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Molecular-dynamics simulations of the free surface of liquid Sn have been performed using first-principles
methods. The ionic density profile shows a stratification extending several atomic diameters into the bulk. The
calculated reflectivity shows a marked maximum at a wave-vector transfer of the order of the inverse nearest-
neighbor distance and whose origin is related to the surface layering. Moreover, we also find another weak
broad maximum at much smaller wave-vector transfers. We analyze and discuss the origin of this anomalous
feature, which is also exhibited by the experimental data.
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I. INTRODUCTION

In 1981 Rice and co-workers predicted,1 from theoretical
considerations and Monte Carlo simulations, that the atomic
density near the free surface of a metallic liquid would
change in a nonmonotonic way, showing a stratification in
layers parallel to the interface. These oscillations would be
expressed as a Bragg-like peak in the x-ray reflectivity curve,
R�qz�, at a wave vector related to the spacing between the
layers. This experimental confirmation of surface layering
was first observed, several years later, for the particular case
of liquid Hg.2,3 Since then, the reflectivity curves of other
five elemental liquid metal surfaces have been measured,
namely, Ga,4 In,5 K,6 Sn,7 and Bi,8 all of them displaying �or
suggesting, in the case of K� the expected layering peak;
moreover, Sn and Bi have shown a weak wide shoulder at a
lower qz that is not present in the other systems.

It is not clear yet what is the mechanism behind the sur-
face layering phenomenon and several hypothesis have been
advanced. Rice and co-workers9,10 have pointed to the inter-
connection between the ionic and electronic densities and
that the rapid decay of the valence electronic density at the
surface would induce a flat high-tension surface acting as a
hard wall against which the atoms are packed. Other workers
have suggested11 that the undercoordinated atoms near the
surface attempt to regain the favorable coordination they
would have in the bulk liquid, resulting in an increased den-
sity in the outermost liquid part and causing the propagation
of a density oscillation into the bulk part. More recently Cha-
con et al.12 proposed that surface layering is a rather univer-
sal phenomenon, although in most cases it is frustrated by
solidification, so it only appears in those systems whose
melting temperature is very low compared with the critical
temperature. This suggestion have received further backing
by a recent x-ray reflectivity experiment,13 where surface
layering appears in a molecular nonmetallic liquid, which
has a low melting point and a high critical point �like a liquid
metal�, leading to the conclusion that the presence of an elec-
tron gas is not necessary in yielding oscillating density pro-
file �DP�.

The interpretation of the reflectivity experiments relies on
the use of models for the electronic DP probed by the x rays,
whose parameters are varied to fit the measured R�qz�. In this

context the distorted crystal model3 �DCM� has played a
prominent role. It provides a DP with a near-surface layering
whose strength decays smoothly into the bulk. The reflectivi-
ties of Ga, In, K and with some peculiarities also Hg could
be well fitted with this model DP. Moreover, theoretical cal-
culations of the DP through computer simulations of the cor-
responding interfaces also yielded DP with characteristics
similar to those of the DCM.9,10,14,15,22 The low-qz shoulder
found in Sn, and later also in Bi, could not be obtained
sticking to the DCM, and the authors resorted to a modifica-
tion of this model7 in order to provide a DP consistent with
R�qz�. It has been found, however, that different modifica-
tions lead to very similar reflectivities;8 in particular an extra
layer can be added to the interface at a reduced distance as
compared to the intelayer one, or at the same or even ex-
panded distance if the density of the corresponding layer is
conveniently increased above the bulk liquid value. This fact
underlines the fundamental problem of nonuniqueness;
rather different DP’s can lead to very similar R�qz� �see, for
instance, Fig. 2 in Ref. 8�. Therefore there is a large uncer-
tainty in the determination of the DP from experimental
R�qz� data; for instance, the modification of the first inner
instead of the outer layer of the DCM could also lead to a DP
consistent with R�qz�. There is a clear need of an alternative,
more direct, calculation of the DP. A useful alternative is the
use of computer simulations, which describe in detail the
atomic positions yielding direct access to the DP.

