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An operational procedure to obtain the intrinsic properties of free liquid surfaces, and which had been
previously applied to computer simulations of dielectric liquid models, is used here to sample the intrinsic
surface properties of liquid lithium, sodium, and potassium, with an ab initio orbital free description of the
electrons. When properly scaled, the intrinsic profiles of the three alkali fluids turn to be virtually identical. As
in simple fluid models these intrinsic density profiles show a strong layering structure, similar to that of the
bulk liquid pair distribution function, but with specific surface aspects like the density of the first liquid layer,
and the interlayering spacing. The capillary wave fluctuations of the surface partially damp the intrinsic
layering and produce density profiles which depend strongly on the transverse sampled area, but which still
show an oscillating structure. The assumptions of the capillary wave theory, which is used in the interpretation
of x-ray reflectivity data, may be directly checked, and a direct comparison with the experimental data pre-
sented, with very good agreement between our results and the measured electronic surface structure factor for
potassium.
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I. INTRODUCTION

The structure of the liquid-vapor interface is a subject of
renewed experimental and computational interest, with em-
phasis on the possible existence of liquid surface layers. Free
liquid surfaces present an important challenge for experi-
mentalists, since the capillary waves �CW� surface thermal
fluctuations produce a damping of the surface structure, so
that the mean density profile ��z ,Lx�, sampled over a trans-
verse area A�Lx

2, becomes more blurred for increasing Lx.
However, starting in 1995, the increased accuracy of the
x-ray reflectivity techniques has reduced the linear transverse
sampling size to Lx�103 Å, and it has allowed one to obtain
clear evidence of the existence of atomic surface layering in
a number of liquid metals1–4 and alloys.5 Only very recently,
has similar evidence been obtained of molecular layering at
the surface of a dielectric liquid,6 which shares with the liq-
uid metals Hg and Ga a very low ratio between the triple and
the critical temperatures. The low melting temperature pro-
vides stability for the cold liquid phases, with very stiff sur-
faces and small CW amplitudes, and this seems to be the
essential requirement for the observation of surface layering
density oscillations.7 The smaller transverse size of computer
simulations, typically with Lx between 5 and 20 times the
molecular diameter �, has allowed the direct observation of
surface layering in several simple fluid models with Tt /Tc
�0.3,7–9 and the recent computer simulations for the free
liquid surface of simple metals, with an orbital-free ab initio
description of the conduction electrons,10–12 offers the first
opportunity for quantitative comparison between experimen-
tal evidence of surface layering of liquid potassium4 and a
realistic computer simulation for the same system with ex-
plicit knowledge of the transverse sampling size, Lx�40 Å.
Notice than any previous theoretical treatment for the surface
of liquid metals had not taken into account the long wave

spectrum of CW fluctuations, and the induced Lx dependence
of the mean density profiles. The methods based on classical
density functional treatments �CDFT�,13 do not have any de-
pendence on Lx at all. The mixed approach14 with Monte
Carlo simulations for the ions on the effective self-consistent
potential created by the conduction band electrons, use a
reference jellium system with density �jell�z�, i.e., without
any instantaneous structure on the transverse plane, over
R��x ,y�; hence that approach would fail to reproduce a
long wavelength spectrum of CW fluctuations. Therefore the
ionic density profiles obtained with these methods have to be
interpreted as ��z ,Lx

eff�, associated to an unknown effective
transverse sampling size Lx

eff. For density functional treat-
ments of simple fluid models there is an estimation15 of
Lx

eff�8–14�, with some unavoidable ambiguity in the inter-
pretation. For the much more complex theoretical treatment
of liquid metals we do not have any quantitative estimation
for Lx

eff, although we may expect that Lx
eff is also of the order

of ten atomic diameters, since the alkali mean ionic density
profiles obtained by Rice et al.14 are very similar to those
obtained by Gonzalez et al.10

The experimental x-ray reflectivity data are interpreted
within the capillary wave theory �CWT�,16 which predicts
the dependence of the density profiles on the transverse sam-
pling size Lx. The mean density profile ��z ,Lx� is the convo-
lution of an intrinsic profile, �̃�z ,qu�, with a CW Gaussian
distribution of mean squared width �CWT�Lx ,qu�. The intrin-
sic density profile may be regarded as the result of a trans-
verse sampling at molecular scale, with an effective linear
size Lx�=2� /qu on the range of the molecular diameter �,
and hence much smaller than the experimental resolution for
x-ray reflectivity. The CWT also assumes that, for wave vec-
tors between 2� /Lx and qu, the CW spectrum may be de-
scribed with the macroscopic surface tension �, so that the
squared Gaussian width of the CW amplitude distribution is
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�CWT�Lx ,qu�=kT / �2���log�Lxqu /2��. For monotonic
shapes of the intrinsic density profile, the Gaussian convolu-
tion with the CW fluctuations is reflected on the increase of
the interfacial width for the mean density profile ��z ,Lx�.
However, that weak logarithmic dependence of the density
profile on Lx is often waived in the direct comparison of
theoretical density functional results for ��x�, and computer
simulation samplings ��x ,Lx� for simple liquids. Whenever
�̃�z ,qu� presents an oscillatory structure due to surface lay-
ering, the Lx dependence of the mean density profiles be-
comes much more important, since the Gaussian convolution
damps the amplitude of the density oscillations with an ex-
ponential factor Lx

−�, with an exponent ��2� / ����2�.
Therefore unless �	1 a liquid surface would have very dif-
ferent mean density profiles ��z ,Lx� for different transverse
sampling Lx, and any comparison between the experimental
and theoretical observations of surface layering, or even be-
tween computer simulations with different values of Lx,
should take this fact into account.

