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We present temperature-dependent X-ray reflectivity measurements of liquid Hg alloyed wittO206

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 is2latomic 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.

|. Introduction complications, it is difficult to obtain basic structural information

Mercury and gold are among the few metals that can be found about. the solid Hg-Au amalgam through such stud|e§. )
in their native state in nature and which were known to early I light of the knowledge about HgAu phase formation, it
civilizations? The use of Hg to extract Au and Ag from their IS Surprising that Au was once regarded as an “inert” material
ores, known as amalgamation, is one of the earliest metallurgicalthat could be used as part of a liquid Hg electrode in
processes known to humantyt is therefore no surprise that electrochemlcal studiésHowever, it was soon recognized that
Hg—Au amalgams have captured the interest of alchemists, the potential of t.he amglgam electr.ode differed from that of
metallurgists, chemists, physicists, and denfistg. and Au are pure Hg. A more interesting observation was that small amounts
both transition metals with filled d-bands, are of similar atomic ©f Au dissolved into the Hg droplet can strongly affect the
size, and form a variety of stable intermetallic phases in the eleéctrochemical behavior by forming intermetallic compounds
solid state! The low cohesive energy of Hg, evident from its With other metals such as Cd and Zn that are present as
low melting point of—38.9°C, enables these amalgams to form impurities in the liquid HE Metal impurities in Iqu|_d Hg have_
readily, simply by bringing Au into contact with liquid Hg under also been observz_ad to affect the activation energies of reactions
ambient conditions. catalyzed by the liquid metal surfa&®lt is not known whether

Despite a prevailing interest in HgAu amalgams, not many such effects are dge to changes in the electronic propertigs of
detailed structural studies of Hg\u compounds have been I|qg|d Hag, mOQ|f|cat|on of the surface structure, or the formation
performed. This may be attributed to the fact that it proves very Of intermetallic phases at the surface.
difficult to establish the Hg-Au phase diagram due to the high Until very recently, atomic-scale structural measurements on
volatility of Hg, which requires the use of sealed tubes at liquid metal surfaces have not been available, leaving such
undetermined pressures for Hg-rich alldyluch recent work questions unresolved. Recent atomic-resolution surface scatter-
has focused on surfaces of solid H8u amalgams. For  ing measurements have revealed the formation of a wide variety
example, microscopy and spectroscopy studies have addressedf structures in liquid metals and alloys. Elemental Hg, Ga, and
the morphology and composition of Hg\u phases formed by  In exhibit surface-induced layering, in which atoms are stratified
depositing Hg onto Au film§-7 These studies are complicated parallel to the liquie-vapor interfacé;~*°a result long predicted
by the morphology of the Au substrate and the coexistence of by theory!® This stratification of ions, with the corresponding
several Hg-Au phases in the amalgahDeposition of Hg onto oscillatory surface-normal density profile, is shown schemati-
Au electrodes has also been studied through electrochemicaically in Figure 1. In liquid metal alloys, surface layering may
techniques.In-situ surface X-ray diffraction measurements of compete with the formation of surface phases, making the
underpotential deposition of Hg onto the crystalline Au(111) structure more complex. Prominent examples are the monolayer
electrode have revealed that amalgamation in the solid occurssurface segregation observed in-8a!” and Ga-Sn® and the
in several steps, characterized by distinct surface piaSiese temperature-dependent thick wetting layer that forms at the free
some of these phases are modified by coadsorbed anions fronsurface of Ga Bi for temperatures above the monotectic péint.
the electrolyte, and since kinetic effects produce further In most of these cases, surface layering persists in the alloy,
but is modified to varying extents by the surface phase.
* Author to whom correspondence should be addressed. E-mail: dimasi@ Competition between layering and surface phase formation is

ban.gB(:’\(l)'Okhaven National Universit expected to be particularly important for systems such as Hg
*Harvard University. v Au, where attractive heteroatomic interactions dictate the
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Figure 1. Geometry for X-ray reflectivity from a layered liquid metal
surface. Maxima in the oscillatory surfaceormal density profileo-
(2) correspond to layers of ions parallel to the ligtidapor interface.

