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We present temperature-dependent X-ray reflectivity measurements of liquid Hg alloyed with 0.06-0.20
atom % Au. At low Au concentrations, we find temperature-dependent surface-induced layering similar to
that observed in pure Hg, except that the presence of Au reduces the layering amplitude. Upon approaching
the solubility limit of Au in Hg, a new surface phase forms which is 1-2 atomic diameters thick and has a
density of about half that of bulk Hg. We present a surface phase diagram, summarizing the evolution of this
unexpected surface structure upon varying composition and temperature. Such surface modifications may
account for the variations observed in catalytic and electrochemical reactions at liquid metal surfaces upon
alloying.

I. Introduction

Mercury and gold are among the few metals that can be found
in their native state in nature and which were known to early
civilizations.1 The use of Hg to extract Au and Ag from their
ores, known as amalgamation, is one of the earliest metallurgical
processes known to humanity.2 It is therefore no surprise that
Hg-Au amalgams have captured the interest of alchemists,
metallurgists, chemists, physicists, and dentists.3 Hg and Au are
both transition metals with filled d-bands, are of similar atomic
size, and form a variety of stable intermetallic phases in the
solid state.4 The low cohesive energy of Hg, evident from its
low melting point of-38.9°C, enables these amalgams to form
readily, simply by bringing Au into contact with liquid Hg under
ambient conditions.

Despite a prevailing interest in Hg-Au amalgams, not many
detailed structural studies of Hg-Au compounds have been
performed. This may be attributed to the fact that it proves very
difficult to establish the Hg-Au phase diagram due to the high
volatility of Hg, which requires the use of sealed tubes at
undetermined pressures for Hg-rich alloys.4 Much recent work
has focused on surfaces of solid Hg-Au amalgams. For
example, microscopy and spectroscopy studies have addressed
the morphology and composition of Hg-Au phases formed by
depositing Hg onto Au films.5-7 These studies are complicated
by the morphology of the Au substrate and the coexistence of
several Hg-Au phases in the amalgam.7 Deposition of Hg onto
Au electrodes has also been studied through electrochemical
techniques.8 In-situ surface X-ray diffraction measurements of
underpotential deposition of Hg onto the crystalline Au(111)
electrode have revealed that amalgamation in the solid occurs
in several steps, characterized by distinct surface phases.8 Since
some of these phases are modified by coadsorbed anions from
the electrolyte, and since kinetic effects produce further

complications, it is difficult to obtain basic structural information
about the solid Hg-Au amalgam through such studies.

In light of the knowledge about Hg-Au phase formation, it
is surprising that Au was once regarded as an “inert” material
that could be used as part of a liquid Hg electrode in
electrochemical studies.9 However, it was soon recognized that
the potential of the amalgam electrode differed from that of
pure Hg. A more interesting observation was that small amounts
of Au dissolved into the Hg droplet can strongly affect the
electrochemical behavior by forming intermetallic compounds
with other metals such as Cd and Zn that are present as
impurities in the liquid Hg.9 Metal impurities in liquid Hg have
also been observed to affect the activation energies of reactions
catalyzed by the liquid metal surface.10 It is not known whether
such effects are due to changes in the electronic properties of
liquid Hg, modification of the surface structure, or the formation
of intermetallic phases at the surface.

Until very recently, atomic-scale structural measurements on
liquid metal surfaces have not been available, leaving such
questions unresolved. Recent atomic-resolution surface scatter-
ing measurements have revealed the formation of a wide variety
of structures in liquid metals and alloys. Elemental Hg, Ga, and
In exhibit surface-induced layering, in which atoms are stratified
parallel to the liquid-vapor interface,11-15 a result long predicted
by theory.16 This stratification of ions, with the corresponding
oscillatory surface-normal density profile, is shown schemati-
cally in Figure 1. In liquid metal alloys, surface layering may
compete with the formation of surface phases, making the
structure more complex. Prominent examples are the monolayer
surface segregation observed in Ga-In17 and Ga-Sn,18 and the
temperature-dependent thick wetting layer that forms at the free
surface of Ga-Bi for temperatures above the monotectic point.19

In most of these cases, surface layering persists in the alloy,
but is modified to varying extents by the surface phase.
Competition between layering and surface phase formation is
expected to be particularly important for systems such as Hg-
Au, where attractive heteroatomic interactions dictate the
formation of intermetallic phases in the bulk solid. Such well-
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ordered phases in the solid typically give way upon melting to
homogeneous mixtures in the bulk liquid. However, one may
expect that the region close to the liquid-vapor interface, where
order is induced in elemental liquid metals, may support the
formation of intermetallic phases in the liquid alloy. Structural
information for such systems is of fundamental interest and may
well shed light on reactions occurring at liquid alloy surfaces,
relevant to catalysis or electrochemistry.

