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Atomic layering at the liquid silicon surface: A first-principles simulation
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We simulate the liquid silicon surface with first-principles molecular dynamics in a slab geometry. We find
that the atom-density profile presents a pronounced layering, similar to those observed in low-temperature
liquid metals like Ga and Hg. The depth-dependent pair correlation function shows that the effect originates
from directional bonding of Si atoms at the surface, and propagates into the bulk. The layering has no major
effects in the electronic and dynamical properties of the system, that are very similar to those of bulk liquid Si.
To our knowledge, this is the first study of a liquid surface by first-principles molecular dynamics.
@S0163-1829~99!50648-6#
u
t
b
n
th

th
d

rte

b

tin

e
th
e
g

f
o
rie
in
-

ec
-

ects,
ob-

-
ar-

n
lid,
al.

f
or-
on
are
-
ith

the
and

y
re
by
h
or
ob-
Liquid metal surfaces have attracted much attention d
ing recent years.1–6 Their particular properties, very differen
from those of nonmetals, have been investigated
Ångström-resolution experiments, and simulated by differe
approaches. One of their most interesting features is
atomic layering, a density oscillation that originates at
sharp liquid-vapor interface, and extends several atomic
ameters into the bulk. Although some experiments suppo
an increased surface density atl -Hg,1 and some kind of
atomic layering was predicted theoretically,7 its existence
has been demonstrated unambiguously only recently
x-ray reflectivity in Hg,3 Ga,4,8 and Ga-In alloys.9 Most of
the experiments have been done close to the low mel
temperatures of these metals, but Reganet al.8 studied the
Ga surface up to 170 °C. They found that capillarity wav
strongly decrease the reflectivity peak heights, but not
peak widths, suggesting that the decay length of local lay
ing is temperature independent, and that surface layerin
still present quite above the melting point.

Different explanations have been proposed to account
this effect.10 Riceet al.5 have argued that the abrupt decay
the delocalized electron density forms a flat potential bar
against which the ions lay orderly, like hard spheres aga
a hard wall. Tosattiet al.6 have used the glue model of me
tallic cohesion to argue that surface atoms, trying to eff
tively recover their optimal coordination, alternatively in
PRB 600163-1829/99/60~24!/16283~4!/$15.00
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crease and decrease their density. Surface layering eff
like surface-enhanced smectic ordering, have also been
served in liquid crystals.11 In this case, its origin is the ten
dency of the highly nonspherical molecules to present a p
ticular orientation towards the surface.

Liquid silicon (l -Si) is a rather peculiar system. Silico
transforms, at 1684 K, from a covalent semiconductor so
with diamond structure and coordination 4, to a liquid met
Experiments12,13 and molecular dynamics ~MD!
simulations14,15 show that its coordination (;6 – 7) is lower
than that of typical liquids (;12), due to the persistence o
directional bonding in the liquid phase. In spite of the en
mous literature on its solid surfaces, very little is known
the structure of the liquid silicon surface. Measurements
very difficult because of its high reactivity and melting tem
perature. Model calculations, and computer simulations w
semiempirical potentials, are also difficult because of
mentioned coexistence of covalent and metallic bonding,
its unknown interplay at the surface.

In this paper we present a study of thel -Si surface by
first-principles MD simulation.16 This approach deals equall
well with covalent and metallic bonding, and it is therefo
very well suited for this problem. Electrons are treated
solving the Kohn-Sham17 equations self-consistently for eac
ionic configuration, using the local density approximation f
exchange and correlation. The quantum mechanically
R16 283 ©1999 The American Physical Society
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tained forces are then used to generate the classical traj
ries of the ion cores. The calculations were performed w
the SIESTA program18 using a linear combination of numer
cal atomic orbitals as the basis set, and norm-conser
pseudopotentials.19 A uniform mesh with a plane-wave cu
off of 40 Ry is used to represent the electron density,
local part of the pseudopotential, and the Hartree a
exchange-correlation potentials. Only theG k point was used
in the simulations, since previous work20 found cell-size ef-
fects to be small. For the present calculation we used a m
mal basis set of four orbitals~1s and 3p! for each Si atom,
with a cutoff radius of 2.65 Å. We have extensively check
the basis with static calculations of different crystalline
phases and solid surfaces, and MD simulations of the b
liquid.21 The energy differences between solid phases
described within 0.1 eV of otherab initio calculations. The
diamond structure has the lowest energy, with a lattice
rameter of 5.46 Å~0.5% larger than the experimental value!.
Adatom- and dimer-based~111! and ~100! surface recon-
structions found in otherab initio calculations22 are well re-
produced, with geometries and relative energies chang
less than;0.1 Å and ;0.15 eV when moving from a
G-point calculation with a minimal basis set, to a converg
k sampling with double-z and polarization orbitals. The
structural, electronic, and dynamical properties ofl -Si are in
good agreement with otherab initio calculations at the sam
density and temperature.14,15 The calculated diffusion con
stant (1.531024 cm2/s) is somewhat smaller than that o
tained with a double-z or polarized basis (1.722.0
31024 cm2/s) which is in agreement with otherab initio
simulations. We interpret that the minimal basis overe
mates the energies of the saddle point configurations oc
ring during diffusion, but we consider that this is not critic
for the present application. Also, we leave for a future wo
the inclusion of spin fluctuations, which affect significant
the diffusion constant but not the structural properties of
liquid.20