ordered phases in the solid typically give way upon melting to -5 o 8 10 0 05 10 13 20 23 0
homogeneous mixtures in the bulk liquid. However, one may z (A) q, (A7)
expect that the region close to the liquidapor interface, where  Figure 2. (a) Model density profiles and (b) corresponding Fresnel-
order is induced in elemental liquid metals, may support the normalized reflectivities as described in text. Curvetii in both panels
formation of intermetallic phases in the liquid alloy. Structural are shifted for clarity.
information for such systems is of fundamental interest and may
well shed light on reactions occurring at liquid alloy surfaces, valve and capillary into a ceramic sample pan within the
relevant to catalysis or electrochemistry. chamber, as was done previously for measurements of pure
In this paper we report X-ray reflectivity measurements of Hg.!? Immediately after opening the valve to the reservoir, the
liquid Hg—Au alloys having compositions near the room Hg vapor pressure determines the total pressure in the chamber,
temperature saturation limit of 0.14 atom % Au in M, at while the partial pressures of possible contaminants such as
temperatures betweer25 and —39 °C. We construct a  Water and oxygen remain low. The resulting liquid alloy surfaces
temperature concentration surface phase diagram and identify Were found to be stable for over a week, due to two mechanisms.
two distinct regions of surface phase behavior. At higand First, Hg oxide introduced from pouring the sample is unstable
low Au concentrations, surface layering similar to that of pure and decomposes under these low oxygen partial pres¥iies.
Hg is observed. By contrast, at Iolvand comparatively higher ~ In addition, slight but continual evaporation of Hg constantly
Au concentrations, we find evidence for the formation of a more refreshes the surfaéé Preliminary reflectivity measurements
complicated surface phase, where a new length scale for surfacaitilizing a glass sample chamber evacuated to*I0orr and
layering emerges along with a low-density layer at the interface. backfilled with dry hydrogen gas were qualitatively similar, but
not sufficiently reproducible.
Il. Experimental Details 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 dfl °C.

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 A and a detector resolution along the
surface-normal direction of 0.035 Al The background
intensity, due mainly to scattering from the bulk liquid, was
subtracted from the specular signal by displacing the detector X-ray reflectivity is a powerful technique for investigating
out of the reflection plane. The design of the liquid spectrom- structure normal to surfaces and interfaces on atomic length
etef! and a review of the measurement techniguee given scaleg227-29 |n these measurements, the scattered intensity is
elsewhere. measured as a function of momentum transfer Koyt — kin

Samples with nominal concentrations of 0.06, 0.10, 0.13, and perpendicular to the surface (Figure 1) and normalized to the
0.20 atom % Au were produced by adding Au powder to liquid incident photon intensity.

Hg,2® several days or weeks before the X-ray experiments. The The simplest interface is a step function describing a sharp
samples were maintained at room temperature. The maintruncation of a homogeneous bulk dengity(Figure 2a(i), solid
experimental problem in surface measurements of metals is toline). Scattering from this sharp interface takes the form of the
ensure that a contaminant-free surface is obtained. The mostFresnel reflectivity
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 R(q,) =
UHV techniques, which we found to be very successful for

X-ray scattering measurements of Ga, In, and low vapor pressure

alloys}3151%must be modified in the case of Hg and its alloys In this expressiorR: depends on the bulk densipy through

due to the high vapor pressure of Hg10 2 Torr at room the critical wave vectog. = (167mp.ro)Y2 wherero = e/mc
temperature). For the measurements presented here, each sampte2.82 x 1075 A is the classical electron radius, and absorption
was poured into a stainless steel reservoir within an argon-filled has been neglected. For a surfacermal density profile that
glovebox (<5 ppm oxygen,<2 ppm water). The reservoir is  deviates from the step function, the reflectivity is modified from
connected to a stainless steel valve, filling capillary, and UHV the Fresnel form. When the scattered intensity is much less than
flange and is affixed to a UHV compatible chamber. The empty the incident intensity (generally the case as longias 5qc),
chamber is evacuated to 10Torr and baked out, after which  the kinematic approximation is valid and the reflectivity may
the liquid Hg alloy is dropped from the reservoir through the be written

