioned in the Introduction, this drawback can be surmounted
by means of the method recently proposed by Waetaad 2°

By using their procedure, it is possible to obtain local
pseudopotentials from first principles that can be readily uti-
lized in OF-AIMD simulations. The methodology adopted to

aqenerate a local pseudopotential suitable for OF-AIMD

imulations consists basically of three stagésall-electron

S calculation in a single atom and subsequesgudisation
to obtain an initialnonlocal pseudopotential(2) extensive
KS calculations in the solfd phase using this nonlocal
pseudopotential3) inversion of the solid-phase KS electron
density by means of the OF functional in order to extract the
local pseudopotential to be used in the molecular-dynamics
calculations.

In AIMD, we simulate only theadiabaticvalence electron

density, so, comparing with the discussion of the experimen-



PRB 58 ION-ELECTRON CORRELATIONS IN LIQUID METALS ... 6127

o o Mg. For Al, a hybrid scheme was employed, in which the

=0 andl=1 pseudopotential components derived from an
s?ptd® atomic configuration were combined with the: 2
component of ars?p°d? configuration. KS solid-phase cal-
culations(bcc lattice for Na, fcc for Mg and Alwere carried

out using thecAsTEP program®® Finally, the OF functional

that describes the correct linear and quadratic response of the
electron gas was included in the OF computation. The real-
space pseudopotentials so generated, and subsequently used
in the dynamics, are shown in Fig. 1.

Details of the OF-AIMD simulations performed can be
found in Table I. The three metals were simulated using the
aforementioned kinetic-energy functionéihcluding qua-
dratic responsgeand the time-step to integrate the equations
of motion was set equal to 20 a.(0.4836 f3 in all cases.
The parameters employed were found to be appropriate to
o I achieve an efficient minimization of the electronic energy for

1 2 3 quenched configurations and a good conservation of the total
rA) energy in the dynamics. Simulations were initiated from sol-
idlike configurations that were heated, cooled down, and
equilibrated in approx. 10 000 stefs ps. Once equilibra-
tion was finished, long production runs of 20 000 steps

tal situation in Se_c. I B.’ the termpe(k) in E_q. (10) does . (around 10 pswere executed in order to determine the par-
not occur in the simulations. Furthermore, since the Fourie ial structure factors via Eq2). The required thermal aver-
coefficients occurring in Eq(3) play a central role in the age was comouted by sam .Iin oveci the same number of
simulation process, the calculation of the partial AL structure 9 P y ping

) . configurations. Both ion and electron movements were ther-
factors by means of Ed2) is straightforward and does not . . 24 ;
. : mostated using Nosdoover chaing? The production runs
increase the computational cost. Thus, we calculate a contrgf 20 000 steps lasted 49-57. 52 and 200 h on a Silicon
bution to the averagd&q. (2)] at each MD time step. All of b P

the structure factors reach their asymptotic limits by Graphics R10000 for Na, Mg, and Al, respectively.

. . Na and Al were simulated at two different set of condi-
=K.t SO that we may obtain the corresponding real-spac

L eut = : ; fions. In runs 1, 3, and 5 the density was fixed to the experi-
distribution funct!ons by back t_ransft_)rmatlcEEq. (1).]‘ To mental value of the metal at the simulation temperature that
perform all Fourier transformations involved in this work,

we have used a grid size dk=0.02 a.u. and 16 384 points. was close to the melting point. On the contrary, runs 2 and 6

X . ere carried out at a density slightly lowésy 5% in Na,
The functions irk space were averaged over wave vectors O%gnd 6% in A). We performed a single long run for Mg

the same magnitude and fitted using splines in order to 'mers'etting the density to its melting point value but with the

polate onto the _grld. From the maximum value ava"abletemperature at 1000 K, since these are the parameters uti-
from the simulation up to the cutoff of 16 384 points, all | " 15
. ) lized by Wijset al.
structure factors were set equal to their lokdimits. We
found that direct calculation and back Fourier transformation _ _
from partial structure factors lead to the same results for the B. lon-ion structure factors and the thermodynamic state