In this paper we report X-ray reflectivity measurements of
liquid Hg-Au alloys having compositions near the room
temperature saturation limit of 0.14 atom % Au in Hg,4,20 at
temperatures between+25 and -39 °C. We construct a
temperature-concentration surface phase diagram and identify
two distinct regions of surface phase behavior. At highT and
low Au concentrations, surface layering similar to that of pure
Hg is observed. By contrast, at lowT and comparatively higher
Au concentrations, we find evidence for the formation of a more
complicated surface phase, where a new length scale for surface
layering emerges along with a low-density layer at the interface.

II. Experimental Details

X-ray reflectivity measurements were carried out using the
Harvard-BNL liquid surface spectrometer at beamline X22B
at the National Synchrotron Light Source, with an X-ray
wavelength of 1.24 Å and a detector resolution along the
surface-normal direction of 0.035 Å-1. The background
intensity, due mainly to scattering from the bulk liquid, was
subtracted from the specular signal by displacing the detector
out of the reflection plane. The design of the liquid spectrom-
eter21 and a review of the measurement technique22 are given
elsewhere.

Samples with nominal concentrations of 0.06, 0.10, 0.13, and
0.20 atom % Au were produced by adding Au powder to liquid
Hg,23 several days or weeks before the X-ray experiments. The
samples were maintained at room temperature. The main
experimental problem in surface measurements of metals is to
ensure that a contaminant-free surface is obtained. The most
reliable way to produce atomically clean metal surfaces is to
keep them under ultra high vacuum (UHV) conditions, and to
remove any residual oxide through argon ion sputtering. These
UHV techniques, which we found to be very successful for
X-ray scattering measurements of Ga, In, and low vapor pressure
alloys,13,15,19must be modified in the case of Hg and its alloys
due to the high vapor pressure of Hg (∼10-2 Torr at room
temperature). For the measurements presented here, each sample
was poured into a stainless steel reservoir within an argon-filled
glovebox (<5 ppm oxygen,<2 ppm water). The reservoir is
connected to a stainless steel valve, filling capillary, and UHV
flange and is affixed to a UHV compatible chamber. The empty
chamber is evacuated to 10-7 Torr and baked out, after which
the liquid Hg alloy is dropped from the reservoir through the

valve and capillary into a ceramic sample pan within the
chamber, as was done previously for measurements of pure
Hg.12 Immediately after opening the valve to the reservoir, the
Hg vapor pressure determines the total pressure in the chamber,
while the partial pressures of possible contaminants such as
water and oxygen remain low. The resulting liquid alloy surfaces
were found to be stable for over a week, due to two mechanisms.
First, Hg oxide introduced from pouring the sample is unstable
and decomposes under these low oxygen partial pressures.24,25

In addition, slight but continual evaporation of Hg constantly
refreshes the surface.26 Preliminary reflectivity measurements
utilizing a glass sample chamber evacuated to 10-4 Torr and
backfilled with dry hydrogen gas were qualitatively similar, but
not sufficiently reproducible.

The samples were cooled with a liquid nitrogen cold finger
beneath the sample pan. Temperatures were monitored at the
sample pan and calibrated to that of the liquid surface in separate
experiments using thermocouples immersed in the samples. The
calibration has an uncertainty of(1 °C.

III. X-ray Reflectivity and Modeling

X-ray reflectivity is a powerful technique for investigating
structure normal to surfaces and interfaces on atomic length
scales.22,27-29 In these measurements, the scattered intensity is
measured as a function of momentum transferqz ) kout - kin

perpendicular to the surface (Figure 1) and normalized to the
incident photon intensity.

The simplest interface is a step function describing a sharp
truncation of a homogeneous bulk densityF∞ (Figure 2a(i), solid
line). Scattering from this sharp interface takes the form of the
Fresnel reflectivity

In this expressionRF depends on the bulk densityF∞ through
the critical wave vectorqc ) (16πF∞r0)1/2, wherer0 ) e2/mc2

) 2.82× 10-5 Å is the classical electron radius, and absorption
has been neglected. For a surface-normal density profile that
deviates from the step function, the reflectivity is modified from
the Fresnel form. When the scattered intensity is much less than
the incident intensity (generally the case as long asqz J 5qc),
the kinematic approximation is valid and the reflectivity may
be written

Figure 1. Geometry for X-ray reflectivity from a layered liquid metal
surface. Maxima in the oscillatory surface-normal density profileF-
(z) correspond to layers of ions parallel to the liquid-vapor interface.

Figure 2. (a) Model density profiles and (b) corresponding Fresnel-
normalized reflectivities as described in text. Curves i-iii in both panels
are shifted for clarity.

R(qz) ) [qz

qc
+ x(qz

qc
)2

- 1]-4

≡ RF (1)
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which is sensitive toF(z), the surface-normal density profile
averaged laterally over the resolution defined X-ray correlation
length.21 Since the phase information is not accessible to the
experimental intensity measurement, eq 2 cannot be inverted
to determine the density profile directly. For this reason the
usual practice is to construct a model density profile and
compare its calculated reflectivity to the experiment. Because
of the phase problem, distinct real-space structural models can
produce essentially identical reflectivity curves, lending some
ambiguity to the analysis.30 Nevertheless, the ambiguities can
often be resolved by consideration of basic physical constraints.

