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We report on the solid–liquid interface structure between Si(111) substrates and indium at temperatures just
above its melting point. At similar metal–semiconductor interfaces, liquid density enhancements have been ob-
served by Reichert et al. [1]. Our surface x-ray diffraction study reveals that there is pronounced layering of the
liquid near the interface. The data allow for identifying both layering length scales: the interlayer distance of
2.2 Å̊ and the decay length of approximately 15 Å̊. Furthermore dowe find the very first layer of indium adjacent
to the Si(111) to be partially laterally ordered at the substrate's hollow sites.We introduce a hard sphere packing
model that can explain the experimentally observed layering distance and anisotropic order. This packing also
reveals that due to themisfit between the size of the indium atoms and the periodicity of the substrate, the indi-
umatoms canpack together closer than in the bulk liquid. These results show that the lateral interaction between
the substrate and the liquid directly influences the layering distance and that the resulting packing can account
for part of the previously observed enhanced densities.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solid–liquid interfaces are relevant for processes in a range of areas,
including biology, physics, chemistry and engineering. The interaction
between a solid and a liquid, and its emerging interface structure, is of
importance for obtaining an understanding of e.g. transport properties
around cells or friction and lubrication in mechanical systems. In partic-
ular, the interactions between the solid and the liquid on the nanometer
scale govern nanotechnological fabrication processes which take place
at these interfaces. Also growth of high quality semi-conducting devices
by for example the Vapour–Liquid–Solid (VLS) method or Liquid Phase
Epitaxy (LPE) takes place at solid–liquid interfaces between semi-
conductors and metals. In order to obtain a microscopic understanding
of crystal growth at such interfaces, it is mandatory to gain a detailed
picture of the interface at the atomic scale. The details of compositional
changes induced by segregation and the characteristic width over
which the atomic order changes from solid to liquid are important to
understand the energetics and kinetics governing crystal growth. In
addition, such studies will be important for identifying the combination
of parameters which allow for nanoscale control over the growth.

A number of studies have been performed on (sub)monolayer liquid
films [2–7] on a substrate, but in order to see the evolution to a bulk liq-
uid thicker films have been investigated [8]. Such studies revealed
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several structural properties of the interfacial liquid, such as atomic
layering [9], local five-fold symmetry [10] and preferential in-plane or-
dering of the first layer(s) [11]. Only few studies on a limited number of
systems have been conducted and a complete description of the solid–
liquid interface structure is still missing. The main reason is that the
atomic interactions, needed for theoretical calculations, are difficult to
compute and that experimentally the deeply buried interfaces are diffi-
cult to address with traditional probes. Reichert et al. [1] have investi-
gated several semi-conductor/metal solid/liquid interfaces and made
the puzzling observation of a huge densification up to 40% of the liquid
near the interface. The densification extends up to 2 nm into the liquid,
much larger than any screening length in the investigated metals.
Nevertheless, Reichert et al. argue that the phenomenon is of electronic
nature by the metal continuously feeding the semi-conductor's
conduction band with electrons. The change in valence, and subse-
quently of the atomic radii, is thought to result in a denser packing.
The same densification phenomenon, albeit less pronounced, has been
observed at the Hg–Al2O3 interface [12]. A recent molecular dynamics
study of this interface concludes that even without the assumption of
electron transfer (and a corresponding shrinkage of the atoms) a densi-
fication is expected [13]. These studies raise the question towhat extent
the densification phenomenon applies generally to solid–liquid inter-
faces. Here we target this problem by studying the atomic stacking,
which should complywith all the experimentally observed phenomena,
such as layering, local five-fold symmetry and densification. The most
important result is that the lateral interaction between the substrate
and liquid can result in local densification. This phenomenon can
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1 Eq. (1) includes to some extent the liquid scattering by the use of very large values for
U, which would mean that the atom is completely disordered. This is, however, not a cor-
rect description of liquid scattering, of which the well-known profiles exhibit several
peaks as a function of momentum transfer. It has to be emphasized that here this (bulk)
liquid scattering pattern is treated as background, and as such subtracted from the raw da-
ta in order to reveal the contribution of the ordered interface region to the scattering. As a
result, those atoms that are given very large values ofU in themodel donot contribute sig-
nificantly to the CTRs as shown in Fig. 3. This is particularly true for the atoms making up
the bulk liquid electron density further away from the interface. This situation is similar to
the way in which x-ray reflectivity data are analyzed. Often, the derivative of the electron
density dρ/dz is Fourier transformed in such models, which results in a zero contribution
from constant density profiles.
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account for part of the previously found huge enhancements, which still
can be only explained by unusually short quasi-liquid interatomic
distances.

Herewe report on the interface structure between liquid indiumand
a Si(111) substrate. The main observations are that atomic layering oc-
curswith a very small spacing and extends up to approximately 7 layers
into the liquid. Furthermore, the very first layer of the indium atoms
shows in-plane order, whereby the atoms preferentially occupy hollow
sites of the underlying Si(111) substrate. We also investigate how such
an ordered indium layer serves as a template for further quasi-liquid
metal layers. By making use of the model set out by Spaepen [14], we
showhow themisfit between the indiumatoms' size and the substrate's
in-plane lattice constant can lead to a densification compared to bulk
liquid indium of the first quasi-liquid layer(s).

