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X-ray studies of the interface between liquid metals and their coexisting vapor are reviewed. After
a brief discussion of the few elemental liquid metals for which the surface Debye-Waller effect is
sufficiently weak to allow measurement, this paper will go on to discuss the various types of surface phenomena that have been observed for liquid metal alloys. These include surface adsorption,
surface freezing, surface aggregation of nm size atomic clusters, and surface chemistry that leads to
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902958]
new 3D crystalline phases. V

INTRODUCTION

D’Evelyn and Rice1–3 first drew attention to the fact that
since liquid metals consist of charged ions suspended in a
Fermi sea of conduction electrons the ion-ion interactions
should be qualitatively different from the van der Waals
atom-atom interactions in the vapor above the liquid surface.
One consequence of this is that at the boundary between
liquid and vapor neighboring atoms should form a relatively
flat local surface. This has the effect that the atom-atom correlations at the surface can be described as those of a reasonably well-defined atomic layer. It is expected that this atomic
layering should persist into the bulk for a distance comparable to the bulk positional correlation length, which can be a
few atomic diameters long.

Bomont et al.7 A similar dichotomy was observed for the
other elemental liquid metals that have been measured in
subsequent years.8 This is discussed further in the
“Discussion” section of this paper.
An unfortunate problem in studying elemental liquid
metals is that for most of them a combination of high vapor
pressure along with increased thermal excitations that are
responsible for a type of Debye-Waller factor places limitations on the metals that can be studied. See Table 4.2 of
Pershan and Schlossman.8 In the first instance, a high vapor
pressure encumbers the vacuum techniques that are needed
to produce atomically clean surfaces. Furthermore, it also
causes both vapor deposition on the x-ray windows and loss
of sample due to evaporation.
The problem with the Debye-Waller factor is that it
reduces the reflectivity for large qz in a way that limits the

EXPERIMENTAL STUDIES

Surface induced atomic layering was first observed for
liquid gallium4 and mercury5 using synchrotron generated
x-ray reflectivity in 1995. Data from the measurements demonstrating this effect are shown in Fig. 1 as the ratio of the
raw reflectivity Rðqz Þ to the theoretical Fresnel reflectivity
RF ðqz Þ from a flat surface between the vapor and an idealized
material with a sharp flat interface that has the same bulk
atomic density as the actual material.6 The reason for displaying the data in this way is that Rðqz Þ falls off by many
orders of magnitude as qz increases and the features that
characterize the surface in Fig. 1 would hardly be visible in a
plot of Rðqz Þ vs. qz. The peak in Rðqz Þ=RF ðqz Þ for Ga at
qz  2.5 Å1 is caused by constructive interference between
atomic layers spaced a distance d  2p=2:5Å  2:5Å. The
width of the peak is a measure of the length away from the
surface over which the surface induced layering decays.
The first thing to note about the two plots in Fig. 1 is
that the surfaces of Ga (Ref. 4) and Hg (Ref. 5) are qualitatively different from each other. Theoretical modeling of
these data shows that the surface layering for Ga decays
monotonically within the expected bulk correlation length.
In contrast, the amplitude of the near surface layers for liquid
Hg exhibits a subtle structure that is responsible for the broad
dip in the data near qz  0.6 Å1. A plausible explanation for
this effect was given by the molecular simulation analysis of
0021-8979/2014/116(22)/222201/5/$30.00