The simplest physically reasonable modification of the step
function profile takes surface roughness into account. In a liquid,
thermally excited capillary waves produce height variations
across the surface, which are averaged in the scattering
measurement over length scales determined by the resolution
of the spectrometer. These occur in addition to any roughness
intrinsic to the local surface-normal profile. Detailed discus-
sions of the effect of capillary waves on the scattering cross
section are given elsewhere.15,21The capillary wave roughness
σcw is a function of the temperatureT and the surface tension
γ and is given by

This expression31 has been arrived at by integrating over those
capillary modes having wavevectors less thanqmax ) π/a, where
a is the atomic diameter, and greater thanqres, determined by
the instrumental resolution.

We will consider a more general broadening of the density
profile, by σT

2 ) σcw
2 + σi

2, to incorporate the capillary wave
roughnessσcw along with any other roughnessσi intrinsic to
the surface. This profile, having

is shown by dashed lines in Figure 2a(i), forσT ) 1.0 Å. The
density profile can be written in terms of the error function:

yielding for the reflectivity

The resulting Fresnel-normalized reflectivity is shown in Figure
2b(i), dashed line. The exponential factor in eq 5 is analogous
to the Debye-Waller term used to describe the reduction of
the diffracted intensity from crystals due to thermal displace-
ments of the atoms from the lattice sites.32

When more complicated surface-normal density profiles
must be constructed, two straightforward methods are commonly
used. Regions of differing electron density can be represented
by a combination of error functions, parametrizing the thickness,
density, and roughness between each region. A general profile
of this type may be written

with F0 equal to the bulk densityF∞, FN+1 ) 0 representing the
vapor, andσn describing the broadening between regionsn and
n + 1 at positionzn. The reflectivity for this model is

Figure 2a(ii) shows three such profiles, having one additional
slab of low density between the vapor and the bulk liquid. Here
σ0 ) σ1 ) 0.5 Å and|z1| ) 2.7 Å. With the same roughness
for both interfaces, the reflectivity atqz ) π/|z1| has an amplitude
proportional to (1- 2F1/F0)2. WhenF1/F0 ) 1/2 (Figure 2a(ii),
solid line), the result is total destructive interference atqz )
π/|z1|, producing a deep notch in the reflectivity (Figure 2b(ii),
solid line). For values ofF1 symmetrical about 1/2, identical
reflectivity curves are obtained. Dashed lines in Figure 2a(ii)
show profiles havingF1/F0 ) 0.4 and 0.6, which both produce
the reflectivity curve shown as a dashed line in Figure 2b(ii).
This is an example of the unavoidable ambiguity in interpreting
reflectivity measurements even for simple models.

An alternative method of constructing a structured surface
profile is to define the density through a combination of
Gaussian and error functions, as shown in Figure 2a(iii). For
the example shown

and

The Gaussian positionzg and the sign of its amplitudehg enter
only in the cross term of eq 9, which is proportional to
hg sin(qzzg). For this reason, the reflectivity measurement does
not distinguish between a positive Gaussian density added to
the vapor side at positionz ) zg (Figure 2a(iii), solid line) and
density subtracted from the liquid side atz ) -zg (Figure 2a-
(iii), dashed line). These two rather different looking density
profiles both produce the reflectivity curve shown in Figure 2b-
(iii). The effect of this Gaussian term can be similar to that of
a low-density surface slab: both produce minima in the
reflectivity at lowqz, as shown by comparison of Figure 2b(iii)
and Figure 2b(ii), dashed line.

The models discussed so far describe a liquid-vapor interface
having structure near the surface. To describe the surface-
induced layering of liquid metals, which extends further into
the bulk, a damped oscillatory surface-normal density profile
must be constructed. A convenient way to do this is to model
layers of atoms parallel to the surface by a series of Gaussian
terms, representing mean-squared displacements of atoms as-
signed to each layer at spacingd:

With the choice ofσn
2 ) σT

2 + nσj2, we parametrize two effects
in a simple way. First, the surface layers become less well-
defined with increasing depth into the bulk liquid, at a rate
controlled byσj. Second, the effect of increasingσT is to reduce
the overall layering amplitude, an effect expected both from

R(qz) ) RF| 1
F∞

∫-∞

∞
(∂F/∂z) exp(iqzz) dz|2 (2)

σcw
2 )

kBT

2πγ
ln(qmax

qres
) (3)

∂F/∂z ) exp(-σT
2z2/2)

F(z) ) (F∞/2)[erf(z/σTx2) + 1] ≡ Ferf (4)

R ) RF exp(-qz
2σT

2) (5)

F(z) ) ∑
n)0

N (Fn - Fn+1

2 ) [erf(z - zn

σnx2)] (6)

R/RF ) |∑
n)0

N (Fn - Fn+1

F∞
)[exp(-qz

2σn
2/2 + iqzzn)]|2 (7)

F(z) ) Ferf +
hg/σg

x2π
exp[- (z - zg)

2/2σg
2] (8)

R/RF ) |[exp(-qz
2σT

2/2)]2 +
hg

F∞
q exp(-qz

2σg
2/2) exp[i(qzzg - π/2)]|2 (9)

F(z) ) F∞ ∑
n)0

∞ d/σn

x2π
exp[- (z - nd)2/2σn

2] (10)
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capillary waves and from any roughness intrinsic to the local
surface-normal profile.