The remainder of this article is organized as follows. First we de-
scribe x-ray scattering from solid–liquid interfaces. This section also in-
troduces the structural fit models used in our data analysis. Next we
present the experimental data and the resulting fits. In a separate sec-
tion the hard-sphere packing model is introduced, after which this
model is comparedwith the experimental results and discussed in rela-
tion to other solid–liquid interfaces.

2. X-ray scattering from solid–liquid interfaces

Crystals show long-range atomic order whereas liquids only display
short-range order. Hence, the corresponding scattering patterns, which
can be calculated through Fourier transform of the real-space electron
densities, are very different. At the interface between solids and liquids
some of the solid's Fourier components will be transmitted to the liquid
in a thin region close to the interface. By measuring the crystal trunca-
tion rods (CTRs) of the solid in contact with the liquid, it is possible to
determine the degree by which the liquid orders with respect to the
solid [11]. The challenge to experimentally solve the complete 3D atom-
ic structure of a solid–liquid interface lies in the fact that the signals ob-
tained by such diffraction techniques are relatively weak, because of the
disorder, and are further obscured by the relatively high background
signal from the bulk liquid scattering [15].

Atomic layeringwill result in a Bragglike feature on the specular CTR
at a point in reciprocal space Q = 2π/d, with d the layer spacing and
Q = 4πsin(θ)/λ the momentum transfer (where θ is half the scattering
angle and λ is the wavelength). Such a layering signal was found at the
AuIn–InP(111) interface, giving evidence of a layering distance of 2.3 Å
[16]. Densification and/or layering phenomena which appear on a
length scale several times the layering distance are expected to show
up at lower momentum transfer in the scattering pattern. To the best
of our knowledge, so far there has been only one study attempting to re-
veal both length scales [12]. Those data did not show a clear Bragglike
feature and the details for this system seem to be rather subtle, which
might also come from the use of a miscut substrate.

In the next sections the structural model and the scattering calcula-
tion used in the data analysis are presented.

2.1. In/Si(111) scattering calculation

Fig. 1 shows schematically the atomic-scalemodel that is used in the
data analysis.

The scattering amplitudes are calculated by summing over the indi-
vidual atoms' scattering contributions:
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with FSi the bulk silicon structure factor, Q the momentum transfer, θj
the occupancy of the j-th atom, fIn the indium atomic scattering factor,
U// and U the squared mean displacement amplitudes of the atoms
parallel and perpendicular to the interface and rj the atomic positions.
The first term at the right-hand-side renders the well-known CTR [17]
of the Si(111) substrate. The values U for the displacements are related
to the Debye–Waller parameters by B = 8π2U, where in the present
case the physical origin of the disorder is not only temperature vibration
around an average position but also the fact that the scattering object is
quasi-liquid: the average atomic positions are substantially smeared out
[11]. The interface introduces an anisotropy between the in-plane and
out-of-plane directions. It is therefore expected that the atoms will
order differently in the two directions, which can be modelled by the
use of different values for U// and U . In particular, the CTRs with h,
k ≠ 0 also probe atoms with in-plane order. To solve the complete 3D
structure of the interface both the specular and CTRs with in-planemo-
mentum transfer are needed.

Fig. 1 shows the top view structure of the first indium layer on the
Si(111) substrate surface. As discussed later on, we obtain the best fits
when a single layer of indiumatomspreferentially occupies Si(111) hol-
low sites. The next layers of indium, starting from2, do not show any in-
plane ordering and are described in the models using very large values
for U//. In this way their scattering contributes only to the (0,0) CTR and
not to any having in-plane momentum transfer. The summation over
indium layer 2 and further of Eq. (1) is then calculated with a specific
profile describing the degree of perpendicular ordering in the near in-
terface region: close to the interface the ordering will be higher (and
the values for U lower) than further away.1 We have also tested the
so-called distorted crystal model [18], which has been successfully
used to describe liquid layering in other systems. For the data obtained
here this did not lead to high quality fits, mostly because that model
failed to give an adequate description over the total Q-range.

The best fit results are obtainedwhen the scattering contributions of
the indium atoms quickly diminish with distance j from the interface,
either by a vanishing profile for θj or by a diverging profile for Uj

⊥. Al-
though the parameter θ implies the presence of atoms, it is actually
the scattering strength that is probed; not all the atoms illuminated by
the x-ray beam will contribute to the CTR signals. Different profiles
have been tested during the data analysis and two of these, hereafter re-
ferred to asmodels 1 and 2,will be shown here. The purpose of present-
ing two models is to explore the boundary values and sensitivity of the
used method towards the different structural features that are
contained by the data. It also shows that different ways of parameteriz-
ing a density profile can lead to very similar solutions, by which means
the significance of certain details is tested.