FIG. 1. Reflectivity data for liquid Ga (left)4 and liquid Hg(right)5 normalized to the theoretical reflectivity from the flat surface of a liquid with the
same bulk electron density as Ga and Hg, respectively.
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measurable range of qz to values that can be too small to
enable surface characterization.9 In general, the capillary
exponent8 by which this limitation can be expressed is
g ¼ ðkB Tm =2pcÞq2peak , where c is the surface tension, Tm is
the melting temperature of the metal, and qpeak is the value
of qz where the peak in the reflectivity occurs. For Ga and
Hg qpeak  2.2–2.4 Å1. A tabulation of the liquid metals for
which g  2.0, which corresponds roughly to the practical
limit for x-ray reflectivity, is given by Pershan and
Schlossman in Table 4.2.8 Aside from the metals already
measured, Ga, Hg, In,10 K,11 Sn,12,13 and Bi,13 Pershan and
Schlossman assert that the only other elements that could be
measured by these criteria are Pb, Li, Na, Al, La, and U.
Although the table reports that Ge was a measured element
the data Ge was never satisfactorily analyzed.14
The fact that the Debye-Waller corrections for liquid
surfaces arise from thermal capillary waves rather than the
elastic phonon modes in a crystal causes them to be much
larger than is common for Bragg reflections from crystals.6,9
This is, in fact the origin of the capillary exponent discussed
above. The other subtle issue encountered with liquid surfaces is that the corrections actually vary with the resolution of
the measuring instrument.15 We will not go into the reason
for that here; however, it is fully discussed by Pershan and
Schlossman.8
The elemental metals for which reflectivity measurements have been done so far fall into two groups. The layering for the first group (Ga,4,9 In,10 and K11) appear to decay
monotonically, while those of the second group (Hg,5,16
Sn,12 and Bi13) have the subtle structure alluded to above for
Hg. This is further discussed below.7,17
On the other hand, the number and variety of liquid
metal alloys that can be studied is practically inexhaustible.
For example, see Table 4.3 or Pershan and Schlossman.8 The
near resonant x-ray reflectivity from the Bi43Sn57 that is
shown in Fig. 2 is an example of one of the phenomena that
can be studied.18 According to Gibbs, the fact that Bi has a
lower surface tension (378 mN/m) than Sn (567 mN/m)

FIG. 2. X-ray reflectivity from the surface of the Bi43Sn57 for four different
x-ray energies in the vicinity of the 13.418 keV Bi L3 absorption edge.18
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should cause Bi to segregate at the surface. This can be quantitatively measured by studying the reflectivity as a function
of x-ray energy. For example, as a result of the dispersion in
the Bi atomic scattering factor in the vicinity of the L3
absorption edge the scattering power of Bi relative to Sn
changes with energy. From quantitative analysis, the differences in the four curves in Fig. 2 Shpyrko et al. were able to
demonstrate that while the surface layer is rich in adsorbed
Bi the second layer in rich in Sn and the third layer is once
again rich in Bi.
A very different surface phenomenon occurs at the surface of the liquid phase of the Au82Si18 eutectic.19,20
Reflectivity data for this alloy are shown in Fig. 3 for three
temperatures, 635 K (LT), 695 (HT), and 720 (LL).19,20 Note
that although the Debye-Waller factor at the temperature of
the LT data, which is about 300 K higher than the data for
Ga that is shown in Fig. 1, should reduce the reflectivity by
at nearly an order of magnitude, the peak reflectivity for
Au82Si18 is more than twice as intense as that of Ga.
Although the Au82Si18 reflectivity has the same type of broad
minima near qz  0.5 Å1 as the Hg data the shape of the
broad shape of the peak is qualitatively different from Ga,
Hg, and all of the other metals that have been studied.
Furthermore, measurement of the temperature dependence of
the reflectivity reveals abrupt reversible first order transitions
between the three types of reflectivity patterns.20 These
reflectivity changes are accompanied by transitions between
the sharp Bragg peaks that are observed in the grazing incidence diffraction data that is shown in Fig. 4.19,20
From the existence of sharp Bragg peaks, along with
truncation rod and reflectivity measurements, one can
conclude that when the solid eutectic melts the surface is
initially made up of 2D bilayer crystals. On further heating,
these bilayer crystals first melt to form 2D monolayer crystals. On further heating these eventually melt to produce a
liquid like surface.
Wide-angle grazing incidence diffuses scattering measurements reveal that the stiffness induced by the surface
bilayer crystals quenches the short wavelength thermal capillary waves. This has the effect of diminishing the effect that

FIG. 3. The open circles indicate normalized reflectivity data from the surface of the Au82Si18 eutectic alloy for three temperatures 635 K (LT), 695
(HT), and 720 (LL).20 The solid lines describe calculated reflectivity for
models in which the surface is coated with ordered surface bilayers (LT),
monolayers (FT), and a completely melted surface.20

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
140.247.55.39 On: Mon, 08 Dec 2014 19:05:04

222201-3

P. S. Pershan

FIG. 4. Grazing incidence diffraction data from the surface of the Au82Si18
eutectic alloy at three different temperatures, 635 K (LT), 695 (HT), and 720
(LL).19,20 The sharp peaks observed for the LT and HT data indicate that at
these temperatures the surfaces are crystalline, while the LL phase is liquid
like. Truncation rod measurements establish that in the LT region the crystals are two-dimensional bilayers. These melt at 650 K to form two dimensional monolayer crystals.