The corresponding reflectivity is given by

Since each Gaussian now explicitly represents a collection of
scattering atoms, here it is meaningful to incorporate the reduced
atomic form factorFZ(qz) ) [fZ(qz) + f′Z]/[Z + f′Z] for atoms
having atomic numberZ. Figure 2a(iv) (solid line) illustrates a
layered profile withd ) 2.7 Å, σT ) 0.8 Å, andσj ) 0.45 Å.
The reflectivity (Figure 2b(iv), solid line) shows the broad
quasi-Bragg peak produced by the oscillatory density profile.
In the limit whereσT is large, the profile approaches the error
function form of eq 4, though with its argument shifted fromz
) 0 to z ) -d/2 due to the choice of origin in eq 10. A layered
profile havingσT ) 1.5 Å is shown by dashed lines in Figure
2a(iv). Although the intensity falls off quickly for largeqz

(Figure 2b(iv), dashed line), constructive interference in the
region of the layering peak is still evident.

Finally, this profile can be modified by additional Gaussian
terms, and by changing the amplitudes, positions, and widths
of the terms in eq 10. The most general model that we will
present in this study takes the form

where the Gaussian scaled bywA is typically much broader than
those controlled byσn in the sum, andwn may deviate from
unity. Since the effect of the extra Gaussian is similar to that
of the Gaussian plus error function model described by eq 8,
placing this term into the vapor side of the interface has an
effect which can be difficult to distinguish from that of
decreasing the weightswn of the first few terms in the sum.

IV. Experimental Results

Distinctly different reflectivities are obtained depending on
whether the Au concentration exceeds the solubility limit. The
solubility of Au in Hg as determined from macroscopic
measurements20,33 is plotted as a function of temperature in
Figure 3 (open circles; the shaded band is a guide for the eye).
Measured normalized reflectivity curves are shown for a
selection of temperature and concentration points, identified by
small crosses on the graph. AllR/RF curves are shown on a
semilog scale with ranges identical to those shown for 0.13 atom
% Au at-18 °C. This phase diagram provides an overview of
our results, which will be discussed in more detail further below.

At low Au concentrations and high temperatures (upper right
region of Figure 3), the reflectivity is characterized mainly by
the layering peak atqz ≈ 2.2 Å-1. At the lowest Au concentra-
tion, 0.06 atom % Au, the reflectivity is very similar to that of
pure Hg. The data for alloys below the solubility limit are shown
in Figure 4. Solid lines are fit curves that will be described in
the Analysis and Discussion section. For both Hg and Hg 0.06
atom % Au, the effect of increased temperature is to reduce the
amplitude of the interference peak, from the lowest temperature
measured,-26 °C, up to +25 °C. Repeated cooling and

warming between these temperatures showed that the effects
of T are completely reversible for Hg and Hg 0.06 atom % Au.
The data are consistent with scattering from a layered liquid
metal surface, where the effects of the atomic layering are
partially disrupted by thermal excitations. For 0.10 atom % Au
in Hg, comparable behavior is observed at+25 and+5 °C. On
cooling further to-13 °C, however, the amplitude of the
layering peak decreases, showing that surface layering is being
suppressed at lower temperatures. The reflectivity in the region
qz ∼ 0.3-1.0 Å-1 also changes withT, unlike the case of the
more dilute alloy. This means that the structure within 2 Å or
so of the interface changes withT at the higher concentration
of 0.10 atom % Au. This is not the case for pure Hg and for
Hg 0.06 atom % Au, where the near-surface structure is
temperature independent. The behavior of the 0.10 atom % alloy
in this temperature range marks the transition between viability
of the surface layering, which is enhanced at lower temperatures,
and the formation of a competing surface structure. Similarly,

R/RF ) [FZ(qz)]
2 (qzd)2 (-σT

2qz
2) [1 - 2 exp(-qz

2σj2/2)

cos(qzd) + exp(-qz
2σj2)]-1 (11)

F(z)/F∞ ) ( wAd

σAx2π) exp[-(z - zA)2/σA
2] +

∑
n)0

∞ ( wnd

σnx2π) exp[-(z - nd)2/σn
2] (12)

Figure 3. Surface phase diagram for liquid Hg-Au alloys, with
nominal Au concentrations from 0-0.20 atom % and temperatures
between-28 and+25 °C, indicated by crosses (+). R/RF curves are
shown on semilog scales, all with identical axes as marked for the 0.13
atom %,-18 °C alloy. (O) Reported solubility limit of Au in Hg (refs
20 and 33). The shaded band is a guide for the eye.

Figure 4. Fresnel-normalized reflectivity of dilute Hg-Au alloys for
selected temperatures: (a) pure Hg, from ref 12; (b) Hg 0.06 atom %
Au; (c) Hg 0.10 atom % Au; (d) Hg 0.13 atom % Au. Curves b-d are
shifted for clarity. Solid lines are fits as discussed in text.
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the reflectivity from Hg 0.13 atom % Au can be described by
a simple surface layering model only at room temperature, and
is substantially different at lower temperatures.