FIG. 1. Local pseudopotentials mspace utilized in this work.

pair distribution functions. Figure 2 shows results f@,, (k) calculated directly from
the averages over the Fourier components of the ion density
I1l. SIMULATIONS AND ION-ION STRUCTURE at each of th& points used in the simulation. No smoothing

or further averaging over these values has been performed.
The figure also shows experimental results for the structure
Three locakb initio pseudopotentiatS were produced for  factors?® Apart from a slight mismatch at the principal peak
the metals considered in this work. The electron configuraef the structure factor, which we will discuss below, the
tions used in the initial all-electron calculations of the non-agreement between the experimental and AIMD results at the
local ab initio pseudopotential werg p® for Na ands?p® for ~ experimental densitie@.e., run 1 for Na, 5 for Al, and 4 for

A. Pseudopotentials and simulation details

TABLE I. Simulation parameters for Na, Mg, and Al.

Run N Keut/A TIK plA=3 (P)/a.u.
Na 1 128 7.9 400 0.0241 —2.44x10°5
Na 2 128 7.8 400 0.0230 —-2.52x10°%
Na 3 88 6.5 400 0.0241 —2.18x10°°
Mg 4 108 9.7 1000 0.0371 —2.42x<10°°
Al 5 115 14.6 933 0.0533 9.6610°°
Al 6 115 14.2 1000 0.0497 7.481077
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84 - ' - - ' lower by 5%(runs 2 and 5, respectivelyThe small change
in the mean interionic separation results in very noticeable
discrepancies between the experimental and simulation
curves. Table | shows the pressures of the MD runs at the
experimental densities. Since these correspond to orthobaric
conditions, these pressures should ideally be zero. The pres-
sures obtained are smably the usual standard of computer
simulation$ and are very similar to the pressures that need to
be applied in simulations of the zero-temperature crystal to
bring the calculated lattice constant into agreement with the
experimental one. The lattice constants calculated with the
OF-AIMD method are very similar to those obtained in the
KS-AIMD  calculations used in  pseudopotential
constructiorf’ Overall, we conclude that the OF-AIMD
scheme is giving an excellent description of the local ionic
structure and effective interionic interactions in these metals.
As already reported in Ref. 18, we find the height of the
mean peak in the partial structure factors is extremely sensi-
tive to small variations in the simulation conditions when the
calculation is performed in the proximity of the melting
point. This behavior is clearly seen in the Na simulation at
the experimental melting densitgun 1), where the first peak
Kk reaches a value above the Verlet-Hari8éimit of 2.8. At a
slightly lower density(run 2), this sort of effect in the struc-

FIG. 2. lon-ion partial structure factors of Na, Mg, and Al ob- ture factors does not occur. A similar behavior was observed
tained from OF-AIMD (solid lines: runs 3, 4, and 5; dashed lines: . )

runs 2 and 6; dotted line: run) nd x-ray-diffraction experiments in Al, where the run at the experimental melting der_15|ty_ and
(Ref. 25 at 383, 953, and 943 K, respectivesolid circles. The temperaturgirun 5 Ied_ to excell_ent results for the ion-ion
structure factors are plotted against the reduced wave vectoitucture factor, save in the region of the main peak. When

K/Kmax, Whereknay is the position of the first peak i6, (K) for ~ the density is decreasérin 6) the first peak is substantially
that system. reduced in height. We believe that the additional order, re-

sponsible for this enhancement, is induced by the periodic

Mg) is extremely good. Excellent agreement is also found ifPoundary conditions and exacerbated in these materials by
(despite the slight mismatghThat the agreement is not ac- close (Iess than 2% for Na The periodic boundary condi-
cidental is confirmed by comparing the experimental struciions may be thought to induce an additional external
ture factors(or radial distribution functionsat the melting  Potentialy” which tends to induce crystalline order and

density for Na and Al with simulation results at densitiesWhose effect is particularly pronounced at the peak of the
structure factor, where the fluid’s susceptibility to periodic

