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Abstract

X-ray re¯ectivity and di�use scattering measurements of the surface of liquid Hg, Ga and In are reviewed. For each

metal surface induced layering is found. The surface structure of these metals is compared and di�erences are discussed

in relation to bulk structural features such as the degree of covalency. Studies of modi®ed liquid metal surfaces are also

presented. The surface oxidation of liquid Ga, In and Hg is compared. Experimental results on surface segregation in

Ga±In and Ga±Bi alloys and details of the surface wetting transition in Ga±Bi are also discussed. Ó 1999 Elsevier

Science B.V. All rights reserved.

1. Introduction

The structure of bulk liquid metals (LM) is not
very di�erent from the bulk structure of simple
dielectric liquids [1]. The liquid structure factor
and consequently the pair correlation function are
virtually identical for liquid noble gases such as Ar
and liquid alkali metals such as Cs [1]. This simi-
larity indicates that the di�erent interatomic in-
teractions prevailing in these two classes of ¯uids
do not a�ect the bulk structure. The atomic
structure at liquid interfaces on the other hand, is
very sensitive to the speci®c interactions [2]. At the
surface of liquid metals for instance, the interac-
tions change within a few atomic diameters from
metallic in the liquid phase to van der Waals in the
gas phase [3]. The existence of this metal±non-
metal transition at the surface has led to the
theoretical prediction of an oscillatory electron

density pro®le normal to the surface, commonly
referred to as surface induced layering [2,3]. For
dielectric liquids on the other hand, the nature of
the interactions does not change signi®cantly
across the liquid±vapor interface. Theoretical
modeling and molecular dynamics studies result in
an interfacial density pro®le that varies mono-
tonically from the bulk liquid density to the vapor
density [4,5]. In this paper we review experimental
results that unambiguously con®rm the existence
of surface induced layering for liquid Hg [6], Ga [7]
and In [8].

In principle, the surface structure of an ele-
mental liquid metal can be modi®ed by: (i) alloy-
ing with a second liquid metal, (ii) physical
adsorption and (iii) chemical reaction. The dis-
tinction between physical adsorption and chemical
reaction at the surface is not de®ned sharply and is
made on the basis of the strength of the bonds
formed [9]. Covalent bonds that are formed in
chemical reactions have speci®c stoichiometry and
directionality with typical bond strengths ranging
from 200 to 900 kJ/mol [9]. By contrast, physical
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adsorption lacks the stoichiometry and direction-
ality of covalent bonds and the bond strengths are
around 50 kJ/mol [9]. Alloying of two liquid
metals can lead to either non-directional metallic
bonds or directional bonding, depending on the
interactions between the two types of atoms [10].
In regular alloys, the interactions between the two
components are comparable to the interactions
between the atoms of each component and the
bulk structure is only slightly a�ected by alloying
[10]. This, however, is not necessarily true for the
structure of the surface where small di�erences in
these interactions can lead to signi®cant di�erences
between the surface tensions of the two liquid
metals. Since surface segregation of the compo-
nent with smaller surface tension is expected for
binary mixtures in general [5], both the surface
composition and surface structure may be changed
drastically by alloying [10]. If the interactive en-
ergies between the two components of the alloy are
larger than the cohesive energies between the at-
oms of the pure components, associated alloys
form [10] displaying both directional bonding and
well-de®ned stoichiometry. The e�ect of this as-
sociation in the bulk phase on the surface structure
of LM has not yet been investigated, but in the
case of solid alloys recent results have shown both
directional bonding and a mesoscopic segregation
pro®le induced by the surface [11,12]. On the other
hand, if the cohesive interactions are stronger than
the interactions between the two components, a
miscibility gap with a pertinent critical consolute
point forms in the bulk phase. Surface wetting
e�ects associated with this bulk phase critical point
have been predicted and studied for dielectric liq-
uids [13,14], but at the moment only few experi-
mental studies of these phenomena exist for liquid
metals [15±17].