2.2. Model 1

In the first model, the layerwise occupancies θj and amplitudes Uj
⊥

from Eq. (1) are chosen to have the following form:
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Fig. 1. Schematic of the atomic scale model used in the data analysis. (Left) Side view of the Si substrate (black) covered by In (grey), where the size of the atoms is an indication of the
degree of (anisotropic) order and scales with U// and U⊥. Layer 1 is partly in registry with the substrate, whereas from layer 2 onwards there is no in-plane order anymore. Layers 1–6 are
indicated, although in the data analysismanymore layers are included. The rectangle indicates the 6 atoms (3 bi-layers)making up the Si(111) surface unit cell. (Right) Top view showing
the preferential ordering of layer 1 indium at hollow (H) sites, as compared to top (T) sites. The surface unit cell is indicated by the lozenge.
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where values forσ define characteristic length scales of the correspond-
ing parameters. The occupancies θ become essentially 0 (below the de-
tection limit) at a distance j = j0

θ + 2σθ from the interface, which is
interpreted to mean that there the structure has changed such that
the metal's scattering does not contribute significantly to the CTRs any-
more. The profile forU describes a similar decrease in indium scattering
contribution, only with a different Q-dependence. Indium layer 1 is at a
height z1 above the Si substrate. The positions zj of indium layers 2 and
onwards with respect to indium layer 1 are given by:

z j ¼ j−1ð Þd; with j¼2;3;4… ð4Þ

andwith d a constant spacing between the atomic layers. In thisway the
positions of the indium layers are described by two independent fit
parameters.

2.3. Model 2

Another way of describing the interface profile is by assuming a con-
stant θj, which is a better description of the real electron density because
it assumes that actual atoms are present. The values ofU then determine
to what extent the atoms contribute to the scattering pattern. Here, we
use an exponential profile:

U⊥
j ¼ U⊥ej=σU

; ð5Þ

where σU is the characteristic decay length of the ordering. Further-
more, the best fit result was obtained when the positions of the atoms
zj were described by:

z j ¼
1
2
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This profile describes the change from the quasi-liquid layering dis-
tance, d, in the interface's vicinity to the average distance between
atoms in the bulk liquid, dj. Since it is to be expected that the layering
and ordering are closely related, the fit has been obtained using
σz = σU and jz

0 = σU. A value of dl = 3.1 Å was taken to match the
nearest-neighbour distance in bulk liquid indium [19].

2.4. Density profiles

The structural models from the previous sections can also be used to
calculate the out-of-plane density profile near the interface, which is
commonly used to describe the quasi-liquid and its relation to bulk liq-
uid radial distribution functions. The scattering density profile ρ(z) is
obtained by summing over the different layers, describing Gaussian-
shaped atoms as:

ρ zð Þ ¼
X
k
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a
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The positions of the atoms are zk and the atomic number Zka is 14 for
silicon atoms in the substrate and 49 for indium.

3. Experiment

Several thin film samples were made in the following way. Silicon
wafers are cut into 10 × 10 mm2 pieces and are flash-annealed in an
ultra high vacuum chamber (base pressure 10−10 mbar). The appear-
ance of the Si(111)(7 × 7) surface reconstruction, as observedby reflec-
tion high-energy electron diffraction, indicates the surfaces (for a large
part) to be clean and free of oxide. After cool-down to room tempera-
ture, indium is evaporated by a Knudsen cell. Finally, the samples are
capped by evaporating SiO2 on the indium covered Si substrates in a
separate deposition chamber. The In and SiO2 thicknesses were roughly
calibrated and more precisely determined using x-ray reflectivity to be
300 nm and 800 nm, respectively. In this way, thin film samples are
produced of which the inert capping layer's function is twofold:
protecting the interface from oxidation and preventing the metal from
dewetting during liquation.

Surface x-ray diffraction experiments were carried out at beamline
ID03 of the European Synchrotron Radiation Facility, France [20],
using a wavelength of 0.517 Å. The samples were loaded into a small
furnace, equipped with a cylindrical beryllium window, which was
mounted on the diffractometer. CTR data were collected, integrated
and corrected in a standard way [21], taking special care of absorption
corrections necessary for the used thin film geometry.

The hexagonal Si(111) surface unit cell is related to the primitive di-
amond structure by:as ¼ bs ¼ 1

2

ffiffiffi
2

p
ac ≡ a0cs ¼

ffiffiffi
3

p
ac, with ac the cubic Si

cell parameter. The direction of the reciprocal c-axis, cs⁎ is along the sur-
face normal, which is the z-direction in the surface frame. As usual, the
in-plane momentum transfer components will be referred to as (h,k)
and the vertical one by l.

Data were collected by a combination of rocking scans and using the
so-called stationary mode [21], both of which gave the same results.
Fig. 2 shows the corresponding rocking scans that were recorded at
L = 4.03 on the (0,0) CTR and at L = −1.8 on the (1,0) CTR. The inte-
grated intensities around the layering peak on the (0,0) CTR are statisti-
cally relevant (F N 5σ(F)), whereas for L N 5 the signals became very
weak (F⋍σ(F)). These weak points were nevertheless included in the
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Fig. 2. Rocking scans: data points (black dots) and Gaussian fits (black lines). (Left) The point on the (0,0) CTR around L = 4.0 is directly related to the indium quasi-liquid layering dis-
tance. (Right) On the point on the (1,0) CTR around L = −1.8 s there is a contribution from in-plane ordered quasi-liquid indium.
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fits, because they were found to be important upper limits and
prevented diverging values for the fit parameters.

4. Results

Fig. 3 shows the (0,0) and (1,0) CTRs from the interface at 443 K,
which is about 14 K above the indium melting temperature. The ab-
sence of indium powder peaks, which are observed at room tempera-
ture, shows that the metal is molten. There are three features that
stand out in the measured profiles compared to those expected from
bulk-terminated Si(111) in contact with a homogeneous structureless
liquid: a shoulder on the high-angle side of the silicon (1,1,1) Bragg
peak around L = 4 on the (0,0) CTR, a kink around L = 0.2 on the
(0,0) CTR and an enhancement in intensity on the (1,0) most notably
in the region between L = −4 and L = 0. These are signatures of, re-
spectively, layering, a modified density as compared to the bulk liquid
over an extended near-interface region and preferential in-plane order-
ing of indium. Models 1 and 2, as introduced in Section 2, are tested
against the data and will be discussed hereafter. The final fit results
are listed in Table 1.