The interpretation of the experimental x-ray reflectivity
data1–4 is done in terms of the intrinsic profile associated to
an empirical upper wave-vector cutoff qu=� /�, which is
assumed to cover the full spectrum of CW fluctuations. The
quantitative use of the CWT assumptions at such a sharp
level of atomic resolution presents clear incertitudes, which
have been recently explored with an intrinsic sampling
method applied to computer simulations of simple17–19 and
molecular20 fluids. The method is based on the self-
consistent identification of the first liquid layer, and in its use
to define the intrinsic surface, z=
�R�, as the assumed in-
stantaneous boundary between the two bulk coexisting
phases, which is the basic concept of the CWT; the intrinsic
density profiles reflect the distribution of the ions relative to
the instantaneous intrinsic surface, so that the CW blurring
effect is eliminated, and the dependence with the transverse
sampling size disappears. The application of this intrinsic
sampling method to the surfaces of simple fluids,17,18 and
water,20 has shown that surface layering, and hence the
strong dependence of the mean profiles with Lx, are a generic
property of liquid surfaces. The complete damping of the
intrinsic layering, leading to monotonic mean profiles
��z ,Lx�, would happen at different transverse sizes, depend-
ing on the value of the � exponent, ranging from Lx�3� for
the Lennard-Jones model, to some thousands of atomic di-
ameters for Hg or Ga. The apparent qualitative difference
between layered and smooth liquid surfaces reflects only the
typical sampling size in experiments �Lx�103 Å� and in
computer simulations �Lx�10��.

In this paper we present the application of that intrinsic
sampling method to the computer simulations of the free
surface of liquid Li, Na, and K carried out by Gonzalez
et al.10–12 for the surface of several liquid metals, in order to
discern any common behavior for alkali systems, and also to
compare the results obtained for K with those extracted from
the x-ray reflectivity measurements of Ref. 4. The opportu-
nity of this first contact between the experimental observa-
tion of surface layering in liquid metals, and a realistic
computer simulation for the same system, with well-
characterized transverse sampling size, is taken to its sharper

resolution through the direct comparison of the intrinsic den-
sity profiles �̃�z ,qu� obtained under accurately controlled val-
ues of the upper cutoff qu, in the analysis of the computer
simulation results. The empirically assumed level of rough-
ness for the intrinsic surface, qu=� /�, and the validity of the
effective CWT surface Hamiltonian used in the interpretation
of the experimental data may be directly tested, to put this
interpretation on a quantitatively firmer basis. In the next
section we present the details of the simulation and the cal-
culation of the electron-ion interactions, together with a dis-
cussion on the qualitative difference with the previous com-
puter simulations of Rice and co-workers.14 In Sec. III we
apply the intrinsic sampling method to extract the intrinsic
density profiles of liquid surfaces for liquid Li, Na, and K. In
Sec. IV the extracted intrinsic electronic density profile of
liquid K is used to get the surface structure factor, which is
compared with the experimental results obtained from x-ray
reflectivity. We end with a general discussion on the structure
of fluid interfaces and their view through the intrinsic sam-
pling in computer simulations.

II. MODEL AND MOLECULAR DYNAMIC SIMULATION

A simple metal is treated as a set of N ions with valence
Z, enclosed in a volume V and interacting with Ne=NZ va-
lence electrons through electron-ion pseudopotentials. The
total potential energy of the system can be written, within of
the Born Oppenheimer approximation, as the sum of the di-
rect ion-ion Coulombic interaction and the ground state en-
ergy of the electronic system, Eg��g�r��. The electronic prop-
erties are obtained through electronic density functional
theory �EDFT�, according to which the ground state elec-
tronic density, �g�r�, minimizes an energy functional which
is given as the sum of the kinetic energy of independent
electrons, Ts���, the classical Hartree electrostatic energy,
EH���, the exchange correlation energy, Exc���, for which we
have adopted the local density approximation, and finally, the
electron-ion interaction energy, Epseud���, for which we have
used local ionic pseudopotentials constructed within EDFT.21

In the Kohn-Sham �KS� version of the method,22 Ts��� is
calculated exactly by using single particles orbitals, which
requires a huge computational effort, limiting the samples
size and the simulation times: in the particular case of liquid
metal surfaces the maximum number of atoms that could be
afforded within a KS-EDFT simulation is around 160 �Ref.
23�. For that reason our simulations have been carried out
using the orbital-free ab initio molecular dynamics
�OFAIMD�. This method uses an explicit approximation for
the electron kinetic energy functional of the EDFT but oth-
erwise correctly treats the forces on the ions. The approxi-
mation greatly simplifies the calculation allowing simulation
of much larger samples for long times. An essential compo-
nent of proposed kinetic energy functionals is the von
Weizsäcker term,

TW���r�� =
1

8
� dr

	���r�	2

��r�
, �1�

and the kinetic-energy functional is usually written as
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Ts��� = TW���r�� + Tnl���r�� , �2�

where Tnl��� if of highly nonlocal nature. Many models fol-
lowing this scheme have been proposed.24 In the present pa-
per we have used a modification of the functional proposed
by García-González et al.25 that enables a rapid computation
of Tnl through fast Fourier transforms and includes some
appealing mathematical properties.21 Another key ingredient
is the local pseudopotential vps�r�, describing the ion-
electron interaction; it has been developed from first prin-
ciples by fitting, within the same Ts��� functional, the dis-
placed electronic density induced by an ion immersed in a
metallic medium as obtained in a KS calculation.21 The com-
bination of this local pseudopotential along with the previous
Ts��� functional has provided an accurate description of sev-
eral static and dynamic properties of bulk21 and surface10

metallic liquids.
OFAIMD simulations for the liquid surface in Li, Na, and

K are presented for thermodynamic conditions near their re-
spective triple points. We have considered slabs consisting of
2000 ions in a supercell with two free surfaces normal to
the z axis. The dimensions of the slab were initially
Lx�Lx�2Lx, with a further 8 Å of vacuum added above and
below the slab. Given the ionic positions at time t, the elec-
tron density is expanded in plane waves and the energy func-
tional minimized with respect to the plane-wave coefficients
yielding the ground state electronic density, energy, an the
forces on the ions, and finally the ionic positions and veloci-
ties are updated using Verlet’s leap-frog algorithm. For all
systems, equilibration lasted for 15 ps. The parameters of the
simulations for the three elements are given in Table I.