In this review, we discuss how surface-speci®c
X-ray studies can be used to understand the mi-
croscopic structure of LM surfaces, how this
structure is a�ected by bulk properties such as the
degree of localization of the free electrons and how
oxidizing a LM changes its surface structure. In
addition, we present experimental studies on bi-
nary liquid alloys where important parameters
such as size, valence and degree of covalency can
be tuned.

2. Theoretical background

The scattering geometry shown in Fig. 1 de®nes
the liquid surface to be lying in the x±y plane, with
X-rays incident at an angle a and collected by
the detector at a re¯ection angle b and azimuthal
angle 2h. For liquid surfaces, the momentum
transfer q~ is conveniently decomposed into com-
ponents qz normal to the surface and qxy lying in
the surface plane, which are related to the scat-
tering angles by

qz � 2p
k
� sinb� sina� and qxy

� 2p
k

����������������������������������������������������������������������
cos2a� cos2bÿ 2cosacosbcos2h

p
:

The specular X-ray re¯ectivity (XR) is de®ned by
a � b and 2h � 0. The density pro®le normal to
the surface can be extracted from the measured qz

dependence of the XR. Di�use scattering (DS) is
measured at ®xed a for varying b and de-
pends explicitly on both the qz and the qxy com-
ponent. DS probes the height ¯uctuations of the
surface.

The theoretical Fresnel re¯ectivity from an
ideally ¯at and abruptly terminated surface is
known from classical optics [18]:

Fig. 1. Sketch of the geometry of X-ray scattering from the

liquid surface with the incoming and outgoing angles a and b,

the incoming and outgoing wavevector k~in and k~out, respectively,

and the azimuthal angle 2h. The momentum transfer q~ has an

in-plane component qxy and a surface-normal component qz.

H. Tostmann et al. / Journal of Non-Crystalline Solids 250±252 (1999) 182±190 183



Rf�qz� � qz ÿ
���������������
q2

z ÿ q2
c

p
qz �

���������������
q2

z ÿ q2
c

p�����
�����
2

� qc

2qz

� �4

for qz J 5qc; �1�

where qc is the critical wavevector for total exter-

nal re¯ection (typically � 0:05 �A
ÿ1

for metals). To
describe scattering from a real surface, the re¯ec-
tivity from an ideal surface has to be modi®ed in
two ways. First, to take into account the structure
along the normal to the surface, the Fresnel re-
¯ectivity, Rf�qz�, has to be multiplied by a surface
structure factor jU�qz�j2

U�qz� � 1

q1

Z�1
ÿ1

d~q�z�
dz

exp�iqzz� dz; �2�

with the local or intrinsic density pro®le, ~q�z�, and
the bulk electron density, q1. Second, in the case
of a real liquid surface, thermally excited capillary
waves induce a phase shift between X-rays re-
¯ected from di�erent points, rxy , on the surface
[19,20]. As shown elsewhere [8], the properly nor-
malized di�erential cross section, dr=dX, for the
scattering o� a thermally roughened liquid surface
is given by

dr
dX
�q~� � A0

sina
qc

2

� �4 kbT
16p2c

jU�qz�j2 1

q2
xy

qxy

qmax

� �g

;

�3�
with

g � kbT
2pc

q2
z ; �4�

where �A0= sina� is the sample area illuminated
by a beam of cross sectional area A0 and c is the
surface tension. The large wavevector cuto�,
qmax ' p=a, where a is the particle size, accounts
for the fact that ¯uctuations with a wavelength
shorter than half the particle size are included in
~q�z� [8]. Eq. (3) describes the q~ dependence of
both re¯ectivity and thermal di�use scattering.
The specularly re¯ected intensity is obtained by
integrating Eq. (3) over the solid angle de®ned
by the detector opening when it is centered at
qxy � 0:

R�qz� � 1

A0

Z
det

dr
dX

� �
dX

d2qxy

d2qxy : �5�

Although the magnitude of the structure factor,
jU�qz�j, can be calculated from the measured
re¯ectivity, the phase information is lost and a
simple inversion of Eq. (2) to obtain ~q�z� is not
possible. Instead, the common procedure is to as-
sume a physically realistic model for ~q�z�. Then
U�qz� is calculated according to Eq. (2) and the
parameters of the model are varied until the best ®t
to the data is obtained. One model that has been
applied to elemental liquid Hg, Ga and In is to
assume a semi-in®nite array of layers of variable
electron density parallel to the surface. These lay-
ers represent planes of metal atoms separated by a
distance, d. Mathematically, each layer is repre-
sented by a Gaussian whose integral is constrained
to the average density of the liquid and whose
width increases with increasing distance from the
surface. This increasing width models the decrease
of the amplitudes of the layers away from the
surface [8,21]. To describe the surface structure
of alloys, this model must be modi®ed to allow
for concentration variations from layer to layer
[15,21]. The e�ect of the thermal ¯uctuations of the
surface height is taken into account by convolv-
ing this model for ~q�z� with the capillary wave
model for the height distribution of the surface
[8,19,20,22].

3. Experimental procedure

3.1. Liquid spectrometer

The large dynamic range in X-ray intensity re-
quired to study the structure of the surface of
liquids with �A-scale resolution is only accessible by
using synchrotron X-ray sources. All experiments
reported here have been performed at beamlines
X22B and X25 at the National Synchrotron Light
Source at Brookhaven National Laboratory. The
size of the incoming beam is determined by slits
located upstream of a crystal that de¯ects the
synchrotron X-ray beam downward onto the
horizontal liquid surface. The X-ray wavelengths
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are 0.653 �A (X25) and 1.24 �A (X22B). The X-ray
beam enters and exits the ultra high vacuum
(UHV) chamber containing the LM sample
through Be windows. This chamber is mounted
on an active vibration isolation table that e�ec-
tively quenches mechanical vibrations [8]. The
experimental resolution is primarily de®ned by
slits in front of the detector located about 600 mm
downstream of the sample. The resolution varies
for di�erent experimental con®gurations. For
specular re¯ectivity, typical slit settings were 4 mm
horizontally � 4 mm vertically corresponding to a

qz resolution of about 0:06 �A
ÿ1

. To record the
di�use scattering, typical slit settings were 4 mm
horizontally � 1 mm vertically resulting in a qz

resolution of 0:017 �A
ÿ1

. For XR and DS experi-
ments, the signal originating from the surface was
separated from the background, mostly di�use
scattering from the bulk liquid, by subtracting
intensities measured with the detector moved
approximately 0:4� out of the re¯ection plane
[8,21].

3.2. Sample preparation

To study the intrinsic properties of the surface
of LM, alloys and reacted LM surfaces, it is cru-
cial to maintain a microscopically clean surface.
For LM or alloys with a low vapour pressure, this
is accomplished by containing the sample in a
UHV chamber at a vacuum in the 10ÿ10 Torr
range. In this case, the formation time for a
monolayer of any impurity, most notably oxygen,
is much longer than the time necessary to conduct
the experiment [23]. Any oxide that is present at
the beginning of the experiment when the metal is
exposed to air while being transferred into the
UHV chamber, was removed by Ar� sputtering
[8,21]. Controlled oxidation of the LM sample was
obtained by exposing the sample to dry oxygen
introduced into the UHV chamber through a
bakeable leak valve. The oxygen dosage was
monitored by a residual gas analyzer and an ion
gauge [24]. The preparation of a clean LM alloy
surface is described in a separate paper [15]. To
study liquid Hg or any of its alloys, a pseudo-
UHV approach has to be used since the vapor

pressure of liquid Hg is too large to allow the use
of standard UHV techniques [25].