The enhancement on the (1,0) CTR around L = −2 is best
reproduced when a single layer of indium atoms is partly in registry
with the substrate; more layers would result in thickness oscillations
and the fit without such in-plane ordering is clearly worse, which is
also reflected in the poorer fit quality having χ2 = 2.3 (using model
1). This layer 1 contains indium atoms which can reside at hollow or
top sites. The best fit shows that for the largest part indium orders at
hollow sites, but that aminor part can also occupy top sites. Such amix-
ture of co-existing preferential sites has been found previously for close-
to-monolayer coverages of Pb or Sn on Ge(111) [22,4] and Bi on
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Fig. 3. Experimental CTR data andfits. (Left) Specular CTRwithfits using a vanishing indiumocc
the text. The inset shows an enlargement of the low-L range, where the dashed line is obtained
which the width complies with the x-ray beam divergence. Also shown is the calculated CTR w
surface roughness (dash dot), which shows nearly the same shape as the fit models, but with a
thin). Both fits are nearly identical because only the indium atoms of layer 1 contribute to scatt
plane order. Also shown is the fit when excluding in-plane ordering of layer 1, thereby revealing
nected asterisks). Clearly this fit model fails to describe the data in the region L = −4 to L
(χ2 = 1.3). (For interpretation of the references to colour in this figure legend, the reader is re
Cu(111) [7]. In the final fits the minor top site ordering has been
discarded since it correlates strongly with the other parameters thereby
showing that the information contained by the data starts to be
exhausted by including such details in the model. It was also found
that better fits were obtained by including a roughness parameter ac-
cording to the β-model [17]. Inclusion of such a roughness parameter
results in several features on the CTR profiles. In general, roughness
leads to a loss of scattered intensity at the surface sensitive parts,where-
as it leaves the intensities close to the Bragg peaks unaltered. Around
L = 6 on the specular CTR there is an (apparent) increase in calculated
structure factor. This is around the bulk forbidden (2,2,2) Bragg reflec-
tion, a point in reciprocal spacewhere there are nophase differences be-
tween x-rays scattered by different layers. This point is therefore not
sensitive to surface roughness, but the regions at lower and higher mo-
mentum transfer do diminish. This leads to small apparent enhance-
ments around L = 6 on the (0,0) and L = −2 on the (1,0) CTRs.
However, the region around L = −2 on the (1,0) CTR is the best
reproduced by including both roughness and in-plane ordering; includ-
ing either of the two does not result in the observed shape. This be-
comes clearer from fitting model 1 without including in-plane
ordering of layer 1 (see Fig. 3). Although there is an apparent enhance-
ment around L = −2 on the (1,0) CTR, the fit is clearly too low in that
region. By including in-plane ordering of layer 1, the intensity is lifted to
higher values in the whole region, as indicated by the data. The reason
that one can distinguish between roughness and in-plane ordering is
that all the CTR data are sensitive to roughness and therefore jointly de-
termine the roughness parameter. The parameters describing the in-
plane ordering are then determined independently.

Within fit model 2 the scattering contribution from indium atoms
further away from the interface leads to pronounced oscillations in
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= −0 and the value χ2 = 2.3 is significantly worse than that obtained with model 1
ferred to the web version of this article.)



Table 1
Optimumparameter values for the two differentfitmodels. Theparameters are defined by
Eqs. (1)–(6). The subscript 1 refers to structural parameters of layer 1, where z1 indicates
the distance from layer 1 to the last layer of Si substrate atoms. The layering distance in the
quasi-liquid is given by d. The β-roughness model parameters and final χ2 values are in-
dicated as well.

Model 1 Model 2

First layer
z1(Å) 2.76(2) 2.76(1)
U1
⊥(Å2) 0.07(1) 0.10(1)

U1
//(Å2) 1.1(1) 0.76(1)

θhol 0.59(2) 0.65(1)

Quasi-liquid
d(Å) 2.21(2) 2.12(1)
U⊥(Å2) 0.19(1) 0.33(1)
σU 13.2(3) 2.80(1)
jU
0 −3.7(6)
U//(Å2) 6.3 6.3
θ0 1.33(2) 0.61(1)
σθ 23(1)
jθ
0 0.0(3)

Other
β 0.30(1) 0.31(1)
χ2 1.3 4.8
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the lowQpart, evenwith the quickly diverging exponential profile forU.
This effect is becoming even worse when using a ‘flat’ profile for zj in-
stead of the erf-profile used now. The data do not show such pro-
nounced oscillations, but do show a kink indicative of a length scale
between 1 and 2 nm. Although the final χ2 value for model 2 seems
much worse than for model 1, for the largest part this is caused by the
poorer fit of only a few data points around the low-Q kink. Such strong
oscillationswill be damped by causes such as sample curvature or x-ray
beam divergence. In Fig. 3 the effect on the low Q range of the (0,0) CTR
is shown of a convolution with a Gaussian having a width of the x-ray
beam divergence. This convolution has a significant effect only on the
low Q range, because for higher scattering angles the features are al-
ready much broader.