3 . : . : . : . external potentials is largest. The problem seems to be a
general ondand not an aspect of AIMD at least when the
liquid and solid densities are very similar, since, in long
simulations of liquid sodium with an effective pair
potential®® a similar effect is found. As shown in the data for
run 3, we can reduce the effect by working with a number of
atoms that is well away from the “magic” numbers for
which the system may form a cubic crystalline structure
commensurate with the periodic boundary conditicsisu-
lations are normally done with such a number to facilitate the
startup. In run 3, 88 atoms are used at the experimental
melting density. The anomalous enhancement of the first
peak seems not to occur. In the calculations reported here,
the effect is associated with only a very small change in the
actual fluid structure, as witnessed by the excellent agree-
ment of the radial distribution functions with experiment.

4312

3211

2[1)(0)

10] -

IV. ION-ELECTRON CORRELATIONS

, o ) A. Results for S| and comparison with KS-AIMD results
FIG. 3. lon-ion pair distribution functions of Na, Mg, and Al.

Solid lines correspond to runs 1, 4, and 5, respectively, whereas the Figure 4 shows the ion-electron structure factors calcu-
dashed lines represent the results from runs 2 and 6 for Na and Alated from the various OF-AIMD runs via E(R). A system-
The black circles are the experimental déRef. 25. atic change in shape d§.(k) in the series Na-Mg-Al is
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FIG. 6. Screening densitiegk) obtained from runs 1, 4, and 5
in Table I (solid lineg. The dashed lines represent the prediction of
the linear-response theory including exchange-correlation effects
02 " L " L " (see text and the dotted lines correspond to the valence electron
density of an isolated atom.

FIG. 4. lon-electron structure factors from runs 1, 4, arfgddid ~ 'uns. The reduction in the effective atomic radii with increas-

lines) and 2 and 6(dashed lines The crosses denote the KS-CP iNg valence charge is clearly evident from this figure. These

results of Wijset al. (Ref. 15 Knay iS the position of the first peak figures also show an increase in the strength of the ion-
in Sy (K). electron correlation as the fluid density is lowered. In view-

ing this figure it should be recalled that the true valence
noticeable; as we shall show below, the change of shape Electron density has been replaced bpseudodensityhat
readily interpreted as a consequence of the increasing nunonly matches the true density outside the core region. How-
ber of valence electrons. From the height of the main peak iver, in calculations on the isolated atom, with the pseudo-
the structure factor, we infer an increasing strength in thgotentials in use here, the pseudodensity agrees closely with
ion-electron correlation along the series. This follows natuthe true density down to distances of order 0.7 A, so that,
rally from the fact that the pseudopotentials generated fowithin the range ofr values spanned, the figure should be
these systems have deeper energy wells for the ions witgiving a reliable representation of the true ion-electron radial
higher charges. The progressive enhancement in the strengtistribution function.
of correlation may also be seen in real space. Figure 5 shows Figures 4 and 5 also show the data for Mg obtained by de
the ion-electron radial distribution functions in the variousWijs et al® using the KS-AIMD method at the same density

and temperature. Excellent agreement between the two sets

1.50 . - . of data is evident. This is an important result in the valida-

tion of the OF-AIMD procedure. The better statistical preci-
sion of our results is apparent at Idw

B. The screening density and the predictions
of linear-response-theory

By using Eqg.(12) we can extract results for the effective
screening density of the valence electrons around the ion
cores. Results for this quantity are shown in Fig. 6. The
screening density, in reciprocal space, may be regarded as
the effective form factor for the valence electrons, as seen in
Eqg. (14). As such, it may be usefully contrasted with the
valence form factor for the free atom, which may be calcu-
lated from the Fourier transform of the densities of the va-