The usual description of the liquid-vapor interface is
through the mean density profile, defined as the statistical
sampling over a transverse area A=Lx

2.

��z,Lx� � 
 1

A
�
i=1

N

��z − zi�� . �3�

In Fig. 1 we present the mean density profiles ��z ,A� for
K, the results for Li and Na are very similar and have been
shown in Refs. 10 and 12. As we can see the ionic density
profiles exhibit a clear layering structure for about five layers
into the bulk liquid. That means that the intrinsic profile has
a layering structure and that the CW damping has not erased
it completely because the value of � is relatively low. The
total-electron mean density profiles are very similar to the
ion profile because they are dominated by the localized and

more numerous core electrons. However, the valence
electron-density profiles show a very weak surface layering,
with much smaller amplitude and oscillating on the opposite
phase of the ionic oscillations. A detailed discussion about
these mean profiles has been carried out in Refs. 10–12. The
goal of the present paper is the study of the intrinsic profiles.

It is important to mark the differences between the present
OFAIMD simulations and previous treatments of the prob-
lem. In CDFT treatments of liquid metal surfaces,13 the
grand potential free energy of the system is minimized with
respect to the density profiles ��z� and �elec�z�, which repre-
sent the mean density distributions of ions and valence elec-
trons. These profiles have no dependence on the transverse
area, since the density functional approximations used to de-
scribe the free energy dependence on ��z�, and �elec�z�, are
based on perturbation theories, and they do not contain the
specific long-range transverse surface correlations induced
by the surface fluctuations. The mixed approach, with pertur-
bation theory and computer simulations, developed by Rice
and co-workers14 implies the use of a jellium reference sys-
tem, with a density distribution �jell�z� fitted to the instanta-
neous distribution of the ions, but which �i� is smooth, i.e.,
does not have any oscillations, and �ii� is flat, i.e., does not
follow any local roughness on the transverse plane. This later
assumption is clearly reflected in the valence electron density
profiles of Rice et al., which have much stronger density
oscillations that those in Fig. 1, since the CW effects on the
valence electron are fully eliminated by the flat ionic jellium.
However, within the transverse size of the MD simulations
the suppression of the electron transverse surface fluctuations
does not appear to have an important effect on the CW spec-
trum of the ions, since the mean ionic density profiles are
very similar to both methods. Nevertheless, only with the
fully self-consistent OFAIMD approach used here, we may
expect that the Lx dependence of the density profiles follows
the predictions of the CWT for large transverse size.

III. INTRINSIC SURFACE SAMPLING AND PROFILES

The CWT postulates that for each instantaneous molecu-
lar configuration of a liquid surface, we may find an intrinsic

TABLE I. Simulation parameters for the systems studied. Ec is
the cutoff energy in the plane-wave expansion and t is the total time
of the equilibrium simulation. Also shown is the position � of the
first peak of the bulk pair correlation function.

Metal
�

�Å−3�
T

�K�
Lx

�Å�
Ec

�Ry�
t

�ps�
�

�Å�

Li 0.0445 470 28.44 9.50 108.00 2.92

Na 0.0242 373 33.50 7.50 61.75 3.51

K 0.0127 343 44.99 5.25 125.50 4.26

FIG. 1. Ionic �full line�, total �core+valence� electron �dashed
line�, and valence electron �dotted line� mean density profiles
��z ,Lx� normal to the surface of K at T /TC=0.507. The distance, z,
is in units of the position of the first peak of the bulk pair correla-
tion function.
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surface z=
�R�, with R= �x ,y�, which represents the micro-
scopic frontier between the liquid and vapor phases. Al-
though the theory does not specify the definition for 
�R�, it
assumes that it may be used to obtain the intrinsic density
profile, defined as the average over all configurations of the
instantaneous microscopic density referred to the intrinsic
surface 
�R ,qu�:

�̃�z,qu� =
 1

A
�
i=1

N

��z − zi + 
�Ri,qu��� . �4�

Usually the intrinsic surface is described through its Fourier
components:


�R,qu� = �
	q	=ql

qu


̂qeiq·R, �5�

with the sum over transverse wave vectors, q
=2��nx ,ny� /Lx and nx ,ny =0, ±1, ±2, . . . , to include the pe-
riodic boundary conditions on the transverse direction, in a
computer simulation box. Note that these transverse wave
vectors are specific to the simulation setup, and in particular
the smallest wave vector, and consequently the lower limit in
the CW spectrum, is ql=2� /Lx. We use here an operational
definition of the instantaneous intrinsic surface which may
be carried out automatically for samplings along computer
simulations. A detailed account of the procedure to get

�R ,qu� has been presented in Refs 17 and 18, and in Ref. 19
the slight modification of the original procedure used in the
present work. The maximum level of resolution for the intrin-
sic surface, 
�R ,qm�, is taken here with qm=9ql�1.8� /�.
That intrinsic surface is defined to have the minimum pos-
sible area, but going exactly through all the ions selected to
represent the first liquid layer. To choose the ions in that
layer, for each configuration of the liquid slab, we first use a
percolation analysis to eliminate any ion with less than three
neighbors at a distance below 1.5�. An initial set of surface
pivots is selected as the most external ions over a mesh of
3�3 prisms, and the initial intrinsic surface is the minimal
area surface going through these Np=9 initial pivot ions.
Then we incorporate, one by one, new surface pivots at those
ions which are closer to the minimal surface, and recalculate
the new intrinsic surface 
�R ,qm�, to go through all the pre-
viously selected pivots, until we reach a target occupation of
the first layer n0=Np /A, which is the essential control param-
eter in the procedure.19 As in the case of dielectric liquids,
the choice of n0 is done looking for the best shape of the
intrinsic profile �4�, averaged over a few thousand configu-
rations of the liquid slab, so that it does not show peculiar
shoulders or any other unphysical behavior. We get the best
representation of the K and Na intrinsic profiles with n0�2