The data are qualitatively different when the Au concentration
exceeds the solubility limit in liquid Hg (bottom left region in
Figure 3). For 0.13 atom % Au in Hg, below room temperature,
the reflectivity exhibits a deep minimum, which shifts with
decreasing temperature, fromqz ≈ 1.6 at+7 °C to qz ≈ 1.4
Å-1 at -67 °C (Figure 5b). The position and depth of this
minimum suggest the formation of a surface region having about
half the density of the bulk, which is about one atomic diameter
thick and which grows slightly thicker at lower temperatures.
This trend with temperature is confirmed more dramatically in
reflectivity measurements of 0.20 atom % Au in Hg, where the
Au concentration exceeds the solubility limit at all temperatures.
The notch in the reflectivity is present at room temperature,
and shifts inqz from 1.3 Å-1 at room temperature to 0.6 Å-1 at
-27 °C (Figure 5c). Even more interesting, at the lowest
temperatures a peak has appeared which resembles the layering
peak of Hg, but at measurably smallerqz than for Hg. At these
two highest Au concentrations, temperature cycling results in
hysteresis and long equilibration times. After cooling the 0.13
atom % alloy close to its melting point and heating to room
temperature again, approximately 10 h at room temperature were
required to reproduce the reflectivity. With 0.20 atom % Au,
the original room temperature reflectivity was never recovered
after cooldown, even after 50 h at+25 °C. Reflectivity data
for the second cool-down of this alloy are shown in Figure 6.
The reflectivity curves for the second cool-down all exhibit the
notch at lowerqz for each temperature than the first measure-
ments, until the melting point is approached. Au expelled from
the bulk, presumably incorporated into the surface structure,
apparently cannot readily resolubilize at these concentrations.

V. Analysis and Discussion

A. Fit Models. By fitting reflectivity curves calculated from
model surface-normal density profiles to the data, we can obtain
more specific information about the surface structure of these
alloys. Nearly all of the experimental reflectivity curves exhibit
an interference peak along with some additional structure at
lower qz. We have fit these measurements to a simple layered

density profile having an additional low-density term positioned
near the liquid-vapor interface, as described by eq 12. Since
this is the parametrization used previously in studies of pure
liquid Hg,12 we can compare the pure and alloyed systems
quantitatively. The layer spacingd, the thermal roughnessσT,
and the decay parameterσj are parameters which characterize
the layered subsurface structure and are all well determined by
the fits. Other parameters affect the structure within about 2 Å
of the interface and are somewhat less reliably determined. The
measured reflectivity curves that lack the prominent layering
peak have been fit with a simpler model consisting of an error
function profile along with an extra Gaussian term, as in eq 8.
Because of the low Au concentrations, the nearly equal
scattering factors of Hg and Au, and the limitedqz range (over
which the form factor varies slowly), we will treat our model
profiles in this study as though they were entirely composed of
Hg. All models incorporate the bulk density and atomic form
factor of Hg and therefore represent an average surface-normal
electron density without providing any direct information about
the Au composition as a function of depth.

B. Dilute Au Limit and Capillary Wave Roughness. At
low Au concentrations, the main effect of Au alloying is to
partially disrupt the layered profile near the surface, compared
to the structure of Hg. Model profiles for pure Hg at+25 °C
(s) and -36 °C (- - -), calculated from eq 12 in studies
reported previously,12 are shown in Figure 7a. The oscillatory
profile has a layer spacingd ) 2.72 Å, a decay parameterσj )
0.46 Å, and a temperature-dependent roughnessσT, given in
Table 1, that determines the amplitude of the layers in the
density profile. The model also incorporates a slight tail of
density extending towards the vapor, described by the term
proportional towA in eq 12.

The surface-normal profile of Hg 0.06 atom % Au has the
same layer spacing of 2.72 Å, but the layering is less well
defined (Figire 7b). For comparable temperatures, the overall
roughnessσT is about 0.1 Å greater than that of Hg, producing
a significant difference in layering amplitude. The layering also
decays over a slightly shorter length scale for the alloy. Another
notable difference between the structures of Hg and Hg 0.06
atom % Au is that for the alloy, the amplitude of the topmost
surface layer is decreased by a factor ofw0 ) 0.8 compared to
pure Hg, wherew0 ) 1. The reduction of the second layer
amplitude byw1 ≈ 0.95-0.98 has a much smaller effect on the
calculated reflectivity. These disruptions of the surface order
are unsurprising in light of the different near-neighbor distances
in bulk liquid Hg (3.0 Å) and Au (2.8 Å).34 As was found for
Hg,12 the 0.06 atom % alloy data are consistent with additional
density in the near-surface region, described by the Gaussian
term proportional towA.