[ll. X-ray Reflectivity and Modeling

o, [l |
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1l e 2 with po equal to the bulk density.., pn+1 = O representing the
R(A) = RFlpw ffoo (80/02) exp(a2) dz| @ vapor, andy, describing the broadening between regiarsd
n + 1 at positionz, The reflectivity for this model is
which is sensitive tg(2), the surface-normal density profile N o —p
averaged laterally over the resolution defined X-ray correlation . n Prt1 2 2 . 2
length?! Since the phase information is not accessible to the RR-= | A [exp(q, 012 +iaz)lI" (7)
experimental intensity measurement, eq 2 cannot be inverted "

to determine the density profile directly. For this reason the g, e 2a(ii) shows three such profiles, having one additional
usual practice is to construct a model density profile and g5y, of jow density between the vapor and the bulk liquid. Here
compare its calculated reflectivity to the experiment. Because 0o =01 = 0.5 A and|zi| = 2.7 A. With the same roughness

of the phase problem, distinct real-space structural models cang,, 1) interfaces, the reflectivity gt = 72/|z1) has an amplitude
produce essentially identical reflectivity curves, lending some proportional to (1— 2p1/po)2. Whenpi/po = 1/2 (Figure 2a(ii),

ambiguity to the analysi¥ Nevertheless, the ambiguities can ¢ iq line), the result is total destructive interferencegat=
often be resolved by consideration of basic physical constralnts.ﬂ/|zl|’ producing a deep notch in the reflectivity (Figure 2b(ii),
The simplest physically reasonable modification of the step ¢iq line). For values op, symmetrical about 1/2, identical
function profile takes surface roughness into account. In a liquid, reflectivity curves are obtained. Dashed lines in Figure 2a(ii)
thermally excited capillary waves produce height variations gpq, profiles having/po = 0.4 and 0.6, which both produce

across the surface, which are averaged in the scatteringy,q yefiectivity curve shown as a dashed line in Figure 2b(ii).
measurement over length scales Qetermmed by the resoluﬂonThis is an example of the unavoidable ambiguity in interpreting
of the spectrometer. These occur in addition to any roughnessreﬂectivi,[y measurements even for simple models.

ir_1trinsic to the local surfac_:enormal profile. Detailed d_iscus- An alternative method of constructing a structured surface
sions of the effect of capillary waves on the scattering cross profile is to define the density through a combination of

section are given elsewhete:! The capillary wave roughness G ssjan and error functions, as shown in Figure 2a(iii). For
oow is a function of the temperatureand the surface tension .o example shown

y and is given by

(=]

. keT (9 P(2) = pers T /% expl- (z— z)%120,] 8
— max e [ g
Ocw = 27.[)/ In( qres) (3) 2

and
This expressiott has been arrived at by integrating over those

capillary modes having wavevectors less thag = n/a, where RIR- = |[exp(—q,’0;7/2)]* +
a is the atomic diameter, and greater thgg, determined by hz
the instrumental resolution. 9 a2y 2 _ 2
—qex 0, 12) expi ml2 9
We will consider a more general broadening of the density po P(a; 072) expl(az, = 6)
profile, by 012 = o? + 02, to incorporate the capillary wave

roughnesss, along with any other roughness intrinsic to The Gaussian positiozy and the sign of its amplitude, enter
the surface. This profile, having only in the cross term of eq 9, which is proportional to
hg sin(0.zg). For this reason, the reflectivity measurement does
aploz= exp(_gTZZZ/z) not distinguish between a positive Gaussian density added to

the vapor side at position= zy (Figure 2a(iii), solid line) and
is shown by dashed lines in Figure 2a(i), for= 1.0 A. The density subtracted from the liquid sidezat —z, (Figure 2a-

density profile can be written in terms of the error function: (i), dashed line). These two rather different looking density
profiles both produce the reflectivity curve shown in Figure 2b-