Fig. 4 shows the density profiles, calculated as described in
Section 2.4, obtained from models 1 and 2. The layerwise atomic occu-
pancies and disorder from the best fit model 1 are also shown in Fig. 4.
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Fig. 4. Projected (scattering) density profile of the Si(111)–In interface along the surface
normal direction (z), of which the origin lies at the last layer of Si substrate atoms.
Shown are the profiles obtained with a vanishing indium occupancy profile (blue/
lower) and a constant one (red/upper). The gradually decreasing profiles originate from
the fact that atoms further away from the interface do not contribute to the scattering,
as discussed in the text. The inset shows the quasi-liquid layerwise average atomic occu-
pancies, θ (asterisks), and the out-of-plane disorder, U⊥ (diamonds), as obtained from
model 1. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
5. Hardsphere packing model

We will now compare the experimental structural features with a
hard-spheremodel, thereby focussing especially on the first two atomic
layers of the quasi-liquid. The aim is to investigate by means of a rela-
tively simple model how the atoms could stack across the interface
and how this influences the layering distance, disorder and local densi-
ty. By the use of this model it is possible to directly compare and inter-
pret quantitatively some of the experimentally determined structural
features. It is important to note that the goal of this description is not
to disclose all the details of the quasi-liquid's structure, which involves
more than just the two first layers. As a starting point we take the
model by Spaepen [14], who introduced a solid–liquid interface model
for a crystal in contact with its ownmelt. The atoms' stacking is subject-
ed to specific rules, which are based on maximizing the number of tet-
rahedral configurations on the liquid side. As a result, there are three
planar configurational motifs, triangular, rectangular and pentagonal,
which make up a 2D layer without in-plane long-range translational
order. Schematically such a layer is shown in Fig. 5.

The very first layer 1, which is in contact with the substrate, does
show in-plane order, and serves as a template onto which indium
layer 2 is stacked. As a first approximation we presume layer 1 to be
completely preferentially ordered at substrate hollow sites, thereby
forming a hexagonal close packed crystal plane. Although the ordering
will not be as strong as assumed, well-defined average atomic positions
of the first layer have also been found frommolecular dynamics studies
[23,24]. We take the indium diameter to be d0 = 3.14 Å, a value which
complies with bond lengths in the solid [25] as well as the nearest-
neighbour distance (dNN) in the liquid [19]. The distance between
Si(111) hollow sites is given by the in-plane cell parameter
a0 = 3.84 Å. Because of the size-lattice mismatch, the atoms within
layer 1 cannot touch each other. Compared to a homointerface, the
atoms from layer 2 can sink deeper into layer 1, thereby filling up part
of the empty space within this layer. Since the atoms in layer 1 are lat-
erally spaced further apart so will be the atoms in layer 2, which form
the previously mentioned 2D motifs without long-range order. The
next layer atoms, which are placed on top of the triangles, rectangles
and pentagons, can again sinkdeeper into layer 2. Nowwedefine a crys-
tal slab of thickness d0 centred on the first disordered layer 2 and calcu-
late the number of atoms in this slab, thereby also including partial
atoms from the layers above and below. Since the coverage of rectan-
gles, triangles and pentagons in layer 2 is equal [14], it is possible to cal-
culate the average number of atoms in a volume V0 = A0d0, where A0 is
the area of the substrate surface unit cell. The calculation is done as a
function of the ratio a0/d0 as shown in Fig. 6, which also shows the
layer spacing and disorder as a function of the lattice-size-mismatch. It
is found that a substantial contribution to the density is coming from
top atoms in between two neighbouring pentagons, as indicated by
the dashed area containing a black indium atom in Fig. 6. More top
atomshavenot been considered, but it is clear that thesewill further en-
hance the calculated density in layer 2.

As the atoms are laterally pulled further apart due to the lattice-size
mismatch, atoms from the layers above and below can sink deeper into
the crystal slab which has as a result that the density increases. This de-
scription holds as long as there are equal amounts of pentagons, trian-
gles and rectangles. In this respect, the calculation starts to fail at a
ratio a0/d0 close to 1.24, which is the situation where some of the top
atoms ‘fall through’ the pentagons. If these top atoms would become
part of the underlying layer, additional octahedral holes would be creat-
ed,which is unfavourable for a liquid and should therefore be prevented
from forming. Since the structure holds the middle between a solid and
a liquid, it is therefore likely for the structure to show features from
both. The In–Si(111) interface is presumed to have d0/a0 = 1.23, very
close to the end of the range where the current description seems to
hold. It is therefore expected to have a maximal densification within
the presented hard-sphere packing.
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Fig. 5. Schematic of a hardsphere packingmodel based on Spaepen [14]. The scale is based on an indiumatomic diameter of 3.14 Å̊ and a silicon in-plane distance of 3.84 Å̊. (Left) Top view
whereby the network of triangular, rectangular and pentagonal building blocks is indicated. Two layers of indiumatoms are shown in grey. The topmost indiumatoms are darker in colour
and the substrate Si atoms are smaller in size. The dashed area and black indium atom indicate the space and position between two neighbouring pentagons where additional next layer
atoms can be placed (see text). (Right top) Side views of the three different building blocks, whereby the position of the top atomwith respect to the basal plane is illustrated. (Right bot-
tom) Side view indicating the ordered layer 1 and disordered layer 2. The average distance between atoms in layers 1 and2 of 2.27 Å̊ is also given. The rectangular box of thickness d0 is the
slab in which the average density is calculated for different ratios of the substrate lattice constant (a0) and the indium atomic diameter (d0), see Fig. 6.
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Within this hard-sphere model, the packing fraction, η, of the atoms
in the quasi-liquid layer increases when the substrate pulls the atoms
laterally further apart (see inset Fig. 6). The resulting packing fraction
is in between the values of bulk indium (ηbulk = 0.596, solid and liquid
have almost equal densities) and hypothetical close-packed indium
(ηcp = 0.74). This means that in the case of liquid and solid indium
there is a lot of space around the atoms and that they could draw closer
together within a hard-sphere packing picture. The reason for this not
happening in the bulk is that apparently the (anisotropic) bonds take
up this space. At a solid–liquid interface the situation is different, since
new In\Si bonds are formed. The hard-sphere packing model present-
ed here shows that if there is preferential in plane ordering in combina-
tion with a lattice-size misfit, in principle the atoms can pack together
closer. Therefore, the geometry of the hard sphere packing can also ex-
plain additional density as has been observed previously [1].