=0.9±0.05, and with n0�2=0.8±0.05 for liquid Li. These
values of n0 are higher than n0�2�0.72, which was found
appropriate for the dielectric simple fluid soft-model,18 but
lower than the value, n0�2=1.1, obtained for water.20 Note
also that the lower value for Li is in accordance with the
smaller amplitude of the first oscillation in the mean ionic
profile as compared with those of Na and K.12

The intrinsic profile �4�, at the sharpest level qu=qm, has a
delta function term n0��z� to represent the first liquid layer,
followed by a strong layering structure, decaying towards the
liquid bulk. The smoother intrinsic profiles, associated to any
qu below qm, may be obtained by keeping the same Fourier
components as in 
�R ,qm� for qqu, but neglecting all those
for q�qu. Such surface 
�R ,qu� follows the longer wave-
length fluctuations of the liquid surface, but it does not go
exactly through the ions on the first layer. The oscillating
structure in �̃�z ,qu� becomes gradually damped with decreas-
ing qu, down to the mean density profile of our simulations,
��z ,Lx�, when qu is pushed to the lower cutoff ql=2� /Lx.
Associated to each intrinsic density profile �̃�z ,qu� there is a
mean square CW amplitude

��Lx,qu� = �
q=ql

qu

	
̂q	2� , �6�

which represents the square Gaussian width of the surface
fluctuations eliminated from ��z ,Lx�. Since the surface

�R ,qm� becomes smooth at atomic scale, the mean square
Fourier components for q→qm become negligibly small, and
there would be no practical effect if qm is increased. There-
fore ��Lx ,qm� represents the full amplitude of the CW with
wavelength below Lx, and �̃�z ,qm� is the sharpest intrinsic
representation of the liquid surface, when the whole CW
spectrum has been eliminated.

Notice that our maximum wave vector qm should not be
directly compared with the effective upper cutoff qu

eff used in
the classical version of the CWT, to represent the total
squared width of the CW fluctuations as

�CWT�Lx,qu
eff� � �

q=ql

qu
eff

1

A��q2 , �7�

assuming that the mean square amplitude of the intrinsic

surface Fourier components is 	
̂q	2�= �A��q2�−1, with the
macroscopic area A, and surface tension �. Since our CW
amplitudes decay much faster than this prediction for q ap-
proaching qm, the total square width ��Lx ,qm� becomes
equal to �CWT�Lx ,qu

eff� for an effective cutoff qu
eff�=2±0.5,

well below our maximum wave vector, qm��1.8��5.66.
The uncertainty in qu

eff comes from the choice of the control
parameter n0, which has very little effect on �̃�z ,qu�, but

which produces relatively large changes on 	
̂q	2� for large q.
This fact reflects the inherent ambiguity, at atomic resolution,
in the definition of the intrinsic surface 
�R ,qm� associated to
each configuration of the liquid surface. The notion of the
first layer in a liquid surface, used here to define the intrinsic
surface, is clearly a soft concept, for which we cannot expect
a sharp rule. However, it is also a natural and useful concept
since it leads to properties like �̃�z ,qu� which are essentially
robust with respect to reasonable variations in n0, or in any

other aspect of 
�R ,qu�. The fact that 	
̂q	2� decays faster
than the CWT prediction for large q is also a generic prop-
erty of any sensible choice of 
�R ,qu�, but the specific way
of decay, and hence the effective q-dependent surface tension
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��q���A�q2	
̂q	2��−1, is subject to a relatively large degree
of ambiguity.

Before showing the specific results for the intrinsic den-
sity profiles we make a technical comment. The average of
the mean density profile �3� gives larger statistical noise than
the average �4� for the intrinsic profile, using the same num-
ber of ionic configurations. In fact in the previous simulation
of metallic liquid surfaces10–12 the mean density profiles
were smoothed through the convolution with a narrow
Gaussian in order to reduce the statistical noise. The elimi-
nation of the long range transverse correlations, generated by
the CW fluctuations on the liquid surface, reduce that statis-
tical noise, so that any artificial coarse graining is avoided as
unnecessary and inconvenient to keep full account of the
sharp resolution in the ionic intrinsic profiles. Besides being
a practical advantage, the low statistical noise of the ionic
intrinsic density gives support to our method to identify the
intrinsic surface, and it confirms that it represents a natural
feature of the liquid surface.

The intrinsic profiles with qm=1.8� /� represent the
sharpest atomic resolution for the interfacial structures in our
computer simulations; the intrinsic surface goes exactly
through the center of the pivot atoms, and therefore the in-
trinsic profile has a delta-function term, n0��z�, to describe
the first liquid layer. Using values of qu below qm we may
give a gradually increasing Gaussian width to this layer, as
shown in Fig. 2. The CWT assumption of statistical indepen-
dence between the intrinsic profile and the intrinsic surface
corrugations would predict that all the inner layers of �̃�z ,qu�
should have same increase of their square width. However,
as reported for simple liquids,17,18 such assumption clearly
fails for large qu. The results in Fig. 2 show that the inner
structure of the ionic intrinsic profiles is not sensitive to the
precise value of the cutoff in the range qm�qu�1.4� /�.
Only for qu=1.2� /� we start to appreciate a slight decrease
in the amplitude of the oscillations further on the first peak.
That means that the CWT is not valid in the range

qu�1.4� /� of corrugation of the intrinsic surface, and that
it may be convenient to use that intrinsic profile to charac-
terize the liquid surface, in a compromise between the sharp-
ness of the representation, and the simplicity of its connec-
tion to the mean density profile ��z ,Lx�, through a simple
Gaussian convolution.