In this paper we report such a study for the surface struc-
ture of liquid Sn �l-Sn�, performed through density-
functional theory16 �DFT� based ab initio molecular-
dynamics �AIMD� simulations. The underlying use of DFT
provides the consistency between atomic and electronic
properties, essential in regions of rapidly varying electron
density as is the case in metallic surfaces. The computational
burden is however large, and only small samples �a few hun-
dred particles� can be studied for relatively short �few tens of
ps� simulation times. Although orbital-free methods can al-
leviate the computational needs,17–22 we have stuck here to
the more accurate orbital-based technique, and in fact this is
only the third study of a metallic liquid surface through this
method, after liquid Si,23 and Na,24 for which however no
experimental data exist.
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II. COMPUTATIONAL METHOD

The AIMD calculations for the free surface of l-Sn were
carried out in a slab geometry at a thermodynamic state char-
acterized by T=1000 K and an ionic number density,
�i=0.0341 Å−3. Specifically, we considered a slab of 202
atoms in a supercell with two free surfaces normal to the z
axis. The dimensions of the slab were initially Lx�Ly �Lz,
where Lx=Ly =15.3 Å; and Lz=25.3 Å. A further 8 Å of
vacuum were added above and below the slab, i.e., along the
z axis. Periodic boundary conditions are used in all three
space dimensions. Although the periodic boundary condi-
tions require that a particle moving out of the cell in the z
direction reappears on the other side of the cell, we have not
observed this event during the simulations. Finally, we note
that during its evolution the slab can contract or expand so as
to achieve the zero external pressure condition. For more
details we refer the reader to Refs. 24–26.

The atomic configurations are generated under the Born-
Oppenheimer approximation solving the Kohn-Sham DFT
equations16 on a plane-wave basis set for a given configura-
tion, calculating the forces on the ions using the Hellman-
Feynman theorem, and solving the corresponding Newton’s
equations for constant total energy, as implemented in the
QUANTUM-ESPRESSO package.27

We have adopted the local-density approximation for the
exchange-correlation energy functional, as parametrized by
Perdew and Zunger.28 The interaction between the 4 valence
electrons of Sn and the ions has been described by a norm-
conserving scalar-relativistic Troullier-Martins
pseudopotential29 with nonlinear core corrections, which was
generated27 from the atomic electron configuration
�Kr�4d10 5s2 5p2 5d0, pseudizing the all-electron potential
to generate the local part and using cutoff radii in a.u. of
rc�local�=2.5,rc�s�=2.0147,rc�p�=2.4917 and rc�d�=3.0.

The initial atomic positions within the slab were taken at
random and the system was thermalized during 10 ps of
simulation time. Wherefrom, microcanonical AIMD simula-
tions were performed over 5000 time steps, which amounted
to 30 ps of simulation time. We have used a plane-wave
representation with an energy cutoff of 12 Ryd and the single
� point was used in sampling the Brillouin zone. These 5000
configurations have been used in the evaluation of the prop-
erties. We stress that this computational scheme has recently
been validated by its application to bulk l-Sn,30 for which we
obtained a very accurate description of several static, dy-
namic, and electronic properties at a thermodynamic state
close to the triple point �T=573 K� and also at higher tem-
perature �T=1273 K�.

III. RESULTS

As an additional reliability check of the present calcula-
tions, we have computed the bulk pair distribution function,
g�r�, which has been evaluated inside a 12 Å wide central
section of the slab. The result is depicted in Fig. 1, showing
a very good agreement with its experimental counterpart31 at
T=1073 K. The average number of near neighbors, within a
distance rm taken as that where r2g�r� takes its first minimum

value, is found to be 9.1, in good agreement with the experi-
mentally suggested value of 9.6 neighbors.

The longitudinal ionic DP was computed from a histo-
gram of the particle positions relative to the slab’s center of
mass, so that both halves of the slab are being averaged. The
obtained results are shown in Fig. 2, where we observe strati-
fication for at least three layers into the bulk liquid. All os-
cillations have the same wavelength, namely �=3.1 Å, with
the outer one displaying the higher amplitude. The transverse
ionic DPs, also shown in Fig. 2, are uniform as they should,
with some noise substantially smaller than the amplitudes of
the oscillations in the corresponding longitudinal DP. The
wavelength, �, of the ionic oscillations follows the same lin-
ear relationship with the radii of the Wigner-Seitz spheres
that we have found for a wide range of simple liquid
metals.22