the Debye-Waller process would otherwise have in reducing
the reflected intensity from the LT phase. The weaker
Debye-Waller effect accounts for the relatively large intensity of the LT reflectivity peak.
Aside from the surface freezing effect that was observed
by Rice and colleagues for liquid Ga containing trace
amounts of either Tl (Ref. 21) or Pb (Ref. 22) near coexistence with the bulk crystals of Tl and Pb the Au82Si18 eutectic was the only liquid metal that had been found at that time
to exhibit the type of surface freezing just described. This
leads to the question of what is special about Au82Si18 and
raises the need to search for others alloys that show surface
freezing.
The most obvious other system that seems like a good
candidate for surface freezing is the Au72Ge28 eutectic. For
example, the phase diagram of Au72Ge28 is almost identical
to that of Au82Si18 and since the Si and Ge chemistry are
also nearly identical one might have expected the two alloys
would exhibit similar surface phenomena. They do not. The
Au72Ge18 surface does not surface freeze.23
There is one difference between the Si and Ge eutectics
that suggests a clue to the surface freezing effect. Although
Au82Si18 is known to form an amorphous solid phase (i.e., a
glass) on rapid cooling24 the Au72Ge28 liquid does not.25 The
precise explanation for why some alloys are good glass formers while other are not is not fully understood; however, it
does appear as though the good glass formers all have a composition near a deep eutectic and a large negative heat of
mixing. In addition, it appears as though they all have well
developed short-range order that is often in the form of icosahedral packing.26–29 One suggestion is that the icosahedral
packing inhibits formation of the bulk crystalline phase on
cooling.30 Mechler et al. suggested that surface freezing and
glass formation might have a common origin.31 The idea
according to this line of thought is that the surface freezing
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effect is somehow associated with the constraint that the
surface imposes on the short-range order of the bulk liquid.
Unfortunately, surface freezing of the type observed in
Au82Si18 was not also found in any of the following four
Pd-based eutectics Pd82Ge18, Pd53Ge47, Pd36Ge64, or
Pd85.1Si14.9, all of which are good glass forming liquids.32
On the other hand, the idea that surface freezing and glass
forming are related is supported by the observation that surface freezing like that in Au82Si18 has been found in the glass
forming alloy Au49Cu26.9Si16.3Ag5.5Pd2.3.31 This is clearly
an issue that requires further investigation.
There is yet a third type of surface order that has been
observed in addition to the simple surface layering
(Figs. 1–3) and surface freezing (Fig. 4). The effect can be
seen in the low angle reflectivity measurement of Pd82Ge18,
which is shown in Fig. 5.32 The inset to Fig. 5 shows the full
range of qz over which the reflectivity was measured. There
is no evidence for the interference maxima around
qz  2.0–2.5 Å1 that is characteristic of atomic size surface
layering. On the other hand, there are well developed oscillations in the reflectivity at small qz that can be modeled by
40 Å surface layer with an average electron density that is
about 4% larger than the average electron density in the bulk
of the alloy.
This is the only metal for which this type of low angle
oscillation has been observed; however, the literature contains many instances in which liquid metal alloys are known
to form nano-meter scale atomic clusters.33 Although there is
not any data to confirm 40 Å scale clusters in liquid
Pd82Ge18 the idea that such clusters exist and segregate to
the surface is the only explanation that we have been able to
think of that might explain these low angle oscillations.
Finally, the last type of surface effect that we wish to
discuss deals with chemical reactions at surfaces. The upper
portion of Fig. 6 compares the results of a grazing incidence
scattering measurement from the clean surface of liquid Sn

FIG. 5. R(qz)/RF(qz) data for the Pd82Ge18 eutectic alloy. The inset shows
the full range of the measured reflectivity while the main portion shows only
the small angle portion. The solid line is a model reflectivity calculated from
a 40 Å surface layer with an average electron density 4% larger than the
bulk liquid.32
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FIG. 6. (Top) Grazing incidence x-ray scattering results from the surface of
clean liquid Sn (䊊), from oxidized Sn (䉭), and the difference (䊉). (Bottom
four) Simulated powder diffraction data and structures for the only four
known crystal phases of SnO and SnO2. Reprinted with permission from A.
Grigoriev et al., Surf. Sci. 575, 223–232 (2005). Copyright 2005 Elsevier.34