In Fig. 3 we show the intrinsic profiles �̃�z ,1.4� /�� for
the three alkali metals, extracted from the ab initio computer
simulations,10 and also the results for the simple soft-alkali
�SA� pair potential model, which was used in the first appli-
cation of the intrinsic sampling method.17,18 As we can see,
the qualitative shape of the four intrinsic profiles is very
similar, and also similar to the experimental intrinsic profiles
of Ga,2 and In,3 extracted from x-ray reflectivity data. The
four liquids have a compact liquid bulk structure and the
propagation of the packing order, from the first peak into the
liquid, is very strong. As it was already observed in the
analysis of the experimental data2,26 and of our previous

FIG. 2. Ionic intrinsic density profiles of the surface of K. The
intrinsic density profiles have been evaluated using an intrinsic sur-
face with an occupation of the first layer n0�2=0.9, and
corrugated up to different values of qu. Full line and arrow:
qu=qm�9ql�1.8� /�; dashed-dotted line: qu=8ql�1.6� /�;
dashed line: qu=7ql�1.4� /�; and dotted line: qu=6ql�1.2� /�;
where ql=2� /Lx is the lower wave-vector cutoff.

FIG. 3. Ionic intrinsic density profiles, relative to the bulk den-
sity, for the three alkali metals K �full line�, Na �dotted line�, and Li
�dashed-dotted line�, and for the soft model at T /TC=0.12 �dashed
line�, using an intrinsic surface corrugated up to qu�1.4� /�. The
distances z are in units of the position of the first peak of the bulk
pair correlation function �.

FIG. 4. Pair distributions functions for the surface of liquid K.
Dashed line: among ions of the first layer. Thin solid line: averaged
over the first slice defined through the mean ionic profile. Dotted
line: among ions of the first layer and the other ions. Thick solid
line: bulk radial distribution function.
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simulations of dielectric isotropic pair model18 and of
water,20 the shape of �̃�z ,qu� for Li, Na, and K is qualita-
tively similar to that of the pair distribution function g�r� in
the bulk liquids, shown in Fig. 4.

On a more quantitative detail, the intrinsic profiles of the
three alkali metals are very similar, almost indistinguishable,
when represented in terms of their respective atomic diam-
eters. However, the intrinsic profile of the simple pairwise
SA model has the positions of the inner peaks clearly dis-
placed to higher values of z. For all the systems the spacing
between inner layers is around 0.89�. However, for the three
alkalis there is a contraction of the first interlayer spacing,
which becomes 0.83�, very close to the value of 0.82� ex-
pected for the packing of hard spheres. The SA model, on the
other hand, shows an expansion of the first interlayer dis-
tance, which is now 0.92�, representing a relaxation of that
distance similar to that observed in the x-ray reflectivity ex-
periments for Ga. Some authors3 claim that in the case of Ga
that value is due to the formation of directional bonds that
prevent the close packing achieved by the nearly free elec-
tron �NFE� metals. In the simple SA model the observed
relaxation of the first layer should come from its extremely
soft pairwise repulsion, which prevents the close packing.

In the recent ab initio molecular dynamics simulations by
Gonzalez et al.10–12 of the liquid surface of simple metals,
using the same model as here, the authors have studied the
variation in the transverse pair correlation function across the
interface and they found a surface relaxation produced by a
longer nearest neighbor distance for ions in the vicinity of
interface than in the bulk. The outermost interfacial region
was defined to be a slice �3.1 Å wide in the case of K�
comprising the region of z values between the inflection
point in the decaying mean ionic density profile and its first
minimum. In principle the CW prevent a higher resolution
for such an approach, because the projection on z could mix
the atoms very close to the surface with those atoms inside
the liquid slab. Our operational definition of the intrinsic
surface allows a more precise description of the surface cor-
relations because we may select the ions on the intrinsic
surface, and those from the inner layers, to obtain separate
samplings of their correlation. However, the relatively low
rugosity of the liquid K surface gives very similar results
with the two methods, as presented in Fig. 4.

The g�r� between the ions on the first layer �the pivots
ions� is clearly relaxed with respect to the bulk pair distribu-
tion, with a nearest neighbor distance larger �4.46 Å� than
the bulk distance �4.26 Å�. The correlation between the ions
in the first layer and those in the inner liquid is indistinguish-
able from that of the bulk liquid. Moreover, the nearest
neighbor distance does not increase gradually if we take
pairs of ions at different depths into the liquid, as soon as one
�or the two� ion belongs to the second surface layer, it
reaches the bulk nearest neighbor mean distance. This pecu-
liarity of the first liquid layer correlation in metallic systems
had not been observed in the dielectric SA model, or in the
the SPC/E model of the water, as both exhibit surface radial
distribution functions identical to the bulk one.

IV. K SURFACE STRUCTURE FACTOR AND X-RAY
REFLECTIVITY

The aim of this section is the quantitative comparison
between our intrinsic sampling in the ab initio computer
simulations for the surface of liquid K, and the results ob-
tained from the interpretation of x-rays reflectometry experi-
ments in that system. As we commented above, the results of
Gonzalez et al.10 offer the first opportunity to check that
interpretation, based on the concepts of the CWT, and with
an upper cutoff empirically set at qu

eff=� /�. The link be-
tween the experimental x-ray reflectivity and the electronic
intrinsic density profile �̃�z� is established trough the intrin-
sic surface structure factor:

�elec�qz� =
1

�bulk
� dz

d�̃elec�z��
dz

exp�iqzz� , �8�

whose squared modulus 	�elec�qz�	2 gives the contribution to
the differential cross section from the diffuse scattering of
the averaged intrinsic density electronic along the surface
normal coordinate z, in the absence of the capillary waves4

which, according to the CWT, are extracted by multiplying
the ratio between the observed and the Fresnel reflectivity by
the inverse Gaussian exp��CWTqz

2�, with the effective Gauss-
ian square width in Eq. �7�.