The self-consistent valence electronic DP is also plotted in
Fig. 2. It shows some oscillations nearly in phase with those
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FIG. 1. �Color online� Bulk pair-correlation function �dashed
blue line� and its transverse counterpart at the outer slice �full black
line�. The open circles stand for the bulk experimental data of Itami
et al. �Ref. 31�. The inset shows the distribution of the number of
in-plane neighbors for different regions of the slab.
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FIG. 2. �Color online� Ionic �thick black line� and valence elec-
tron �thin green line� DPs normal to the liquid-vapor interface of a
liquid Sn-slab at T=1000 K. The densities are plotted relative to
the respective bulk values. The dashed and dot-dashed lines are the
x and y-transverse ionic density profiles �displaced by 0.35 and 0.2�,
respectively. The inset shows the ionic density profile together with
its best fits to the DCM �red long-dashed line� and the sum of
gaussians �blue circles�.
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of the ionic DP, but with an amplitude clearly smaller. In
previous studies22 covering for a wide range of simple liquid
metals, we have found that all possibilities are allowed with
the relative phase evolving from an opposite one, as happens
for all the alkalis, to being almost in phase for Si.

Further insight into the local structure is provided by the
z-dependent coordination number n�z�, defined as the aver-
age number of neighbors within the distance rm. The results
show that for most of the slab n�z� remains practically con-
stant �n�z��9.1� and close to the surface, namely, around the
second outer maximum, n�z� starts to decrease and reaches a
value of n�z��7.1 at the position of the outer maximum.
This �25% reduction is similar to what we have already
found for a wide range a simple liquid metals.22

Another important property concerns the structural rear-
rangements induced by the interface. According to Fabricius
et al.23 those changes may be quantified by comparison with
an ideally terminated surface obtained by cutting abruptly
the slab in the central region, i.e., at z=0. Then, n�z� is evalu-
ated at a distance zd, which is approximately the distance
between the outermost maximum and the point in the decay-
ing tail where it takes half the bulk value. This procedure
leads to a value n�zd�=6.5, which is slighlty smaller than that
at the outer maximum, and suggests that the surface struc-
tural rearrangement induces a small increase in the n�z� over
its value for an ideally terminated surface.

To analyze the slab’s outer region we have partitioned the
corresponding ionic DP into slices located between consecu-
tive minima of the oscillations, with the outer slice stretching
from the outermost minimum to the point in the decaying tail
where it takes half its bulk value. We note that all the slices,
including the outer one have the same width. However, the
outer slice has a total ionic number density greater ��7%�
than the bulk value whereas all the other inner slices have
already the bulk value. This partitioning allows analyzing the
in-plane order within the slices. First, we have studied the
possible variations exhibited by the transverse pair-
correlation functions, gT�r�, across the interface. This is
shown in Fig. 1 which depicts the gT�r� corresponding to the
outer slice whereas that of the first inner slice already coin-
cides with the bulk one. For the outer slice, its associated
gT�r� has a main peak whose position practically coincides
with that in the bulk but its height is somewhat higher; how-
ever, its first minimum and second peak are slightly shifted
toward smaller r values.

For each slice, we have also calculated the distribution of
the number of nearest neighbors and the results are plotted as
an inset in Fig. 1. The bulk values have been obtained by
using a slice of the same width as the outermost one located
at the center of the slab. The results show that in the outer
slice, a fraction of �40% atoms have fivefold coordination
although there are also significant fractions with four and six
neighbors. Notice that when moving inside the slab, we ob-
tain a reduction in the fractions of five and sixfold coordina-
tions along with some increase in the three and fourfold co-
ordinations. Similar results were obtained in the recent
AIMD simulations24 of the free liquid surface of Na where
its outermost slice is dominated by fivefold coordinated at-
oms although with noticeable fractions of fourfold and six-
fold coordinations.

The x-ray reflectivity experiments performed on a free
liquid surface probe the total electronic density, including
core and valence electrons. A first step toward a comparison
with experimental data includes therefore the construction of
the longitudinal total electron-density profile �TEDP� from
the AIMD simulations. Another essential point to consider is
the existence of thermally induced capillary waves in the
surface. This leads to a roughening of the surface, and when
an average over the transverse planes is performed �due to
the geometry of the experiment� the profile is consequently
somewhat blurred, leading to important effects in the mea-
sured reflectivity. It must be noted that capillary waves are
also present in the simulations, although in smaller magni-
tude because of the smaller size of the simulation box, as
compared to the illuminated area in the experimental sample.
Taking this into account, the experimental reflectivity, R�qz�,
is

R�qz�
RF�qz�

= ��int�qz��2exp�− �c
2qz

2� , �1�

where qz is the momentum transfer perpendicular to the in-
terface, RF�qz� is the Fresnel reflectivity of a perfectly sharp
step-function interface, �c is an effective capillary-wave
roughness, and �int�qz� is the intrinsic surface structure fac-
tor defined as