0.50 L 1'0 . 2'0 : 3'0 : 70 lence orbitals. These _densities are obtained from the QII-
| .r(A) | : electroq KS calculauon; .used in the pseudqpotgnnal
generation procedure. This is shown by the dotted line in the

FIG. 5. lon-electron pair distribution functions from runs 1, 4, figure. Figure 7 shows the screening density in real space
and 5(solid lineg and 2 and &dashed linesin Table I. The crosses compared with the free atom valence electron density. The
represent the KS-CP results of Wi al. (Ref. 15. comparison shows that the limitations imposed by the use of

G 100 |
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@ - ' - electron sphere Values for the ratidky/2ke were found to
be 0.991Na), 0.858Mg), and 0.804Al). Hence, the shape of
Sie(K) is primarily determined by the relationship between
the mean interatomic and interelectron separations.

It is very interesting to contrast the results emerging from
the OF-AIMD simulations for the ion-electron correlations
with those predicted by linear-response theory. On the one
hand, the LRT resultsas we shall s@eprovide a ready in-
terpretation of the shape of(k), and hence of the shape of
Sie(k). On the other hand, the construction of the orbital-free
kinetic-energy functiondf'8is heavily based on results of
response theory and guarantees correct linear response
(within the local-density approximation of DFTIt is of in-
terest to see to what extent the higher-than-linear response of
the electron gas influences the results for the ion-electron
correlations.

Within the framework of linear-response theory, the effect
of each ionic core on the valence electron charge distribution
can be considered independently and calculated from the re-
sponse of an uniform electron gas at the density of the con-
duction electrons to the presence of the ion-electron
potentiall3°

00 10 20 30 40 N rH(K) = x°(K)Ve(k), (20

wherex°(k) is theexternalresponse function or susceptibil-
FIG. 7. Spherically integrated screening densities in real spacdty of the (interacting electron gas an&/ (k) is the ion-
The lines have the same meaning as in Fig. 6. electron potentialy°(k) is normally expressed in terms of
the random phase approximation for the screened response
the pseudodensity are not large. Figure 7 also indicates th@finction y, (the Lindhard functioft)
when the atom is immersed in the sea of conduction elec-
trons in the metal there is an enhancement of the valence o) xL(K)
electron density close to the nuclefig., in the range of the X = ,
main peak in the densityand a reduction of the density at 1+ (4m/k) x L (O[G(K) ~ 1]
slightly longer range: the displacement of the screening denyhereG(k) is a “local-field factor,” which accounts for the
sity is more marked the higher is the ionic charge. At largefexchange-correlation effectswax, Jakse, and Bretonnét
distances the screening density oscillates about the averaggiculated the ion-electron structure factor for the alkali ele-
electron density of the metal; this is responsible for the osments using this formalism, the Ichimaru-Utsdfniocal-
cillatory character of the effective interionic pair potentials field factor and the Shaw pseudopotentfaland obtained
of metals’ Very similar behavior has been predicted by results in good accord with ours for Na.
means of the quantal hypernetted chain thédry. We have calculated the LRT predictions for the screening
The consistenshapeof the screening density in recipro- density in Na, Mg, and Al by using the Ichimaru-Utsumi
cal spaceFig. 6) for Na, Mg, and Al, enables us to interpret |ocal-field factor iny°(k).3? We have previously shown that
the evolution of the ion-electron structure fac®g(k) (Fig.  the effective linear-response function within our orbital-free
4) passing from Na to Al, i.e., with an increasing number of calculations is very similar to this theoretical result for
valence electron®. As seen from Eq(12), S(k) is the  yO(k). We have used the same local OF pseudopotential,
product ofn(k) andS; (k) and the latter has a very similar obtained from theb initio KS nonlocal potential, as used in
shape in all the metals, thescale being set by the position the OF calculations. It should be noted that the pseudopoten-
of the first peak of the structure factky,,, (Fig. 2). Since, tials normally used in LRT-based calculations of the effec-
n(k) is positive at smalk and first passes through zero at ative interionic interactions in metals are substantially softer
valuek, that steadily increases with the density of valencein the core region than suclb initio-based potentials; this is
electrons, the shape &(k) can be seen to be determined true of the Shaw potentials used by Wax, Jakse, and
by the relationship 0k,., t0 Ko. For Na, knay is signifi-  Bretonnet'! for example. As stressed by Hafrlethey are
cantly greater thak,, and the main peak d§, (k) appears potentials appropriate to the application of LRT and would
as a negative feature Bo(k). In Mg ka4 is slightly smaller  not (in general reproduce the actual valence orbitals of an
thankg, and some of the main peak occurs in a region wheratom in the way that KS pseudopotentials do. The results in
n(k) is positive, whereas for the highkrpart it is negative, Figs. 6 and 7 show that theb initio-based potentials are too
leading to a derivative shape. The derivative shape is stilstrong for their effect to be described by LRT, even, as noted
more pronounced in Al wherk,,,~ko. As expected from previously® in the case of Na[The discrepancy in the re-
linear-response theokgee belowy, the value ok, is close to  ciprocal space function would be more noticeable were we to
twice the Fermi wave vector of the valence electrons in thelot kn(k)]. In Fig. 7 we see that the screening density
metal [ke=(97/4)Y¥r, wherery is the radius of the free becomes negative inside the ionic cores, and that the oscil-
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lations at longer range are too large. The discrepancy be 0.40 . - . .
tween the OF results and the LRT ones becomes more pro 0.20 .