We may obtain directly the intrinsic surface structure fac-
tor from our simulations, without relying on the CWT as-
sumptions, because the same procedure described in the pre-
vious section, to get the ionic intrinsic profiles, may be used
to evaluate the electronic intrinsic density profiles at any
allowed level of corrugation for the intrinsic surface, and,
from that, 	�elec�qz ,qu�	2. We have obtained very similar re-
sults for Li, Na, and K, so that all of the following discussion
would be based on the later, for which there are experimental
results from x-ray reflectivity.4 In Fig. 5 we present the va-
lence and total electronic intrinsic profiles using an intrinsic
surface corrugated up to qu=1.4� /�, for comparison we
present also the ionic intrinsic profile at the same qu. The
main contribution to the total electron intrinsic profile,
�̃elec�z ,qu�, comes from the core electrons, which follow the

FIG. 5. Ionic �full line�, total �core+valence� electron �dashed
line�, and valence �dotted line� intrinsic density profile �̃�z ,qu� nor-
mal to the surface of K, evaluated using an intrinsic surface corru-
gated up to qu�1.4� /�.
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ionic structure �̃�z ,qu�, convoluted with the smooth distribu-
tion of core electrons for each ion. That smoothening reduces
the sensitivity to the choice of a particular cutoff qu, with no
appreciable changes in the range qm�qu�1.4� /�. The con-
tribution from the valence electrons is very delocalized, and
it does not change at all in the range qm�qu�1.4� /�, or
even further down in qu. Nevertheless, the comparison with
the mean profile in Fig. 5 shows that the delocalized valence
electrons follow the ions in the CW fluctuations of long
wavelength, since their intrinsic sampling gives a clear oscil-
latory structure, in opposite phase to the ionic oscillations;
while in the mean profile in Fig. 1, those oscillations are
more strongly damped.

From the total intrinsic electronic profile, we have used
Eq. �8� to calculate 	�elec�qz ,qu�	2, which may be directly
compared with the experimental data for liquid K. Also, we
may obtain the ionic surface structure factor, 	�ion	2, by in-
serting in Eq. �8� the ionic intrinsic density profile, instead of
total electronic intrinsic density distribution, which is conve-
nient for the comparison with previous results for simple
fluid models. Both surface structure factors, 	�elec	2 and
	�ion	2, Fig. 6, have a clear maximum at wave vectors around
a peak value qz�qpeak�2� /�, associated to the atomic lay-
ering. The peak is obviously higher for the ionic than for the
electronic structure actor because of the weak delocalization
of the core electrons, and the stronger one of the valence
electrons. However, at qzqpeak/2 we found that the ionic
and the electronic surface structure factors become similar,
as shown also in Fig. 7, together with the experimental data
for potassium and other cold liquid metals. The experimental
data for K are restricted to qz�0.8qpeak, because at larger qz
the signal, damped as exp�−�CWT�Lx ,qu

eff�qz
2� by the CW

fluctuations, goes below the noise level; the lower damping
exponent �=� / ����2� for Ga and In gives experimental ac-
cess to a longer range of qz which reaches the maximum
observed with the intrinsic sampling of computer simulations
for simple fluids. The value of 	�elec	2 at the maximum de-

pends on the level of corrugation allowed for intrinsic sur-
face, and it scales as �qu

eff�2�, with the empirical choice of the
effective CWT cutoff, so that the difference between the
value qu

eff�=� used by the experimentalists, and our estima-
tion qu

eff��2±0.5 for K, would imply a overestimation in
the experimental intrinsic 	�elec	2 by a factor of 2 at qpeak,
and a factor of 1.4 at the largest qz with experimental data for
K. Moreover, the effective mean square CW amplitude
�CWT�Lx ,qu

eff� depends on the product Lxqu
eff, so that the em-

pirical choice of qu
eff is merged with the estimation of the

effective sampled area A=Lx
2, which in fact requires a careful

integration over the dispersion angles allowed by the x-ray
detectors.29 Altogether, we may say that the comparison be-
tween our �elec�qz ,qu� and the experimental results should
allow for a 50% error bar at the largest experimental qz, so
that we cannot distinguish between different broadenings of
the intrinsic profiles similar to those in Fig. 2, and the quan-
titative agreement observed in Fig. 7 between the experimen-
tal data and our results for �elec�qz ,qu�, without any free
parameter, is even better than what could be expected.

At lower qz the uncertainty produced by the value of
Lxqu

eff decreases rapidly, at qz=qpeak/2 the error bar induced
by Lxqu

eff would be about 15%. This is important because any
possible relaxation of the first interlayer spacing shows up in
	��qz ,qu�	2 for qzqpeak/2; as shown by the comparison in
Fig. 7 with the surface structure factor of the SA model,17,18

which has a clear relaxation of that interlayer distance. The
minimum of 	��qz ,qu�	2 for this model at qz�0.3qpeak is not
observed in our present computer simulations, nor in the ex-
perimental results for liquid K. That minimum is directly
produced by the difference between the intrinsic profiles in
Fig. 3, and it can be removed if the first peak in the SA
intrinsic profile is shifted to the same interlayer distance as
the inner peaks. The reduction of the first layer occupancy n0
may also generate a minimum in 	��qz ,qu�	2, and the ob-

FIG. 6. Surface structure factor ��z� from our simulations of K,
using intrinsic surfaces corrugated up several qu. Full lines: results
for the total electron surface structure factor. Dashed lines: results
for the ionic surface structure factor. In both cases the different
curves with decreasing height of the peak correspond to decreasing
wavelength: qu=qm�1.8� /�, qu�1.6� /�, qu�1.4� /�, and
qu�1.2� /�.

FIG. 7. Surface structure factor ��z� for liquid Ga �open
circles�, liquid In �open squares�, and liquid K �closed circles� ob-
tained from x-ray reflectivity in Ref. 4, as a function of qz /qpeak

where qpeak is the value of qz at which the layering peak is either
observed or expected. The full line is our total electron �elec�z ,qu�
using the intrinsic surface corrugated up to qu�1.4� /�. The
dashed line is our ionic surface structure factor of K at the same
resolution. Finally the dotted line is the ionic surface structure fac-
tor of the soft model at T /TC=0.12 and n0�2=0.72.
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served values for the SA model, n0�2�0.75, and for the
present simulation of K, n0�2�0.90, point in the same di-
rection as the interlayer spacing, although the later is clearly
the most relevant.

Some authors27 have used the observation of 	��qz�	2 de-
creasing from the unity at low qz as a signature that no sur-
face layering would be present. However, our results show
that systems with a strongly oscillatory intrinsic surface
structure, as that shown in Fig. 7 for the SA model, may have
a fast decay of ��qz� for qz0.3qpeak, followed by a rise at
larger qz, which may, however, be beyond the range of the
experimental reflectivity results.