6. Discussion

In the following the present results will be discussed, thereby com-
paring the SXRD results and the hard-sphere packing model. Next, sev-
eral other systems, which have been investigated experimentally and of
which the structural details are listed in Table 2, are also comparedwith
the hard-sphere packing model and discussed.

6.1. In–Si(111)

Several structural features of the interface between layers 1 and 2 ob-
tained from the experimental model 1 and the theoretical hard sphere
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Fig. 6. Structural parameters of the hard-sphere packingmodel calculated as a function of the rat
ic diameter (d0). (Left) Indium (Z = 49) and lead (Z = 82) electron densities within a slab cen
pected for atomic diameters which comply with the liquid nearest-neighbour distances. The in
first and second indium layer and the disorder in layer 2 as explained in the text. Also shown i
packingmodel are listed in Table 2. The values from the latter are obtain-
ed through straightforward geometrical calculations. Whereas the
layering distance and disorder agree verywell, there is a large discrepan-
cy between the densities. The experimental data seem to indicate a huge
density deficit, only approximately half of the interface is covered by in-
dium, which is of course not physically acceptable. Both fit models 1 and
2 show a lack of density and almost equal density profiles (see Fig. 4),
which is an indication that both models contain most of the important
features in order to describe the data. It is known that atomic site occu-
pancies in SXRD correlate strongly with interface roughness, a phenom-
enon that can take place at different length scales. In general, the β
roughness model [17] used here works very well for atomic roughness.
The fact that the occupancies remain far too low, even though roughness
has been included, indicates that someother non-ideal interface property
is present. Some possibilities are the following: 1) Patches of oxide
islands remained on the Si(111) surface after flashing. Rough oxide
islands would result in a locally different layering and only the strong
layering on the clean parts of the substratewould showup in the scatter-
ing. 2) During the flashing of the Si(111) substrate some facetting might
already have started [26]. Such long length-scale surface undulations
would be detrimental to the indium layering. 3) The thin Si wafers
could be bent, which results in a loss of scattered intensity [27]. 4) During
deposition of the capping layer, part of themetal starts to dewet already,
resulting in a wormlike network and partial substrate coverage.

The fact that RHEED of the flashed surfaces clearly showed a
Si(111)(7 × 7) reconstruction is an indication that at least part of the
surface was clean and well ordered. It could be that this was only the
case for about half of the total surface area. Also the fact that we see a
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Table 2
Comparison between structural parameters obtained from the present study (SXRD), the hard sphere packing model (HS), several other systems and bulk liquid indium. Listed are the
following parameters, as far as they could be determined: the layering distance d, the variance σ2 (or equivalently the atomic disorder U) of the atoms in layer 2 (the first in-plane disor-
dered layer), the local electron/scattering density ρ and its ratio with the bulk liquid density (ρbulkliq ), the bulk solid density (ρbulksol ) and the (hypothetical maximum) close-packed density
(ρcp). Values for bulk liquid indium are determined fromOcken et al. [19] in the following way. The value for d ¼ ffiffiffiffiffiffiffiffi

3=4
p

dNN, with dNN = 3.14 Å the nearest-neighbour distance, would be
expected for cp-like stacking [32]. The value for σ2 is determined from the width of the first maximum of the radial distribution function.

In–Si(111) Hg–Al2O3(0001) In–Si(001) Pb–Si(111) Pb–Si(001) InAu–InP(111) Liquid In