Figure 5. Fresnel-normalized reflectivity of Hg-rich alloys: (a) Hg
0.10 atom % Au at-13 °C; (b) Hg 0.13 atom % Au below room
temperature; (c) Hg 0.20 atom % Au, first cool-down from room
temperature. Curves b and c are shifted by factors of 10-2 and 10-5,
respectively. Solid lines are fits as discussed in text.

Figure 6. Fresnel-normalized reflectivity for Hg 0.20 atom % Au:
(- - -) +25 °C, before cooling the sample. Symbols: Data acquired
after initally cooling to-39 °C, warming and maintaining at room
temperature for 50 h, and cooling a second time.
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The effect of temperature on the surface structure of Hg
0.06% Au is very similar to the behavior found for pure Hg.
While slight variations in several parameters were required to
optimize the fits at differentT for the 0.06% alloy, it is apparent
that the main effect of increased temperature is to reduce the
amplitude of the density oscillations. Capillary wave theory,
which describes the broadening of the surface profile due to
thermally excited surface waves, gives a specific prediction for
the temperature behavior through the roughnessσcw, given in
eq 3. Previous studies of the temperature-dependent surface
roughness of liquid Hg found that thermally excited surface
waves were not able to account for all of the temperature
dependence observed.12 This is in contrast with the surface
roughnesses of liquid Ga and In, for which capillary wave theory
accounted well for all the measured temperature dependence.14,15

In the inset of Figure 7 we compare the excess roughnessσT
2

- σcw
2 of Hg with that of Hg 0.06 atom % Au. We see that the

0.06 atom % alloy has a larger roughness, but the slope of the
excess roughness versusT is the same as for pure Hg.

The fact that the deviation from capillary wave behavior is
the same for pure Hg as for the 0.06 atom % alloy, which has
distinctly different intrinsic surface-normal structure, suggests
that the deviation from capillary wave theory may not arise from
a temperature dependence of the local profile. Instead, the
apparently anomalous temperature dependence most likely arises
from height fluctuations across the surface which are not fully

accounted for by the capillary wave model. In our analysis,
thermal capillary waves are dependent on a surface tension
which is defined as a macroscopic quantity, despite the fact
that we integrate over capillary wave modes extending down
to atomic length scales. It is quite possible that the concept of
a length-scale-independent surface tension is not applicable
beyond some microscopic limit. If this is true then the success
of capillary wave theory in the description of other liquids would
stem from the fact that the modes at atomic length scales make
up only a small part of the entire capillary wave spectrum. This
hypothesis implies that the contribution of these modes in
affecting the overall roughness may differ from system to
system. Comparison of diffuse surface scattering from Hg and
Hg-Au alloys may provide more information on this issue.

The Au concentration of 0.10 atom % marks the transition
between the dilute-Au regime, where a simple layered structure
prevails, and the Au-rich phase. Here the more pronounced
structure at lowqz and the attenuated layering peak complicate
the modeling, and the analysis is more ambiguous. For the given
layered model, acceptable parameters lie in the ranges indicated
in Table 1. Fit curves are shown in Figure 4c (solid lines).
Relative to Hg, the 0.10 atom % alloy model density profiles
exhibit a reduction in oscillation amplitude and surface layer
density very similar to that found in the 0.06 atom % alloy, as
shown in Figure 7c. Unlike the more dilute alloy, however, a
more fundamental change in surface structure occurs as tem-
perature is reduced beyond the solubility limit. Upon cooling
from room temperature, the surface roughness first decreases,
and then increases again, so that the layering peak is less
pronounced at-13 °C than it was at+5 °C. The resulting
nonmonotonic dependence ofσT on T is shown in the inset of
Figure 7 (closed triangles).

In addition, asT decreases there is a progressive drop in the
reflectivity at low qz. This indicates a further decrease in the
surface layer density, an enhanced density region further toward
the vapor, or a combination of these effects. The density profiles
shown in Figure 7c model this effect as a tail of density
extending into the vapor region. This density tail is independent
of temperature for Hg and Hg 0.06% Au, but for Hg 0.10% Au
it climbs steeply as the temperature is reduced. In this
concentration and temperature range, the effect of decreased
temperature is not a reduction in surface roughness but the
establishment of a low-density surface region that destabilizes
surface layering.

C. Au-Rich limit and Surface Phase Formation.The 0.13
atom % Au alloy, near the room temperature saturation limit,
can be modeled with a layered density profile only for our
measurement at+25 °C. Reflectivity data at lower temperatures
exhibit a minimum atqz ∼ 1.4-1.6 Å-1, along with a slight
dip at qz ∼ 0.5 Å-1. These features can be fit with the simple

TABLE 1: Parameters for Layered Density Profiles Having the Form Given in Eq 12, Whereσn
2 ) nσj2 + σT

2 and wn ) 1
Except As Indicated in the Tablea

atom % Au T (°C) σT (Å) σj (Å) w1 w0 wA σA (Å) zA (Å)