It is clear that the relationship between the intrinsic pro-
files and the surface structure factor is quite subtle. Different
intrinsic profiles may produce essentially identical reflectiv-
ity curves,28 while a slight modification of the intrinsic pro-
files may produce drastic changes in the reflectivity curves,
lending some ambiguity to the experimental analysis in order
to construct a model density profile and compare its calcu-
lated reflectivity to the experiment. Our intrinsic sampling
procedure gives direct access to �̃�z ,qu�, along computer
simulations of model systems, and it provides useful infor-
mation to explore that relationship.

V. DISCUSSION

The first point to be stressed is that, for free liquid sur-
faces, any layered density profile either extracted from ex-
perimental data, or directly averaged over computer simula-
tions, has to be considered as a function ��z ,Lx�, depending
on the sampled transverse area A�Lx

2. The waiving of the Lx
dependence, often done in the comparison of monotonic den-
sity profiles, becomes highly misleading for oscillatory den-
sity distributions, since the CW surface fluctuations damp the
molecular layering structure with a factor Lx

−�, and the expo-
nent ��� / ����2� inverse to the stiffness of the surface; for
liquid potassium near its triple point studied here, the value
of ��0.73 is already large enough to produce a strong de-
pendence of ��z ,Lx� on Lx, and the direct comparison of the
results for different sampling sizes becomes meaningless.

In consequence, the interpretation of the results from den-
sity functional approximations, or any other theoretical treat-
ment without an explicit dependence on Lx, becomes uncer-
tain for any fluid interface. For typical density functional
approximations of simple liquid models the effective
sampled length, Lx

eff, has been estimated to be in the range of
ten molecular diameters,15 but there is no estimation of Lx

eff

for the much complex theoretical procedures needed to de-
scribe the interaction between ions and free electrons in a
liquid metal. The mixed approach, with perturbation theory
and computer simulation, developed by Rice and
co-workers,14 treats the electrons in an effective jellium dis-
tribution, �jell�z�, which represents the mean ionic distribu-
tion averaged over the transverse �x ,y� plane, so that the
valence electrons do not have any CW fluctuation. This is
reflected in the relatively strong layering observed for the
valence electrons in that approach, closer to our intrinsic
description in �̃elec�z ,qu�, than to the mean profile �elec�z ,Lx�.

On the other hand, the ions appear to have transverse fluc-
tuations similar to those observed in our OFAIMD, since the
mean ionic profiles are similar to those of Rice et al.14 The
CW fluctuations with long wavelength imply local correlated
displacements of the ionic and the electronic distributions,
and the correct dependence of the mean density profiles with
Lx requires a consistent description of these fluctuations for
both the ions and the valence electrons. The application of
the intrinsic sampling method17,18 to the ionic configurations
obtained along the computer simulations for liquid metals
with that method, for a given �jell�z�, could be used to extract
their effective CW spectrum, and therefore to provide a cali-
bration of the effective sampled length to be associated to
those results. Meanwhile, the results of that theoretical
method may be considered relevant only for the intrinsic
aspects of the density distribution, like the integrated density
over the first layer, or the possible relaxation of the first
interlayer distance; but not for those aspects of ��z ,Lx� like
the width of the layers, or the amplitude of the density oscil-
lations, which can only be interpreted for a known �effective�
transverse size Lx.

The ab initio, orbital-free, computer simulations used
here, following the method of Gonzalez et al.,10 do not im-
pose any artificial restriction on the fluctuations of the liquid
surface, and the CW spectrum extracted with our intrinsic

sampling method gives the behavior 	
̂q	2�q−2, for q near
the lower cutoff ql=2� /Lx, as predicted by the CWT for a
free fluid interface, in the absence of any pinning external
field. Therefore our mean density profiles ��z ,Lx� are cer-
tainly associated to the transverse sampling size imposed by
the simulation box size Lx. The CWT could be easily used
“upward” to incorporate all the CW with wavelengths be-
tween that Lx and the much larger experimental sampling
length, Lx

exp, obtained from the careful calibration of the in-
cident beam, and the detectors, in the x-ray reflectometry
experiments.29 However, such Gaussian convolution of
��z ,Lx� would imply a severe loss of information on the
structure of the liquid surface, since the layering structure
observed in Fig. 1 would fall below the intrinsic noise of the
computer simulation in ��z ,Lx

exp�.
The increasing accuracy of the x-ray reflectivity data dur-

ing the last decade has provided enough signal-to-noise ratio
as to allow a riskier “downward” use of the CWT, with a
Gaussian deconvolution to extract the intrinsic density profile
�̃�z ,qu�, assuming that the macroscopic surface tension may
be used to get the effective surface Hamiltonian up to an
empirical upper cutoff qu=� /�. The comparison between
the experimental results for liquid potassium and the present
analysis of the intrinsic surface properties in a realistic com-
puter simulation of the same liquid metal provides the first
opportunity for a quantitative test on that interpretation. As
expected on physical grounds, and observed in previous ap-
plications of the intrinsic sampling method to simple
liquids,17,18 at wavelengths approaching the molecular size,
the CW spectrum depends on the specific definition of the
intrinsic surface associated to each molecular configuration.
Within the method used here, we observe clear differences

between the values of the mean squared amplitude, 	
̂q	2�,
for �q�2�, obtained within the range of acceptable val-
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ues for the two-dimensional density of the first liquid layer,
which is self-consistently defined as the locus of the
intrinsic surface. Nevertheless, any sensible choice leads to
smooth decays of the corrugations, which for q=� /� are
already well below the classical CWT assumption,
	
̂q	2�CWT= �A��q2�−1; and they vanish as q approaches our
maximum qm=1.8� /�. The effective CWT upper cutoff, em-
pirically taken at qu

eff=� /� in the interpretation of the x-ray
reflectivity data, overestimates our result qu

eff�=2±0.5, for
the effective upper cutoff which would give the same Gauss-
ian width �CWT�Lx ,qu

eff� as that observed in our larger wave-
vector range �2� /Lx�qqm�, but with the mean square CW

amplitude 	
̂q	2� falling below the classical CWT prediction
1/ ���Aq2� for large q. That overestimation of qu

eff would
produce a factor �� /2�2��2.±0.6, at the peak value of the
surface structure factor in Fig. 7, and a much weaker correc-
tion over the lower range of q values for which there are
experimental data. Such corrections would be of little rel-
evance for the interpretation of the available results for K
�over the logarithmic scale in Fig. 7�, although they should
be taken into account when experimental data for larger q
become available, as they already are for Ga and Hg, allow-
ing a more detailed analysis.