We first perform a long simulation of bulkl -Si at T
51800 K,23 using a cubic 64-atom cell with periodic boun
ary conditions. The fixed cell size~10.58 Å! was adjusted to
obtain zero mean pressure, and corresponds to a densit
smaller than the experimental density near the melting po
We then construct our initial 96-atom slab by repeating o
bulk unit cell in thex and y directions, and one and a ha
cells in thez direction, plus 10 Å of vacuum. No particle
leave the slab during the 30 ps simulation. After a relaxat
of 10 ps, the system reaches equilibrium and the avera
magnitudes are essentially the same for the next or the
10 ps, and for both sides of the slab. These long relaxa
and observation times are required because the calcu
density autocorrelation time at the surface (;1 ps) is con-
siderably longer than the typical bulk-liquid correlation tim
(;0.1 ps).14 The average surface energy (83
640 dyn/cm) is in good agreement with the experimen
surface tension~850 dyn/cm at 1800 K!,24 suggesting a smal
entropic contribution.

In Fig. 1 ~solid line! we present the ionic density profil
r(z). It shows a pronounced atomic layering, with simil
features as those reported for the Ga surface.4 Like in that
case,r(z) can be fitted accurately by a sharp error functi
at the surface, and a sinusoidal wave with an exponen
to-
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decay towards the bulk: by superimposing two such fu
tions~not shown!, for both surfaces, we obtain similar value
of the parameters and an oscillation period of 2.5 Å.
check that the observed layering is not a sign of incipi
crystallization, we have computed several magnitudes in
central region of the slab (uzu,3.7 Å). The radial and angu
lar distribution functions, electronic and vibrational densiti
of states, and the diffusion constant, are all very similar
those of bulkl -Si, and have no resemblance of those in t
solid phases. As an example, we compare in Fig. 2 the bo
angle distribution function for the bulk and slab simulation
using a bond cutoff distance ofr m53.10 Å.25 For a better
understanding of the origin of the layering, we compute
normalized density-density correlation function:26

cr~z0 ,z!5
^dr~z0 ,t !dr~z,t !&

^dr2~z0 ,t !&1/2^dr2~z,t !&1/2
, ~1!

where^ & denotes time average anddr is the difference be-
tween the instantaneous density at timet, r(r ,t)5( i 51

N d„r
2r i(t)…, and the average densityr(r )5^r(r ,t)&, where
d(r ) is Dirac’s function. Figure 1 also showscr(z0 ,z) for z0
at the positions of the outermost peaks of each side. Its
caying oscillation is clearer than that of the density profi
all of whose relevant features match very well with the s
perposition of the twocr’s. The apparent lack of decay o
r(z) towards the interior is peculiar to our particular sla
thickness, because the superposition is posi-

FIG. 1. Solid line: density profiler(z) ~relative to the bulk
densityr0) of a liquid-Si slab, averaged during 20 ps and smea
by a Gaussian convolution of 0.15 Å. Dashed (z056.2 Å) and dot-
ted (z0526.2 Å) lines: density-density correlation functio
cr(z0 ,z) @Eq. ~1!#. We use a centered window of 0.5 Å forz0, and
a Gaussian smearing of 0.5 Å forz2z0.

FIG. 2. Distribution of bond angles in the central region of t
slab ~continuous line! and in bulkl -Si ~dashed line!.
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FIG. 3. Two-particle densityr2(z0 ;z,x) @Eq. ~3!# for: ~a! z056.2 Å; ~b! z054.0 Å; and~c! z051.3 Å. The ‘‘volcano’’ is centered at
x50,z5z0 ~position of the reference particle!. r2 has been extended symmetrically tox,0 to facilitate its visualization@a line of ripples is
produced by noise due to poorer statistics in Eq.~3! at x.0]. ~d! The same as~a!, but restricted to atoms atz0 having coordination 5.
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tive at the center of the slab, and negative at the two surfa
Most important is, however, that the two surface-induc
oscillations are clearly independent of each other (cr’s out of
phase!, and incommensurate to the slab thickness. The d
sity layering is thus an intrinsic surface feature and no
result of finite size effects.