SXRD HS Ref. [12] Ref. [1] Ref. [1] Ref. [1] Ref. [16]

d(Å) 2.21(2) 2.27 2.66 2.32(4) 2.72
σ2(Å2) 0.55(6) 0.5 1.3 0.4(1) 0.1
ρ(e/Å3) 1.15(6) 2.1 3.6 2.6 3.0 3.2 1.9 1.79
ρ/ρbulkliq 0.64(3) 1.2 1.10(5) 1.4 1.2 1.3 0.6 1.00
ρ/ρbulksol 0.61(3) 1.2 1.04(5) 1.4 1.1 1.2 0.6 0.96
ρ/ρcp 0.51(3) 0.95 0.9 1.2 1.1 1.2 0.5 0.8
d0/a0 1.23 1.23 1.5 1.23 1.1 1.1 1.4
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clear layering peak in the data indicates that at least part of the interface
is ideal. Calculation of the scattering by an interface with much larger
values for the indium occupancies (Fig. 3) shows that the position of
the layering peak and overall CTR shape do not change significantly,
but merely that everywhere a much higher intensity would occur. The
occupancies for this simulation have been chosen such that they corre-
spond to the average number of atoms on a plane through the bulk liq-
uid. Furthermore these calculations have been performed without
including any roughness thereby not showing the enhancement around
Q = 4 Å−1 on the (0,0) CTR. X-ray reflectivity data taken from other
samples show densities much closer to bulk indium values (and some
also enhancement) [28], which corroborates the earlier found density
enhancements [1,12,13]. Therefore, it seems justified to treat this inter-
face as being ideal but only on about half the total interface area.

We rule out thepossibility of enhanced interface roughness due todis-
solution of silicon. From the Si–In binary phase diagram [29], it can be es-
timated that around 450 K less than 1 monolayer of Si should dissolve in
the total indium thin film volume. This would provide enough atommo-
bility for the Si(111) surface to retain a flat (1 × 1) structure. Froma ther-
modynamic point of view, an equilibrium would be expected between a
flat (111) surface, which is known to have the lowest surface energy,
and a liquid in which some Si is dissolved. It is also expected that the rel-
atively large strain energy associatedwith the (7 × 7) reconstruction can
be relieved upon interaction with the liquid. Submonolayer coverages of
In on Si(111) in vacuum lead to awhole range of reconstructions [30], in-
dicating that such surface reconstructions can fairly easily change. In the
case of the buried Pb–Si(111) interface it has been shown that the
(7 × 7) reconstruction transforms completely to (1 × 1) at temperatures
below the melting point of Pb [31], which also confirms that a buried
Si(111) interface is not reconstructed.

6.2. Other solid–liquid interfaces

Compared to In, a different situation arises at the Pb–Si(111) inter-
face, for which the calculated density of layer 2 within the hard-sphere
packing model results in a value of 2.5 e/Å3, the same as bulk liquid
lead2 (see Fig. 6). In order to arrive at the experimentally found density
of 3.0 e/Å3 with the Si(111) interface [1], the Pb atomic diameter should
be 3.25 Å, which is about 5% smaller. Such an average bond lengthwould
be expected for mixed metallic and covalent bonds, of which the latter
are 2.92 Å [33]. Indeed, Pb coverages around a monolayer on Si(111)
have shown to form structures exhibiting Pb–Pb distances as small as
3.0 Å [34], pointing towards a covalent bond character. This can be un-
derstood crudely by considering that with the transition of a covalent
solid to a metallic liquid the interface may consist of a mixture of such
bonds. Since it can be ruled out that Si will be present in large amounts
2 Using an atomic diameter of 3.4 Å, taken from the nearest neighbour distance in bulk
liquid lead [37]. This is slightly smaller than the atomic diameter of 3.5 Å, which occurs in
solid Pb and which would result in a slightly lower calculated quasi-liquid density.
(due to the low solubility), it leaves the Pb atoms to adjust to the change
in bond nature, which also implies a drastic change in the electronic va-
lence structure within the quasi-liquid region.

From the values listed in Table 2 it may be concluded that a 4-fold
symmetric substrate leads to an even denser quasi-liquid packing than
at a hexagonal one. Although the lattice-size misfit for the Si(001) sur-
face is the same as for the Si(111) (a0 ¼ 1

2

ffiffiffi
2

p
ac in both cases), the geom-

etry of quasi-liquid atomic structures is expected to be completely
different. Indeed, for the Pb–Si(001) interface, it has been suggested
that the dominant structural motif is a pentagon [10], the shape of
which is regular in contrast to the pentagon considered for the (111)
surface. Also in the case of a regular pentagon, the local density can in-
crease when the basal atoms are pulled apart and the top atom sinks
in deeper. Further detailed comparison with a (001) surface is ham-
pered, since it remains unclear how to construct a space-filling atomic
layer consisting of such regular pentagons and possible other motifs.

Clearly, the present hard sphere packing model cannot explain den-
sities which are above those of a close-packed system, as in the case of
Pb. This can indeed only be understood if the average distance between
the atoms reduces below expected values for the liquid metal, i.e. when
the atomic size reduces. But the stacking does show that by pulling
atoms apart laterally, the available space can be taken up by other
atoms, thereby increasing the local packing fraction. In a first order ap-
proximation this is understood from the fact that the local ‘unit cell’ vol-
ume increases linearly with the lateral expansion, whereas the
additional partial atomic volume increases to the third power with dis-
tance. In effect, a quadratic behaviour for the local packing fraction as a
function of d0/a0 remains, as can be seen in the inset of Fig. 6. This is true
more generally and therefore can account for at least part of density en-
hancement at solid–liquid interfaces.