02 = (pm/Z)[erf(Z/OT\/E) + 1] = pyy 4) (iii). The effect of this Gaussian term can be similar to that of
a low-density surface slab: both produce minima in the
yielding for the reflectivity reflectivity at lowq,, as shown by comparison of Figure 2b(iii)
and Figure 2b(ii), dashed line.
R=R. exp(- qzz GTZ) (5) The models discussed so far describe a ligwiapor interface

having structure near the surface. To describe the surface-

The resulting Fresnel-normalized reflectivity is shown in Figure irrwldugeli Iayéaring Odf “qu.il? metals,fwhich eﬁtznds.furthefr_linto
2b(i), dashed line. The exponential factor in eq 5 is analogoust e bulk, a damped oscillatory surfacgormal density profile
to the Debye-Waller term used to describe the reduction of must be constructed. A convenient way to do this is to model

the diffracted intensity from crystals due to thermal displace- layers of atoms parallel to the surfacc_a by a series of Gaussian
ments of the atoms from the lattice sifés. terms, representing mean-squared displacements of atoms as-

When more complicated surfaceormal density profiles ~ Si9ned to each layer at spacidg

must be constructed, two straightforward methods are commonly o do
: o . h
used. Reg_|on_s of differing ele_ctron density can be rep_resented o = p,, expl- (z— nd)2/20n2] (10)
by a combination of error functions, parametrizing the thickness, e
density, and roughness between each region. A general profile 2

of this type may be written With the choice ob,2 = 012 + na?, we parametrize two effects

N _ 5 in a simple way. First, the surface layers become less well-
_ Pn ™ Pr1 o defined with increasing depth into the bulk liquid, at a rate
p(2 = erfl (6) _ ) s
£ 2 «/_ controlled bys. Second, the effect of increasing is to reduce
oV 2 the overall layering amplitude, an effect expected both from
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capillary waves and from any roughness intrinsic to the local
surface-normal profile.
The corresponding reflectivity is given by

RR: = [FA(0)]? (0,00 (—07°0,) [1 — 2 exp(-q,70°/2)
cos@,d) + exp(—q,3)] "t (11)

Since each Gaussian now explicitly represents a collection of
scattering atoms, here it is meaningful to incorporate the reduced
atomic form factorFz(q,) = [fz(q) + f'Z)/[Z + fZ] for atoms
having atomic numbeZ. Figure 2a(iv) (solid line) illustrates a
layered profile withd = 2.7 A, o1 = 0.8 A, ando = 0.45 A.

The reflectivity (Figure 2b(iv), solid line) shows the broad
quasi-Bragg peak produced by the oscillatory density profile.
In the limit whereor is large, the profile approaches the error
function form of eq 4, though with its argument shifted fram

= 0 toz= —d/2 due to the choice of origin in eq 10. A layered
profile havingor = 1.5 A is shown by dashed lines in Figure
2a(iv). Although the intensity falls off quickly for large;
(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

w,d
p@/p., = exp[—(z— z,)7l0,7 +
opN 21
o [ wd
Z) exp[—(z— nd)%o, (12)
= \oV 27

where the Gaussian scaledWy is typically much broader than
those controlled by, in the sum, andv, 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 weights, 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
measurement$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. A¥R: 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 ai, ~ 2.2 A-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
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Figure 3. Surface phase diagram for liquid Héwu alloys, with
nominal Au concentrations from-@.20 atom % and temperatures
between—28 and+25 °C, indicated by crossesH]. R/R: 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.

(d) Hg 0.13% Au:
i
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Figure 4. Fresnel-normalized reflectivity of dilute HgAu 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. Curvesdare
shifted for clarity. Solid lines are fits as discussed in text.

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 observedt&5 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
g, ~ 0.3—-1.0 At also changes witf, unlike the case of the
more dilute alloy. This means that the structure witBiA or

so of the interface changes wilhat 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

the Analysis and Discussion section. For both Hg and Hg 0.06 temperature independent. The behavior of the 0.10 atom % alloy
atom % Au, the effect of increased temperature is to reduce thein this temperature range marks the transition between viability
amplitude of the interference peak, from the lowest temperature of the surface layering, which is enhanced at lower temperatures,
measured,—26 °C, up to +25 °C. Repeated cooling and and the formation of a competing surface structure. Similarly,
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1077 Figure 6. Fresnel-normalized reflectivity for Hg 0.20 atom % Au:
(= — =) +25°C, before cooling the sample. Symbols: Data acquired
1078 after initally cooling to—39 °C, warming and maintaining at room
. temperature for 50 h, and cooling a second time.
10”