0 +25 1.00( 0.01 0.46( 0.05 1.0 1.0 0.2( 0.1 1.5( 0.5 -2 ( 1
0 -3 0.87( 0.01 0.46( 0.05 1.0 1.0 0.2( 0.1 1.5( 0.5 -2 ( 1
0 -19 0.82( 0.01 0.46( 0.05 1.0 1.0 0.2( 0.1 1.5( 0.5 -2 ( 1
0 -36 0.80( 0.01 0.46( 0.05 1.0 1.0 0.2( 0.1 1.5( 0.5 -2 ( 1
0.06 +25 1.04( 0.01 0.54( 0.04 0.95( 0.02 0.80( 0.02 0.24( 0.10 1.6( 0.5 -2 ( 1
0.06 +11 1.02( 0.01 0.53( 0.02 0.96( 0.02 0.78( 0.02 0.24( 0.10 1.6( 0.5 -2 ( 1
0.06 -3 0.97( 0.01 0.50( 0.02 0.97( 0.02 0.78( 0.02 0.24( 0.10 1.6( 0.5 -2 ( 1
0.06 -26 0.91( 0.01 0.50( 0.02 0.98( 0.02 0.78( 0.02 0.24( 0.10 1.6( 0.5 -2 ( 1
0.10 +25 1.07( 0.02 0.52( 0.02 0.96( 0.04 0.84( 0.04 0.1( 0.1 2( 1 -2.6( 0.5
0.10 +5 0.99( 0.01 0.44( 0.02 0.96( 0.04 0.84( 0.04 0.4( 0.2 2( 1 -2.6( 0.5
0.10 -13 1.02( 0.01 0.43( 0.02 0.96( 0.04 0.78( 0.03 0.5( 0.2 2( 1 -2.6( 0.5

a Data for pure Hg, measured in the same UHV chamber, are from ref 12. For all fits,d ) 2.72 ( 0.02 Å.

Figure 7. Model density profiles calculated from parameters listed in
Table 1. (a) Hg: (s) +25 °C; (- - -) -36 °C. (b) Hg 0.06 atom %
Au: (s) +25 °C; (- - -) -26 °C. (c) Hg 0.10 atom % Au: (s)
+25 ° C; (- - -) +5 °C; (- - -) -13 °C. Inset: temperature
dependence of the excess mean-squared surface roughness (σT

2 - σcw
2)

for Hg (9), Hg 0.06 atom % Au (O), and Hg 0.10 atom % Au (2).
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shelf-type models shown in Figure 8a. The relatively high
reflectivity at the highestqz requires an unphysically low surface
roughness, not encountered in other liquid metals and alloys.
While this is possible in principle, a much more likely
explanation of the reflectivity is that some surface layering
prevails in the 0.13 atom % alloy, too weak to produce an easily
identifiable layering peak but still substantial enough to produce
constructive interference at highqz and augment the reflectivity
which would otherwise be reduced by the surface roughness.
For this reason, we think that the very simple shelf profiles are
likely not the best description of the reflectivity, and models
such as those presented below for the 0.20 atom % alloy may
be more realistic. Despite this, attempts to fit the 0.13 atom %
alloy with simple layered models were unsuccessful, with
unphysically small layer spacings ofd ≈ 2.1 Å required to
produce the reflectivity minimum at a position inqz matching
the experimental data.35

The concentration of 0.20 atom % Au in Hg exceeds the
solubility limit for all temperatures investigated. Reflectivity
data for this alloy exhibit low-qz minima at allT, along with a
layering peak at the lowestT. We have fit these data to the
simple layered profiles shown in Figure 8b. To keep the number
of fit parameters as small as possible, we have used eq 12 and
fit the same number of parameters as were used for the dilute
alloys. At the lowest temperatures, the surface layer spacing of
2.9 Å for Hg 0.20 atom % Au is unambiguously distinguished
from the 2.72 Å layer spacing obtained for pure Hg and the
dilute Hg-Au alloys. Since the near-neighbor distance in liquid
Au (2.8 Å) is smaller than that of Hg (3.0 Å),34 this increase in
the layer spacing for the Au-rich alloy indicates that a significant
change in packing has occurred in the surface layers. At higher
temperatures, evidence for layering lies mainly in the relatively
large reflectivity obtained forqz g 2 Å-1. Here the fits shown
in Figure 5c are less satisfactory, and the details of the models
shown in Figure 8b exhibit no clear systematic dependence on
temperature. While the oscillations in the density profile clearly
grow as temperature is reduced, it is not possible to say to what
extent this is due to reduction of surface fluctuations rather than
to changes in Au content at the surface. Measurement techniques
with elemental specificity, such as resonant X-ray scattering or
surface X-ray absorption fine structure spectroscopy, will be
required to obtain this chemical information. Because of the

high vapor pressure of liquid Hg, Auger electron spectroscopy
will probably not be possible.