In order to obtain information about the bond orientatio
at the surface we calculate the two-particle density:

r2~r0 ;r !5
N/~N21!

r~r0! K (
i 51

N

(
j Þ i

d~r02r i !d~r2r j !L . ~2!

Due to the finite simulation cell,r2(r0 ;r ) is not isotropic in
the directions parallel to the surface. Therefore, we first
erage over those directions:

r2~z0 ;z,x!5
1

2pxAE E dr08dr 8r2~r08 ;r 8!d~z02z08!

3d~z2z8!d„x2A~x82x08!21~y82y08!2
…,

~3!

whereA is the area of the simulation cell. In Fig. 3 we sho
r2(z0 ;z,x) for z0 located at the three peaks ofr(z). Figure
3~a! shows a clear tendency of surface atoms to form bo
parallel and normal to the surface. The height of the co
lation peaks goes well beyond those of the density, wh
can be seen also in the figure@notice thatr2(r0 ;r )→r(r ) for
ur2r0u→`]. This shows that the bond-induced correlatio
are responsible for the layering of the density, and not
other way around. Figure 3~b! shows a similar, but attenu
ated tendency, that disappears in the third layer@Fig. 3~c!#,
which already has a very symmetric, bulklike pair correlati
function.
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Further insight can be obtained from thez-dependent co-
ordinationn(z), defined as the average number of neighb
within a distancer m . At the bulk, we obtainn56.4, in
agreement with the experimental value.12 The distribution of
local coordinations~DLC! is also very close to those of othe
ab initio calculations,14,15 showing a maximum at coordina
tion 6. We can also use the bulk simulation to construct
ideally terminated surface, cutting abruptly the system
say,z50. We then findn(z)54.3 atz51.0 Å, which is the
distance between the outermost peak and the inflection p
in the slab density profile. At the outermost peaks of t
actual slab, we obtainn(z)55.3, and a DLC peaked at 5
These values show that surface structural rearrangement
crease the coordination of the ideally terminated surfa
reaching a value of only one neighbor less than in the bulk
we associate coordination 6, in the bulk liquid, with an o
tahedral arrangement, a simple picture can be drawn
which the surface atoms try to preserve their bulk enviro
ment while minimizing the number of broken bonds. As
consequence, the octahedra get oriented in the surface so
only one broken ‘‘bond’’ points towards vacuum, with an
other bond towards the interior and four bonds laying on
surface plane. This picture is consistent with Figs. 3~a! and
3~d!. In the latter, we have restricted the sum overi in Eq. ~2!
to particles having coordination 5, what results in even m
pronounced peaks in thex and z directions. Also, we note
that the maximum ofr2(z0 ;z,0) occurs atuz2z0u52.5 Å,
what explains the same period observed in the density
file. The same distance is found for the in-plane surfa
bonds@i.e., for r2(z0 ;z0 ,x)], and for the bulk bonds. Thus
contrary to other metals, we do not find a shortening of
surface bonds, and the silicon surface layering seems to
related only to the bond orientations. However, it must
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emphasized that the bond angle distribution~Fig. 2! is very
wide, indicating a large variety of fluctuating atom
environments,14 so that our ‘‘oriented octahedra’’ should b
considered only as a very rough and qualitative picture.

An interesting question is whether the surface structu
rearrangements produce a noticeable signature in the
tronic structure. In Fig. 4, we compare the local density
states~LDOS! at the outermost peaks ofr(z) and at the
center of the slab. Althoughk sampling is important for a

FIG. 4. Local density of electron states of the atoms in
outermost density peaks~solid line!, and of those at the center o
the slab~dashed line!.
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converged LDOS,21,27 we use here only theG-point eigen-
values, to facilitate the comparison with previous work14,15

and because we focus on its spatial variation. It can be s
that, apart from a slight narrowing, due to the diminish
surface coordination, there are no major differences, sugg
ing that the surface and bulk atomic environments are ra
similar, and again pointing towards bond orientations as
sponsible for surface layering.

In conclusion, we have performed the first study of a l
uid surface by first-principles MD simulation. In spite of th
high melting temperature of Si, we find a marked layering
the density near the surface, similar to those observed
other metals, like Ga and Hg, with low melting temperatur
However, the surface layering of Si seems to have an or
at least partially different from that in other metals, wi
remanent directional covalent bonding playing an essen
role. In spite of the rather slow decay of the layering towa
the bulk, the average structural, dynamical, and electro
properties converge very rapidly to their bulk liquid value
Although more converged simulations would be highly d
sirable in the future, we consider that this work provides
new qualitative understanding of the complex structure
liquid surfaces.

We acknowledge useful discussions with E. Chaco´n and
M. Weissmann. This work was supported by Argentina
CONICET and by Spain’s DGES Grant No. PB-0202.
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