nounced along the series Na-Mg-Al. Conversely, these 0.00 -4---'..:-":-7-.......;., "o ve _
results show that thab initio KS-based pseudopotentials -0.20 | od Al A
induce significant higher-order responses in the electron den  _g40 ; ¥ ; ; ;
sity and, recalling the excellent correspondence between thi 0.20 [ . ]
OF and KS results for Mg, that the OF method is capturing 0.00 | —mommset N @, -]
these higher-order effects successfully. This is an importan' 4 [ ¢ Ma
conclusion sinceb initio KS-based pseudopotentials should _0.40 : : : :
betransferableto different phases of the metal and its alloys. _ 020 | ]
Nevertheless, the LRT calculated screening densitiesz 0'00 R S N . N
show qualitatively many of the features present in the full & ™ ~e T l
OF calculations. In particular, the shape mfk) and the & ‘g'ig [ . . . . Na ]

position of the first zero crossinky, invoked in the discus-
sion of the behavior 05.(k) above, are very similar. This i =
therefore enables us to trace the shap8&,gfk) back to the
response function. Thie dependence of°(k), the scale of
which is set bykg, is what determines the characteristic

shape of the screening density seen in Fig. 6. -0.02

C. Comparison with experimental results —0.04
for the ion-electron correlation

Takedaet al1° have obtained experimental results for the

ion-electron correlations in Na, Mg, and Al by combining the ~0.06
x-ray- and neutron-scattering data. They present results fo
the ion-electron structure factor that may be directly com-
pared with ours appearing in Fig. 4. We find that the experi- F|G, 8. Difference between x-rayS{) and neutron- §) dif-
mental results differ markedly from ours. If we focus on Na, fraction structure factors from scattering measureméRes. 10
the experimental results have a similar shape to ours; th@ipper panelsand as derived from runs 1, 4, and 5 in Table |
main dip appears at 1.9 A~1, in good agreement, but it is (lower pane).
considerably deeper than we fir€0.25 vs~0.15. For Mg,
even the shape of the experimental function differs substarwithin the reported experimental uncertairjty 0.02 (Ref.
tially from ours (which, as noted above, is fully consistent 10)] for the structure factorSy(k) and Sy(k). We further
with the KS-AIMD results of de Wij¥). For Al there are note the progressive evolution of the shape of this feature in
again substantial discrepancies with the shape of the functiotine theoretical results, as the number of valence electrons is
resembling that obtained for Na, with no positive first peakincreased, in contrast to the unsystematic evolution of the
and a dip very much greater than the amplitude of our funcexperimental quantities. Another notable difference between
tion. The experimental results therefore do not show the syswo sets of data is that our results for the difference die away
tematic trend from Na-Mg-Al which, as explained above, isto zero very slowly with increasing, so slowly, in fact, that
qualitatively described by response theory. Overall, the exthe ultimate decay has not been approached within the win-
periments suggest a stronger ion-electron correlation than idow shown in the figure. The reason for this slow decay lies
predicted from theory and simulation. entirely in the ratio between the ionic and atomic form fac-
In order to cast some light on the origin of these disagreetors at these values d&f. Both form factors approach zero
ments, we have calculated an estimate of what the differencasymptotically, but we have not reached this asymptotic re-
between the x-ray- and neutron-diffraction structure factorgjion atk=10 A~. We should stress that this finding is not