4. Results

4.1. The surface of elemental liquid metals

The experimentally determined specular re¯ec-
tivities from liquid Hg (open circles) [6,25] liquid
Ga (closed circles) [7] and liquid In (closed
squares) [8] are compared in Fig. 2. These re¯ec-
tivities are normalized to the theoretical Fresnel
re¯ectivity, Rf , of the pertinent LM. Any deviation
from R=Rf � 1 indicates the presence of surface
roughness or structure normal to the surface. At
the smallest qzs the measured re¯ectivity indeed
coincides with the Fresnel re¯ectivity from an ideal
surface. With increasing qz, however, the re¯ec-
tivity deviates from the Fresnel Rf for an ideal
surface. The re¯ectivities from the surface of all
three LM investigated so far show maxima cen-

tered at 2:5 �A
ÿ1

(Ga) and 2:2 �A
ÿ1

(Hg and In). An
analysis of the surface structure of these LM based
on the density pro®le calculated from these re-
¯ectivities is given in Section 5.1.

4.2. Modi®ed liquid metal surfaces

The normalized re¯ectivity of a Ga±In alloy
with 16.5 at.% In at room temperature is shown in
Fig. 3 (closed squares). It can be seen that the Ga
layering peak is shifted to a smaller qz (compare to
the re¯ectivity from elemental Ga represented by
open squares in Fig. 3) and also diminished in
magnitude. In addition, the re¯ectivity from the
Ga±In surface is greater than the theoretical
Fresnel re¯ectivity for an ideal Ga±In surface at
small and intermediate qzs. Alloying just 0.3 at.%
Bi to liquid Ga [26] results in an even larger
modi®cation of the room temperature surface
structure of liquid Ga (see closed circles in Fig. 3).
The Ga layering peak is only discernible as a kink
in the re¯ectivity and is shifted to even smaller qzs.
The re¯ectivity is almost completely dominated by

a broad maximum centered at around 1:2 �A
ÿ1

.

A comparison of the reactions of the three LM
Hg, Ga and In to oxygen is shown in Fig. 4. The
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re¯ectivities are normalized to the Fresnel re¯ec-
tivity of the pertinent elemental LM. Obviously,
the surface of the three metals is a�ected di�erently
by the presence of oxygen in the gas phase. Both
Ga and In have been exposed to the same amount
of oxygen �� 200 L). The oxygen exposure is ex-
pressed in Langmuirs (1 L � 10ÿ6 Torr s) which is
the dosage that would result in the formation of a
monolayer assuming a sticking coe�cient of unity
for the atoms on the surface [23]. Oxidation of

liquid Ga (closed circles in Fig. 4) leads to oscil-
lations whose amplitude does not decay over the
measured range of qz [24]. Indium has a completely
di�erent re¯ectivity (closed squares in Fig. 4; the
solid line is a guide to the eye) [8]. The In re¯ec-
tivity does not change upon exposure to small
amounts of oxygen but the formation of macro-
scopically thick oxide islands on the rim of the
sample is visible to the eye. With increasing oxygen
exposure, these islands grow inhomogeneously

Fig. 2. Re¯ectivity from liquid Hg at 20�C (open circles), liquid Ga at 23�C (closed circles) and liquid In at 170�C (closed squares)

normalized to the Fresnel re¯ectivity of the respective liquid metal. The solid lines represent the ®t of the re¯ectivity to a Gaussian

model for the density with three (Ga, In) or six (Hg) free parameters describing the surface layering. Inset: Di�use scans in the re-

¯ection plane for liquid In for di�erent incident angles a. Integration of these di�use scans over the resolution volume yields the re-

¯ectivity shown in the main ®gure. For clarity the di�use scans are multiplied by an arbitrary factor (closed circles: �1000, open circles:

�100, closed squares: �10). The solid lines in the inset represent the di�use scattering calculated from the the general cross section

discussed in the text, using the ®tted density pro®le model.
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into the part of the sample that is illuminated by
the X-rays and at that point the re¯ectivity falls
steeply with qz indicating that the surface has be-
come much rougher. Finally, preliminary data are
presented on the oxidation of liquid Hg. Due to the
high Hg vapor pressure, these experiments have
not been conducted in a controlled UHV envi-
ronment and it was not possible to measure the
oxygen partial pressure in the chamber. However,
the amount of oxygen in the chamber is compa-
rable to that of the two experiments described
above. The re¯ectivity (closed triangles in Fig. 4)
shows oscillations decaying with increasing q.