A feature common to all density profiles refined for the Au-
rich phase is the “shelf” feature or surface layer that has a
density of about half that of the bulk; we were unable to model
the notch in the reflectivity without such a feature. Presumably,
some fraction of the Au which is insoluble in the bulk is
incorporated into this surface phase, rather than precipitating
out of the solution in solid form as might have been expected.
It is difficult to explain how a monolayer composed entirely of
Hg and/or Au might achieve this low density. All known Hg-
Au phases are close-packed, with densities intermediate between
those of elemental Au and Hg.4 A uniform submonolayer of
Au with a greatly expanded lateral spacing is one model which
could produce the observed density profile. However, it is not
clear how such an expanded phase, which would have a very
high surface corrugation, could be stable given the range of
temperature, pressure, and surface tension in our experiment.
One possible contribution to an expanded spacing is that large
changes in the concentration of Au, which has a lower valence
than Hg, could reduce the bandfilling in the surface layers. If
this serves to greatly reduce the favored atomic coordination,
the surface atoms might be forced to adopt a more open
structure. This picture is qualitatively consistent with the
expansion of the surface-normal layer spacing in the Au-rich
phase. Previous studies of liquid Ga and In surfaces showed
that compared to the more covalent Ga, the free-electron-like
In had a more compressed surface layer spacing, indicating a
structure closer to hard-sphere packing.15 However, it is hard
to see how these effects, which are subtle for In compared to
Ga, could produce such a drastic reduction in the surface layer
density.

Another possible explanation is that patches of more closely
packed Au-rich monolayers float on the surface, comprising a
coverage of about 50%. We believe that detailed considerations
argue against this model. Liquid Hg has been observed to
amalgamate continuously with Au substrates,8 suggesting that
it would be difficult to maintain a laterally inhomogeneous
distribution of Au at the surface. Another objection is that if
Au were precipitating out of solution and into a separate surface
monolayer, we would expect a more monotonic change in
coverage with temperature or concentration. Instead, the surface
layer density seems to drop quickly to 50% of the bulk value
and remain at that value. Finally, we find no evidence that the
surface layer is solid.37

We now consider the possibility that some low-density
impurity, such as oxygen or sulfur, is incorporated into the
surface layer. It is important to emphasize that such impurities
would also have been present in the pure Hg samples studied
previously. While the pure Hg reflectivity provides evidence
for a sample-dependent tail of density near the surface, as
discussed above, nothing like the shelf feature, or layer having
half the bulk density, was ever observed. In the case of the Au-
rich liquid alloys presented here, the shelf feature depends
entirely on the presence of Au at the surface: only at
temperatures and concentrations beyond the solubility limit does
this structure appear. In contrast to pure Hg, the Au-rich
amalgam surface may be capable of forming a passivated oxide,
even though elemental Au is quite nonreactive, and bulk Hg
oxide is unstable under the low oxygen partial pressure. If this
scenario is correct, this result may be relevant to reactions
catalyzed by liquid metal surfaces. Studies of the rate of formic
acid decomposition over liquid Hg having different concentra-
tions of dissolved metals have found that the addition of higher-

Figure 8. Model density profiles: (a) Hg 0.13 atom % Au: (s) +7
°C; (- - -) -18 °C; (‚‚‚) -67 °C. (b) Hg 0.20 atom % Au: (- - - -)
+25 °C; (- - -) +16 °C; (- ‚ - ‚ -) +8 °C; (- - -) -20 °C; (- - -)
-24 °C; (s) -27 °C.
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valence metals decreases the activation energy of the reaction.10

Our observations on the Hg-Au alloys indicate that even in
very dilute systems, the formation of intermetallic phases at the
surface may be relevant. At the same time, the surface-induced
layering intrinsic to all liquid metals may be less important for
surface reactions, except for the extent to which the layering
competes with the formation of the reactive surface phase.

VI. Conclusions

We have used synchrotron X-ray reflectivity to determine
the surface-normal structure of liquid Hg-Au alloys near the
room temperature solubility limit of 0.14 atom % Au in Hg.
Alloys having Au concentrations below the solubility limit
exhibit surface-induced layering similar to that found in pure
Hg and other elemental liquid metals. Compared to pure Hg,
layering in the dilute Hg-Au alloys is characterized by a
significantly higher roughness, due to the difference in size of
Hg and Au ions, which disrupts the layering. The temperature
dependence of the surface structure in the dilute alloys deviates
from the prediction of capillary wave roughening, exactly as
was found for pure Hg. At higher Au concentrations and lower
temperatures, where the Au solubility limit is exceeded, we
observe the formation of a new surface phase, with a significant
change in packing of the ions at the surface.

To our knowledge, this work presents a potentially unique
application of surface X-ray scattering to probe the bulk
solubility behavior of a liquid alloy. This is of particular
importance, since the most reliable methods for determining
solubilities in dilute alloys are electroanalytical techniques.
These techniques are not applicable to alloys such as Au in
Hg, where the solute is more noble than the solvent,20 unless
they are modified by probing the formation of intermetallic
compounds with a second added solute such as Zn. For cases
such as Hg-Au, where formation of a surface phase signals
that the solubility limit has been exceeded, atomic-scale surface
structural measurements should be of particular value. This study
also shows that very dilute impurities in liquid metals can
produce pronounced changes in the structure at the surface,
where the composition can differ substantially from the bulk.
Such structural and compositional changes may have pro-
nounced effects on reactions taking place at liquid metals
surfaces, including variations in catalytic and electrochemical
systems which have been previously observed.
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