�int�qz� =
1

�e0
�

−�

� � ��e,int�z�
�z

	exp�iqzz�dz , �2�

where �e0 is the bulk total electron density and �e,int�z� is the
intrinsic �i.e., in the absence of capillary-wave smearing�
TEDP normal to the surface. The exponential term in Eq. �1�
accounts for the effect of surface roughness, and it is usually
written as a sum of two contributions, �c

2=�0
2+�cw

2 , where

�cw
2 =

kBT

2�	
log�qmax

qmin
	 , �3�

and �0 represents an intrinsic surface roughness whose origin
is not clear, but whose inclusion has proved essential in order
to properly describe the experimental reflectivity data.3–6,14

In Eq. �3� kB is Boltzmann’s constant, 	 is the surface ten-
sion, and qmax and qmin depend on the ionic diameter and the
instrumental resolution, respectively. A usual choice is
qmax=� /a with a being the ionic diameter.

Figure 3 shows the experimental result for the squared
modulus of the surface structure factor, ��int�qz��2, corre-
sponding to l-Sn at T=513 K, which was derived from the
experimental x-ray reflectivity data7,8 by using Eq. �1�. Be-
sides the Bragg-like peak at qz�2.2 Å−1, there is also a
low-angle weak wide shoulder at qz�0.9 Å−1, which is a
feature not found in any other liquid metal excepting8 Bi.
Obviously, this low-angle shoulder must be related to some
other characteristic feature in the longitudinal TEDP. In order
to identify this feature, a modification of the DCM was pro-
posed. In the DCM the liquid metal is modeled by layers
parallel to the surface that represent planes of atoms sepa-
rated by a distance d but whose width increases as they get
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deeper below the surface. Mathematically, the TEDP is de-
scribed by a semi-infinite sum of equally spaced Gaussians
which have equal integrated areas,

�e�z�
�e0

= 

n=0

�
d/�n

�2�
exp�− �z − nd�2/2�n

2� � FAt�z� , �4�

where � denotes convolution, FAt�z� is the atomic scattering
form factor, and

�n
2 = n�̄2 + �0

2, �5�

where �̄ and �0 are constants. This expression for �n pro-
duces an increase in the Gaussian width with distance below
the surface, so that the parameter �̄ is related to the decay
length for surface layering. As a consequence the DCM ap-
proaches the bulk density, �e0, for z
d. The DCM has suc-
cessfully described the measured reflectivity data in l-Ga, In,
K and, with some additional assumptions, in l-Hg too. How-
ever when applied to l-Sn, it had to be modified by introduc-
ing another Gaussian, of variable density and width, above
the surface at a distance which may be greater, equal, or
smaller than d, but whose net effect is to induce an average
electron density at the surface which was greater than in the
bulk.7,8 The results of this modified DCM-type fitting per-
formed in Ref. 8 have not rendered a clear image of the
associated TEDP because although the inner oscillations
have a wavelength �2.85 Å, the outer �slice� oscillation can
change widely though still yielding a reasonable fitting of the
experimental data. Finally, it was posited that an increase in
the total electronic density above its bulk value is an essen-
tial ingredient for the appearance of the low-qz shoulder.
However, this claim does not bear well with other ab initio
calculations14 we have performed for l-In and l-Ga because
in both systems the associated TEDP at the outer slice had an
increase of 9% and 14%, respectively, and their calculated
reflectivity curves did not show any special feature at low qz.

We recall that the outer slice obtained in the present simu-
lations shows a 7% increase in the density, but we want to
find out if this is really the ultimate cause for the appearance
of the low-qz feature. We have therefore proceeded to calcu-
late the intrinsic surface structure factor, ��int�qz��2, from the
results of the present AIMD study. Starting from the calcu-
lated longitudinal ionic DP, we have constructed the corre-
sponding longitudinal TEDP—namely, �e�z�—by adding the
self-consistent AIMD valence electronic DP and the total
core electronic DP obtained by superposing at the ionic sites
the core electronic density found in the pseudopotential
construction.14,15,18,19,24 The core densities are rather narrow
and their superposition gives a profile in complete phase with
the ionic DP. Moreover, the Sn atom has 46 core electrons
and four valence electrons, which implies that the addition of
the total core and valence electronic densities leads to a total
�e�z�, whose shape, after normalization with respect to its
bulk value, practically coincides with the ionic DP already
depicted in Fig. 2.