5. Discussion

5.1. Elemental liquid metals

To calculate the local density pro®le of LM
from the re¯ectivity shown in Fig. 2, the surface

structure has to be deconvolved from the ther-
mally induced height ¯uctuations. This is only
possible, however, when it can be shown that the
surface roughness is described by thermally excited
capillary waves. We employed two di�erent ap-
proaches to demonstrate that the surface rough-
ness of liquid Ga and In can be accurately
described by the capillary wave model. The re-
¯ectivity of liquid Ga was measured with a single
resolution for di�erent temperatures between 22�C
and 160�C and all of the data were simultaneously
®t to the same model for ~q�z� of Ga convolved
with capillary waves having a known temperature
dependence [27]. The agreement between the data
and these ®ts was the ®rst evidence that the cap-
illary wave model fully accounts for the roughness
of a LM surface. A di�erent approach has been
used to show that the same is true for liquid In [8].
Here, the specular re¯ectivity was only measured
for a single temperature; however, at that tem-
perature the di�use scattering was measured for a
number of di�erent angles of incidence (see inset of
Fig. 2). Both the specular re¯ectivity and di�use
scattering were ®t to a single model for ~q�z� con-
volved with capillary waves. As can be seen from

Fig. 3. Re¯ectivity from the surface of liquid Ga (open squar-

es), liquid Ga±In with 16.5 at.% In (closed squares) and liquid

Ga±Bi with 0.3 at.% Bi (closed circles). The re¯ectivities are

normalized to the ideal Fresnel re¯ectivity of Ga, Ga±In and

Ga±Bi, respectively. The dashed line represents the best ®t of

the Ga re¯ectivity to a simple Gaussian model describing the

surface-induced layering for elemental Ga and the solid lines

represent the best ®t of the Ga±In and Ga±Bi re¯ectivity to the

same model plus an additional high density surface adlayer.

Fig. 4. Re¯ectivity from the surface of oxidized liquid Ga

(closed circles, 200 L oxygen), oxidized liquid In (closed

squares, 240 L oxygen) and oxidized liquid Hg (closed triangles,

comparable oxygen dosage) normalized to the ideal Fresnel

re¯ectivity of the pertinent pure liquid metal. The dashed line

represents the ®t of the oxidized Ga re¯ectivity to a model

taking into account the Ga subphase and the oxide ®lm. The

solid line through the oxidized In data is only a guide to the eye.
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®ts to the In re¯ectivity data in Fig. 2, and to the
di�use scattering from In in the inset, the model
describes the experimental data well within their
statistical error. Since the only adjustable param-
eters of the theoretical model (see Eq. (3)) are
those necessary to describe the surface structure
factor, this capillary wave model indeed describes
the roughness of the surface properly. There is
now mounting evidence that the capillary wave
model completely describes the surface roughness
of a variety of liquids; however, it is also clear that
for inhomogeneous liquid surfaces the capillary
wave model is not adequate. Separate experiments
on organic monolayers on water in which the
agreement with the capillary wave model is de-
stroyed by compressing the monolayer past the
point of elastic stability is an example for this.
Inhomogeneities in the compressed monolayer
give rise to excess di�use scattering [22].