should be. In order to do this, we make use of Ef) for  affected by the pseudopotential approximation, since the cal-
the x-ray structure factor. We obtain the form factdr&k) culated form factors are obtained from all-electron calcula-
and f (k) required in Eq.(15) by means of all-electron KS tions. Our results for these form factors agree well with the
calculations in the isolated ion/atom and subsequent Fourigrormally tabulate?f results, but are not affected by having
transform of the total ionic/atomic charge density. Our re-been fit to standard functional forms.
sults for the difference between the coherent x-ray and neu- According to ourab initio calculations, the difference be-
tron structure factors are plotted in the lower part of Fig. 8.tween x-ray and neutron structure factors should be much
In the upper panels of this figure we show the experimentasmaller than so far observed in the diffraction measurements.
resultd® for the difference between the coherent x-ray andThis conclusion is in accord with the findings of a number of
neutron-scattering structure factors. previous works for individual examples from the Na, Mg, Al
The most striking features of the curves are in the vicinityset/!! The finding that the difference is small is not surpris-
of the principal peak of the ion-ion structure factor. The am-ing when it is realized that the valence charge density does
plitudes of the experimental results in thisgi@e are an predominantly behave as a screening density, which simply
order of magnitude above their theoretical counterparts. Ifiollows the ions as they move around in the fluid, and that
fact, the functions extracted from our calculations are almosthis screening density is quite similar to the free atom va-
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lence density. The effective ionic form factor in the liquid is linear effects. Nevertheless, the linear-response calculation
therefore similar to that of the free atom. This viewpoint hasdoes reproduce the main features of the screening density, in
previously been expressed by Chihara and Kambayashiparticular, the period of the Friedel oscillations. This there-
Hence, the only mechanism that could lead to a significantore enables an interpretation of the shape of the ion-electron
difference between x-ray and neutron experiments wouldtructure factor and of its evolution with the number of va-
come from the part of the electron-electron scattering that i¢ence electrons in the series Na-Mg-Al. The ion-electron
uncorrelated with the nuclear positions. However, as stressestructure factor can, in principle, be extracted from a com-
by Chihara’ this uniform background of electrons generatesparison of the x-ray and neutron structure factors. We have
incoherentscattering and, therefore, must not be included incalculated the difference between the predicted x-ray and

the experimentaby(k). neutron structure factors and find it to be significantly
smaller than has so far been found in experimental studies
V. CONCLUSIONS for these metals. It is clear that the extraction of reliable

] ] information on the ion-electron correlations in these liquids
We have carried out a comprehensive study by means gfjaces very strong demands on the treatments of incoherent

orbital-free-AIMD  simulation of the ionic and electronic contributions to the x-ray scattering and of the different reso-
structure of three typical liquid metals. The calculated ionicjytions of the x-ray and neutron methods.

structure factors and radial distribution functions are in ex-
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