Still we have to take into account the fact that the �e�z�
obtained this way is not the intrinsic one because it includes
some capillary waves as corresponds to the temperature and
the dimensions of the simulation box. These fluctuations can
be reasonably described in terms of an associated �cw

AIMD de-
fined in Eq. �3�. Therefore, a comparison with the experi-
mental data will previously require properly accounting for
these effects; this is done as follows. From the calculated
�e�z�, we obtain the following expression for its associated
reflected intensity:

� R�qz�
RF�qz�

exp��0
2qz

2� = ���qz��2

= � 1

�e0
�

−�

� � ��e�z�
�z

	exp�iqzz�dz�2

.

�6�

Comparison with Eq. �1� shows that the AIMD calculated
surface structure factor ��qz� may be envisaged as the result
of a convolution of the intrinsic one, �int�qz�, with an asso-
ciated Gaussian distribution describing the thermal fluctua-
tions in the simulation quantified by �cw

AIMD. For its evalua-
tion we have used the values32 	=515 mN /m, a=3.0 Å,
and L=15.3 Å, which leads to �cw

AIMD=0.83 Å. As for the
intrinsic surface roughness �0, and because of its non well-
defined status, we have chosen to perform calculations using
different values within the range 0��0�1. The results are
shown in Fig. 3 where we have depicted the corresponding
results for ��int�qz��2. All curves have a main peak located at
qz�2.0 Å−1, which is a consequence of the surface layering
with a wavelength �3.1 Å. Notice that the main maximum
is located at a smaller qz than in the experiment because the
present AIMD calculations correspond to a higher tempera-
ture state. But the most striking feature is the appearance, in
all the calculated curves, of a shoulder at around
qz�1.0 Å−1. This feature qualitatively agrees with the simi-
lar shoulder in the experimental data for l-Sn at T=513 K
�also shown in Fig. 3� and it is sensible to assume that they
must share a common origin.
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FIG. 3. �Color online� Squared modulus of the intrinsic surface
structure factor of the Sn surface at T=1000 K, as derived from the
calculated AIMD density profile �thick black lines�. The full circles
are the experimental data for T=513 K. The different dashings of
the thick black lines correspond to different values of �0 �in Å� as
shown on the graph. The thin red dashed line corresponds to the fit
of the DP to the DCM, and the open blue circles are the fit to the
sum of gaussians.
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To investigate the origin of the low-qz shoulder we have
made several modifications to the AIMD TEDP in order to
find out which of its features has the strongest influence on
the position and/or magnitude of the shoulder. In all the fol-
lowing calculations we have assumed, for simplicity, that
�0=0. First we have checked the claim8 that the shoulder is
related to an increased total electronic density in the outer
layer. To this end, we have again calculated the ��int�qz��2
associated to TEDPs, in which the shape of the outer slice
has been modified so as to change its associated total elec-
tronic density by a factor within the range 0.6–1.6. In all
cases the position and magnitude of the low-qz shoulder in
��int�qz��2 remained virtually unchanged. We have also ana-
lyzed whether the shoulder would be related to the decaying
tail in the TEDP, namely to its shape from the outer maxi-
mum outwards. The ��int�qz��2 was calculated using TEDPs,
in which the slope of the decaying tail was multiplied by a
factor within the range 0.6–1.4. Again, the shoulder still ap-
peared although its position moved to slightly smaller
�greater� qz values when the factor was greater �smaller� than
unity. Consequently, it seems reasonable to conclude that the
existence of the low-qz shoulder has no direct relation �if
any� with the magnitude and shape of the outer slice in our
TEDP.

Going back to Fig. 2 we note that the AIMD calculated
ionic �and total electronic� DP for l-Sn has the atypical char-
acteristic that the oscillations in the first and second inner
slices have virtually the same amplitude. This is a feature not
found in any of our previous AIMD simulations for other
liquid metals.14,22 In those simulations we found that the am-
plitude of the oscillation in the outer slice could be greater or
smaller than that in the first inner slice but the oscillation in
the second inner slice had always a smaller amplitude than
the previous one. To analyze the influence of this feature on
the reflectivity, we have again calculated the ��int�qz��2 cor-
responding to a TEDP in which the amplitude of only the
first inner oscillation was smoothly increased by a factor in
the range 1.0–1.6. The results are plotted in Fig. 4 which
shows both the modified TEDPs and the associated reflec-
tivities. Notice that as the amplitude of the first inner oscil-
lation is increased, the low-qz shoulder became weaker and
completely disappears when the amplitude is increased by a
factor �1.5. Furthermore, a similar calculation performed
using a TEDP in which the amplitude of only the second
inner slice was decreased by a factor within the range 1.0–
0.6 produced a similar effect, namely, the low-qz shoulder
became weaker and it completely disappeared when the am-
plitude was diminished by a factor 0.6.