Using the deconvolution of the height ¯uctua-
tions which has been shown to be justi®ed in the
case of liquid Ga and In and the simple Gaussian
model mentioned above, it is possible to calculate
and compare the local density pro®le for both
liquid Ga and In [8]. We ®nd that the amplitude of
the electron density of the ®rst layer of In and Ga
are essentially identical, although the layering
amplitude decays faster for liquid In than for Ga
with increasing distance from the surface. Fur-
thermore, the surface layering decay length is
comparable to the bulk density pair correlation
length in the case of liquid In. By contrast, the
layering decay length is considerable larger than
the bulk correlation length in the case of liquid Ga.
These di�erences in the surface structure are likely
related to the di�erences in the electronic structure
of the bulk phase. For liquid In, virtually all
conduction electrons are delocalized and In is
considered to be a nearly free electron (NFE) type
liquid metal [28,29]. For liquid Ga on the other
hand, the conduction electrons are partially lo-
calized in covalent bonds [30,31]. The partial co-
valent bonding in the liquid seems to stabilize
surface layering and to expand the distance be-
tween the surface layers beyond that expected for
simple isotropic hard sphere liquids [8].

It has not yet been possible to compare the in-
trinsic or local density pro®le of the Hg surface

with the Ga or In surface structure. This problem
is due to the experimental observation that the
temperature dependence of the re¯ectivity of liquid
Hg cannot be explained by capillary waves alone.
This discrepancy indicates that the surface struc-
ture of liquid Hg has a temperature dependent
component in addition to capillary wave rough-
ening. This unexpected result is discussed in detail
elsewhere [25].

5.2. Modi®ed liquid metal surfaces

The e�ect of alloying liquid Ga with In is shown
in Fig. 3. We observe three main di�erences be-
tween the re¯ectivity from liquid Ga and liquid
Ga±In with 16.5 at.% In: (i) the re¯ectivity at in-
termediate qzs, 0:75 K qz K 2:0, is about 30%
larger than the re¯ectivity from elemental Ga; (ii)
the Ga layering peak is shifted to a qz that is about
15% smaller than that found for elemental Ga; and
(iii) the peak amplitude is reduced. All of these
e�ects can be explained by making only one im-
portant change to the model used for elemental
Ga: a high density surface adlayer is added on top
of the layered Ga surface [15,21]. According to the
Gibbs adsorption rule from classical thermody-
namics this surface segregation is expected since
the surface tension of In (556 dyn/cm) is less than
that of Ga (718 dyn/cm). Also, the experimental
®nding that In only segregates into the ®rst layer
and the next layer already has the bulk the Ga±In
composition is consistent with molecular dynamics
simulations for this system [32]. The di�erences
between the X-ray re¯ectivity from elemental Ga
and the Ga±In eutectic are discernible but the Ga
layering peak still dominates the re¯ectivity. This
is due to the fact that the electron density of In is
only about 5% larger than that of Ga.

In contrast to Ga±In, alloying a very small
amount of Bi (0.3 at.%) to liquid Ga results in a
larger modi®cation of the surface structure since
the electron density di�erence between Ga and Bi
amounts to 50%. The size di�erence between Bi
and Ga (20%) is also larger than that between In
and Ga (13%) resulting in the Ga layering peak
being shifted to smaller qzs compared to Ga and
Ga±In. The layering is suppressed even more than
in the case of Ga±In and is discernible only as a

188 H. Tostmann et al. / Journal of Non-Crystalline Solids 250±252 (1999) 182±190



kink in the re¯ectivity. The surface structure is
dominated by a large and broad maximum that is
evident already at the lowest qzs. Just as for Ga±In,
the increase of the measured re¯ectivity above the
theoretical Fresnel re¯ectivity indicates the segre-
gation at the surface of a species with higher
density than the Ga±Bi bulk. Using the same
model that was employed for Ga±In yields the
same result of a high density monolayer, in this
case almost pure Bi, in the uppermost surface layer
followed by a subphase with the nominal Ga±Bi
alloy concentration [15]. This pro®le, however, is
an adequate description of the re¯ectivity only at
temperatures below the monotectic temperature
of the alloy of 222�C. Above this temperature, a
wetting phase transition takes place [16] and a
thicker Bi-rich ®lm forms [15]. The unexpectedly
complicated microscopic structure of this wetting
®lm will be addressed in a forthcoming publi-
cation.