The small layering distance close to 2.2 Å found here compares rather
well with the value of 2.3 Å found for the AuIn–InP(111) interface [16].
Also the atomic disorder is similar for both systems. Comparison with
bulk AuIn liquid density, as shown in Table 2, is made by taking the
weighted average of the densities of pure In and Au. The density of the
solid is calculated from the Au3In2 crystal structure [35]. The close packed
density (ρcp) and the value for d0/a0 are calculated assuming an atomic
diameter of gold of 2.85 Å [36] and taking the weighted average with
the values obtained for In. It is not straightforward to interpret the results
in terms of the same hard-sphere packingmodel as presented here. First,
the lattice size mismatch d0/a0 is outside the range of where the present
hard sphere geometry seems to hold and therefore the structurewill look
different from the one presented here. Second, due to the mixture of In
and Au and possible preferential segregation, the alloy is amore complex
system. Also in the case of the InAu–InP(111) interface, the layering dis-
tance is significantly smaller than the value expected for a close packed
stacking,which again canbe explainedby lateral ordering in combination
with a substrate–liquid misfit.

A final remark needs to bemadewhen comparing the densities of the
AuIn–InP(111) and the In–Si(111) interfaces. Also there the estimated
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density, obtained from experiments on similar capped thin film samples,
is about half of what would be expected. There are two explanations for
the similar lowdensities. The first onewould be that the sample prepara-
tion and intrinsic properties of capped thin films on wafers, as discussed
previously, are the cause for the low (scattering) densities. A second ex-
planationwould be that there is a substantial amount of atomswithin the
quasi-liquid volume which is much more disordered than those partici-
pating in the layering. As discussed in Section 2.1, diffraction techniques
at relatively high momentum transfer (Q N 2 Å−1) rely on order and
therefore suchdisordered atoms remain ‘invisible’. Although the absolute
densities remain unclear, both experiments revealed layering peaks from
which a layering distance is determined.

It would require more sophisticated models, including the details of
the interactions, to disclose more details of the quasi-liquid atomic
structure. For example, the agreement between experiment [12] and
theory [13] on the Hg–Al2O3 interface, whereby a layering distance of
about 2.7 Å is found, is very good. It is to be expected that each
heterointerface will have its own quasi-liquid structure, which is to a
large extent determined by the very first layer of ordered atoms. This
will result in different values for the near-interface densification, and
possibly also depletion. Indeed, different densities have been found for
Pb–Si(111) and Pb–Si(100) [1], two interfaces for which different
quasi-liquid structures are expected. From this point of view it is not
surprising that the layering distance found here is significantly different
from the value of 2.69 Å obtained at the liquid In/vacuum interface [32].
It is expected that the relatively simple hard sphere packing model
based on the one of Spaepen [14] will be a good description for well-
matched solid–liquid systems. This is mostly because it is based on
homointerfaces. Except for the density, we find good agreement be-
tween experiment and the hard sphere stacking model, which shows
that some of the quasi-liquid's structural features can be described by
such a simple model and it is to be expected that also other solid–liquid
interfaces could behave similarly. It is unclear for themoment how sub-
sequent layers will stack in order to comply with the pronounced
layering up to 7 layers. Hard-sphere stacking neglects long-range inter-
actions, which are undoubtedly also present.

7. Summary and conclusions

We have obtained surface sensitive crystallographic data on the
solid–liquid interface between Si(111) substrates and indium just
above its melting point. The indium near the interface forms a quasi-
liquid, which is evidenced by layering and in-plane ordering. The data
show a clear layering peak, of which the position corresponds to a
layering distance of about 2.2 Å. The (0,0) CTR exhibits a kink in its low
Q range, indicative for the layering to persist for about 6–7 layers. Analy-
sis of the (1,0) CTR, which probes in-plane order, shows that the indium
layer closest to the substrate preferentially orders at hollow sites.

The experimental results together with the earlier reported local
five-fold symmetry of the quasi-liquid [10] are ingredients for a hard-
sphere packing model based on the one by Spaepen [14]. The very
first partially ordered indium layer serves as a template onto which fur-
ther quasi-liquid layers are stacked. These layers consist of planarmotifs
of triangular, rectangular or pentagonal shape, which fill up 2D space
but lack long-range translational order. The disorder and layering dis-
tance found in the hard-sphere packing model are in excellent agree-
ment with the best model fit to the experimental data. For the In/
Si(111) interface, it is shown that the hard sphere packing results in
an enhanced density in the first disordered layer. The packing depends
on themismatch between the size of themetal atoms and the periodic-
ity of the substrate and increases with increasing mismatch. A similar
comparison for the Pb/Si(111) interface shows no enhanced density,
which was observed experimentally [1] and is thought to result from a
shrinkage of the metal atoms near the interface. Also within the hard
sphere packing model the Pb atomic diameter should be about 5%
smaller than the nearest-neighbour distance in the bulk liquid. This
also points towards a modified electronic structure in the quasi-liquid,
whereby the bond character is possibly changed to be more covalent.

A hard sphere packingmodel, including local in-plane five-fold sym-
metry, is in very good agreement with the layering distance and disor-
der found from our SXRD measurements. The present results show
how the lattice-size mismatch can lead to a layering distance much
smaller than

ffiffiffiffiffiffiffiffi
3=4

p
d0, the distance expected for a close-packed struc-

ture. In addition, this model shows that the density enhancement can
be partially attributed to the lattice-size mismatch between the sub-
strate and liquid. Although the experimental data do not show a similar
density enhancement, most likely due to a non-ideal interface, it has
been observed previously, both in experiments [1,12] and theory [13]
and now can also be explained by a simple geometricalmodel. Although
the lattice-size mismatch cannot account for all the enhanced densities
found in different solid–liquid interfaces, it may play an important role
in the geometric structure and atomic packing at solid–liquid interfaces.
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