Without any adjustable parameter, the surface structure
factor from our electronic density profiles follows remark-
ably close to the experimental data for the liquid K surface in
Fig. 7. Notice that the electronic profiles are smoother than
the ionic ones, the differences in the surface structure
factor, �elec�qz ,qu�, within intrinsic samplings in the range
1.8�qu�1.2, are well below the possible resolution in the
comparison with the experimental data, so that all the ionic
intrinsic profiles presented in Fig. 2 would be compatible
with the experimental data. In fact, the reduced range of q of
the experimental data leave a wider uncertainty for the pos-
sible ionic structures compatible with the observed values of
the electronic structure factor, and we cannot expect to dis-
cern between the direct Gaussian convolution of �̃�x ,qu� to
get ��z ,Lx� assumed by the CWT, and the more complex
relationship observed in simple liquid surfaces for qu��1.
However, there is an aspect of the intrinsic density profiles
observed in our computer simulations which may be directly
compared with the available experimental data, this is the
lack of a clear minimum in �elec�qz ,qu�, at qzqpeak, which
had been observed in computer simulations of the simple
pairwise model interaction SA.7,8 The high resolution of our
intrinsic density profiles allows the clear identification of that
minimum as a consequence of the relaxation in the first in-
terlayer density in the SA model, which does not appear in
the present realistic simulations of the alkali metals.

Altogether, we may say that within the available experi-
mental data, there is a very good agreement between the
predictions of the orbital-free ab initio computer simulation
results21 and the x-ray reflectometry on the surface of liquid
potassium.4 Such comparison is taken to its sharper level by
the application of the intrinsic surface sampling method,17–19

which had been developed and previously used for computer
simulations of simple liquids. A very recent application to
the water surface,20 and the present work for NFE liquid
metals, Li, Na, and K, proves that it is a powerful tool to

study the inherent structure of the surface without the burring
effect of thermal capillary waves, which may be important
even at the reduced transverse dimensions of a typical liquid
slab simulation.

The application of the method to simple fluid models �LJ,
SA,…� had proved that the strong layering structure ob-
served in the experimental x-ray reflectivity data for the very
cold liquid metals �Ga, In, and Hg�, were a typical property
of any intrinsic density profile for liquid surfaces, rather than
a peculiarity of liquid metals. Again we find here that the
ionic intrinsic profiles of the liquid alkali metals show as-
trong layering structure, with a decay towards the inner liq-
uid similar to that of the oscillations in the bulk liquid pair
distribution function, produced by the compact packing
structure of the system. The qualitatively different aspects of
these liquid surfaces in the mean density profiles ��z ,Lx�
reflect mainly the different CW damping of the layering
�Lx

−�, with � ranging from below 0.5 for the cold liquid
metals, to 0.73 for potassium, and 2.31 for LJ at its triple
point. Despite their qualitative similarity, the intrinsic pro-
files of different systems showed interesting differences in
the intrinsic aspects of the layering structure, the density of
the first liquid layer, self-consistently defined with the intrin-
sic sampling method, as the number of surface pivots per
unit area, n0=Np /A, is n0�2=0.9±0.05 for K and Na, and
n0�2=0.8±0.05 for Li, higher than the value, n0�2�0.72,
obtained for the dielectric SA simple fluid model,18 and
lower than the value n0�2=1.1 for water.20 The first interlay-
ering spacing in the three alkali liquid metals is found to be
0.83 times the bulk nearest neighbor distance, very close to
the ratio 0.82 for the packing of hard spheres; this is consis-
tent with the NFE character of these liquid metals, without
any tendency to form directional bonds. The experimental
results for In give similar close-packing interlayering dis-
tance, while for liquid Ga the first interlayer distances appear
to be relaxed to a ratio 0.92, probably because of the direc-
tional bonds between d-orbitals. The same ratio is observed
in the intrinsic profiles from Monte Carlo simulation of the
pairwise SA model, which was constructed7,8 to reproduce
the low ratio between the triple and the critical temperatures
characteristic of the above liquid metals. This effect was
achieved by an artificially soft core repulsion, over an origi-
nal model which would reproduce the energy of expanded
alkali solids, and the observed first layer relaxation is most
probably the result of that ultrasoft repulsive core. The sur-
face relaxation in our intrinsic profiles is confined to the first
interlayer spacing, without any appreciable change for the
ions in the inner layers.

All these intrinsic surface properties are revealing a sharp
view of liquid interfaces, which may be extracted with the
intrinsic sampling method in computer simulations for model
systems. The first contact with experimental data has been
established for the surface of liquid potassium; and we may
hope for the near future application to the colder liquid met-
als, for which the experimental data are much more accurate,
although they would require a more complex theoretical
treatment of the electron-ion interactions. From the experi-
mental side, the thermally excited capillary waves prevent
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the observation of the specular reflection peak for values of
qz larger than 1.6 Å−1 for liquid K. Any increase of the x-ray
reflectivity resolution would also provide very valuable ex-
perimental data, at higher qz, which could be compared with
our present results. Finally, there are other intrinsic aspects
of the liquid K surface extracted from our computer simula-
tions, which would be very interesting to compare with ex-
perimental observations; like the surface relaxation of the
pair distribution, or the intrinsic profile of the delocalized
valence electrons, which oscillates out of phase with the

�much larger� contribution from the core electrons tightly
associated to the ions.
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