A di�erent approach to modify the surface
structure of LM is to chemically react the surface.
A reaction of great practical importance is to ex-
pose a LM to a controlled amount of oxygen.
Oxidation of liquid Ga (closed circles in Fig. 4)
leads to oscillations indicating the formation of a 5
�A thick oxide ®lm as inferred from the period of
these oscillations [24]. Once the oxygen dosage
reaches about 400 L, the re¯ectivity does not
change upon further exposure of the LM to oxy-
gen. This indicates that the oxide ®lm is homoge-
neous and protects the bulk liquid Ga from further
oxidation. In addition, the re¯ectivity was mea-
sured as a function of temperature at an oxygen
dosage of about 400 L. In this case, the re¯ectivity
does not change with temperature indicating that
the 5 �A thick oxide ®lm is solid and therefore
quenches capillary waves at the surface. All of the
above ®ndings are con®rmed by the analysis of the
density pro®le. The model for this pro®le again
incorporates the semi-in®nite sum of Gaussians to
describe liquid Ga. In addition, a single box of
constant density is invoked to describe the oxide
®lm (the dashed line in Fig. 4 depicts the best ®t of
this model to the data). The ®t yields a thickness
of 4:9� 0:1 �A for the oxide ®lm and a coverage of
85� 1%. Virtually the same results are obtained
using a more sophisticated model taking the

Ga2O3 structure into account [24]. Indium reacts
in a completely di�erent way upon exposure to
oxygen (closed squares in Fig. 4; the solid line is a
guide to the eye) [8]. Here, macroscopically thick
oxide islands, visible to the eye, are formed [8].
Upon reaching the beam-illuminated area, these
islands cause a decrease and temporal ¯uctuations
in the re¯ectivity rendering further experiments
impossible. The data for oxidized Hg (closed tri-
angles in Fig. 4) show oscillations with qz, indi-
cating a uniform 12 �A thick oxide ®lm. This
homogeneous ®lm formation is similar to the one
found for oxidized Ga with the exception that the
Hg oxide ®lm appears to be rougher since the os-
cillations decay faster with increasing qz.

Another approach to modify a LM surface is to
spread an organic monolayer on the surface. We
found that well de®ned alkanethiol monolayers
and multilayers can be self assembled on the sur-
face of Hg [33,34]. Even though a covalent bond
forms between the thiol of the organic molecule
and the Hg, the surface layering of the Hg sub-
phase remains una�ected. Organic monolayers on
a liquid metal are an interesting example of how
the interactions between a surface ®lm and the LM
can be modi®ed. Depending on the strength ratio
of the chain±chain interaction to the headgroup-
substrate interaction, the monolayer ordering can
be dominated either by van der Waals like (phys-
ical) or strong directional (chemical) interactions.
Future studies of thin ®lms on liquid metals for
molecules ranging from simple alkanes to complex
proteins, some of which do not spread on any
other liquid, may provide important information
on nucleation and crystallization in two and three
dimensions.

6. Conclusions

We have found, and studied, surface induced
layering for three liquid metals, Hg Ga and In.
Di�erences in the surface structure of liquid In and
Ga can be explained by a di�erent degree of co-
valency in the bulk liquid phase. Surface oxidation
of Ga and Hg yields a homogeneous, uniform thin
oxide ®lm whereas macroscopic oxide islands form
on liquid In. We have also investigated surface
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segregation and surface phase transitions in liquid
binary alloys. Surface segregation obeying Gibb's
adsorption rule is found for Ga±In and Ga±Bi. In
Ga±Bi, however, a wetting phase transition is also
found to occur once the alloy is heated past its
monotectic temperature.

Future studies will explore the surface behavior
of liquid alloys which form various intermetalic
phases in the solid bulk and the possibility of
surface-stabilization in liquid alloys of ordered
phases observed normally in the solid only.
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