(£) and a similar measurement after the surface has been
exposed to low pressure O2 (D). The two sharp peaks in the
difference spectra (䊉) are Bragg peaks from a 3D crystal
powder pattern.34 Other measurements confirm that these are
3D powder diffraction peaks. The noteworthy thing about
these peaks is that they are not the same as the power diffraction peaks from the four known Sn-O phases whose diffraction patterns are shown in the lower portion of Fig. 6. The
upper two of these form at ambient conditions, while the
lower two only form at pressures about 21 GPa. As discussed
in more detail by Grigoriev et al., the positions of the two
peaks from the surface oxide, along with their relative intensities and the absence of any other peaks strongly implies
that this surface oxide has the fcc rock salt structure. This
would then be a previously unobserved phase of Sn-O.
DISCUSSION

As reviewed in this article, the atomic structure at the
surface of liquid surfaces was completely unexplored prior
to the early 1980s. At that time synchrotron x-ray sources
made the novel liquid surface reflectometer that enabled
structural measurements practical.6,35 In this article, we
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initially described the salient features of the x-ray specular
reflectivity studies that were subsequently done on some of
the elemental liquid metals. The first of these, on liquid Ga
and Hg revealed the reflectivity peaks shown in Fig. 1 that
demonstrated the expected surface induced atomic layering.4,5 The surprise in this data is the difference between the
shapes of the reflectivity for Ga and Hg.
As was mentioned above, a model in which the atomic
layering induced by the surface decays monotonically with
distance can explain data for liquid Ga. In contrast, the measurement on Hg indicates that this is not the case for Hg. The
effect in Hg can be accounted for by a model proposed by
Bomont et al.7 in which three parameters representing the
atomic-atomic interactions between atoms in the vapor,
between atoms in the liquid and between atoms in the vapor
and the liquid are different. In a separate approach, Calderın
et al.17 carried out a different molecular simulation study to
explain similar but subtler effects that can be seen for the
surface layering of Sn and Bi.13
Although it would be possible to measure a few additional metals the combination of high vapor pressure and the
increased capillary exponent, g, for most of the other metals
in the periodic table makes them virtually impossible to
study.8 Consequently, there may never be enough data to
establish an unambiguous explanation for the variations in
the surface layering of elemental liquid metals.
On the other hand, there is a nearly inexhaustible supply
liquid metal alloys that can be studied. One of the most
interesting questions for these alloys is the origin of type of
surface freezing that was shown in Fig. 4 for the Au82Si18
eutectic alloy19 and which was found again for the Ag-CuSi-Ag-Pd glass forming alloy.31 In view of the fact that this
type of surface freezing is not observed for Au72Ge28, which
has a similar eutectic phase and similar chemistry to
Au82Su18 but which does not form a metallic glass in the
same way as Au82Si18, it is tempting to conclude that surface
freezing is associated with the glass forming ability. This is
one subject that needs further exploration.
Other phenomena that warrant further study are the
small angle oscillations shown in Fig. 5 for the Pd82Ge18
alloy and the chemical effects like that shown in Fig. 6 for
oxidation at the Sn surface. The first of these two effects was
only observed in this one alloy. As proposed above, it is
likely that it is caused by surface segregation of macroscopic
(40 Å) atomic clusters of the type that are known to occur
in other alloys.33
The observation that makes the oxidation study of the
Sn surface interesting is that the oxide Sn-O crystals that
form at the surface are different from all of the known Sn-O
bulk phases. Although Bragg peaks were not found in the
oxidized surface of liquid Ga the structure and temperature
dependence in the reflectivity implied the existence of a
5 Å this layer of solid Ga-O.36 The question is whether surface chemistry at liquid metal surfaces can result in new
phases is a subject that needs further investigation.
Another possible line of line of experiments might be to
analyze the x-ray fluorescence as a function of incident
energy for grazing incidence. For example, the concern that
Shpyrko et al. had over the possibility that differences
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between the reflectivity Sn and previously studied Ga and In
might have been caused by trace impurities was ruled out by
the absence of characteristic fluorescence lines from anything aside from Sn. (See Fig. 7 of Shpyrko et al.12). In principle, the dependence of the fluorescence intensity at grazing
incidence can be used as an EXAFS type measurement of
the near neighbor local order within the liquid surface. This
might be particularly useful in probing the near neighbor
packing at the surface of an alloy like Bi43Sn57 in which the
both Bi and Sn coexist within the same layer. The combination of data from this type of measurement with energy dependent reflectivity like that shown in Fig. 2 might well
yield otherwise unavailable information on the surface
structure.
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