Finally, a calculation using a TEDP in which the ampli-
tudes of the first and second inner slices is simultaneously
increased and decreased respectively leads to a total disap-
pearance of the low-qz shoulder when the first inner oscilla-
tion is increased by a factor 1.2 and that of the second inner
slice was decreased by a factor 0.8. This is depicted in Fig. 5,
which shows both the modified TEDPs along with the re-
spective reflectivities. We recall that in all the above calcu-
lations, the shape of ��int�qz��2 remained practically unaltered
for qz�1.6 Å−1.

In conclusion, it appears that the ultimate reason for the
existence of the low-qz shoulder is related to the peculiar

behavior of the TEDP in the region comprising the first and
second inner slices. Indeed, the incapability of the DCM to
produce a low-qz shoulder is also consistent with the behav-
ior of the TEDP in this region We have tried to fit our cal-
culated TEDP by using the DCM, and the best fit was
achieved with the following values: d=3.14 Å,
�̄2=0.43 Å2, and �0

2=1.13 Å2. This is plotted in the inset of
Fig. 2, where we notice that the DCM can reproduce rather
well the outer slice but is completely unable to provide a
reasonable description of the first inner layer whose ampli-
tude is enhanced. The associated ��int�qz��2 is depicted in
Fig. 3 where it is observed a fair agreement with the AIMD
one except for the total absence of the low-qz shoulder. Some
improvement can be achieved if the fitting is performed with
a modified DCM in which the condition given by Eq. �5� is
removed, so that the �n are now used as fitting parameters.
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FIG. 4. �Color online� Squared modulus of the intrinsic surface
structure factor of the Sn surface at T=1000 K, in the region of the
shoulder around qz�1 Å−1. The thick black curve is the result
from the AIMD TEDP. The red dashed, open blue circles and
dashed dotted lines are the results obtained by enhancing the first
inner oscillation by a factor of 1.2, 1.4 and 1.6 respectively. The
inset shows the corresponding �normalized� TEDPs.
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FIG. 5. �Color online� Squared modulus of the intrinsic surface
structure factor of the Sn surface at T=1000 K, in the region of the
shoulder around qz�1 Å−1. The thick black curve is the result
from the AIMD TEDP. The red dashed line �open blue circles� is the
result of simultaneously varying the amplitudes of the first and sec-
ond inner by factors 1.1 �1.2� and 0.9 �0.8�, respectively. The inset
shows the corresponding �normalized� TEDPs.
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This leads to values d=3.10 Å, �0
2=1.09, �1

2=1.57,
�2

2=1.81, �3
2=2.09, and �4

2=2.29 �all of them in Å2�. This
procedure renders a much improved description of the AIMD
TEDP although there still remain some discrepancies which
are located at the region of the minimum between the outer-
most and the first inner slice, which is somewhat overesti-
mated. Moreover, the corresponding ��int�qz��2, also plotted
in Fig. 3, shows a weak shoulder located at a qz�1.2 Å−1.

IV. CONCLUSIONS

We have presented results of ab initio simulations for the
free liquid surface of l-Sn. It exhibits surface layering, which
is a feature already found in other liquid metals. Besides the
usual layering peak, the AIMD calculated intrinsic surface
structure factor displays an additional low-qz shoulder at
�1.0 Å−1, which exactly coincides with a similar feature
already found in the experimental reflectivity data. Although

the origin of this feature was originally ascribed to an outer-
most layer at a distance reduced by 10% relative to the sub-
sequent ones,7 or to an increased density in the outermost
layer,8 our AIMD results do not support these ideas. Such a
model certainly produces the shoulder, but it is not the only
one that does so. Our profile also leads to a feature at the
correct qz and is derived from first principles. In fact, the
calculated ionic DP shows layers whose distance remains
constant and the reason for the appearance of this shoulder
has been found to lie in the peculiar behavior of the TEDP in
the region comprising the first and second inner slices.
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