density profile having an additional low-density term positioned
near the liquid-vapor interface, as described by eq 12. Since
Figure 5. Fresnel-normalized reflectivity of Hg-rich alloys: (a) Hg t,h's, is the parametrization used previously in studies of pure
0.10 atom % Au at-13 °C; (b) Hg 0.13 atom % Au below room  liquid Hg” we can compare the pure and alloyed systems
temperature; (c) Hg 0.20 atom % Au, first cool-down from room quantitatively. The layer spacird) the thermal roughnessr,
temperature. Curves b and c are shifted by factors of 26d 10°, and the decay parameterare parameters which characterize
respectively. Solid lines are fits as discussed in text. the layered subsurface structure and are all well determined by
the fits. Other parameters affect the structure within about 2 A
. : of the interface and are somewhat less reliably determined. The
a simple surface layering model only at room temperature, and eaqyred reflectivity curves that lack the prominent layering

is substantially diffe_rer_lt at Io_wer temperatures. . peak have been fit with a simpler model consisting of an error
The data are qualitatively different when the Au concentration ¢,tiqn profile along with an extra Gaussian term, as in eq 8.

e>_<ceeds the solubility limit in quuid Hg (bottom left region in - gacause of the low Au concentrations, the nearly equal
Figure 3). For 0.13 atom % Au in Hg, below room temperature, scattering factors of Hg and Au, and the limitactange (over

the reerptivity exhibits a deemeinimum, \:VhiCh shlfts WIth  \yhich the form factor varies slowly), we will treat our model
decreasing temperature, froga ~ 1.6 at+7 °C toq; ~ 1.4 profiles in this study as though they were entirely composed of

A~ at —67 °C (Figure 5b). The position and depth of this Hg. All models incorporate the bulk density and atomic form
minimum suggest the formation of a surface region having about ¢, o of Hg and therefore represent an average surfacgnal
h"’.“f the dens!ty of the buII§, Wh'Ch,'s about one atomic diameter ggctron density without providing any direct information about
thick and which grows slightly thicker at lower temperatures. . o, composition as a function of depth.

This trend with temperature is confirmed more dramatically in g pijute Au Limit and Capillary Wave Roughness. At
reflectivity measurements of 0.20 atom % Au in Hg, where the |, Ay concentrations, the main effect of Au alloying is to
Au concentration exceeds the solubility limit at all temperatures. partially disrupt the layered profile near the surface, compared

The notch in the reflectivity is present at room temperature, {, the structure of Hg. Model profiles for pure Hg-&25 °C
and shifts ing, from 1.3 A1 at room temperature to 0.6 Aat (—) and —36 °C (~ _'_) calculated from eq 12 in studies

—27 °C (Figure 5c). Even more inte_resting, at the Iowest_ reported previously? are shown in Figure 7a. The oscillatory
temperatures a peak has appeared which resembles the Iayerlngrof”e has a layer spacingj= 2.72 A, a decay parametar=

peak _of Hg, but at measura_lbly smaltgrthan for Hg_. At these _0.46 A, and a temperature-dependent roughmesgjiven in
two highest Au concentrations, temperature cycling results in rapie 1 that determines the amplitude of the layers in the
hysteresis and long equilibration times. After cooling the 0.13 density profile. The model also incorporates a slight tail of

atom % alloy close to its melting point and heating to room density extending towards the vapor, described by the term
temperature again, approximately 10 h at room temperature Wer€yroportional tows in eq 12

required to reproduce the reflectivity. With 0.20 atom % Au,
the original room temperature reflectivity was never recovered
after cooldown, even after 50 h &at25 °C. Reflectivity data

the reflectivity from Hg 0.13 atom % Au can be described by

The surface-normal profile of Hg 0.06 atom % Au has the
same layer spacing of 2.72 A, but the layering is less well

h oy defined (Figire 7b). For comparable temperatures, the overall
for the second cool-down of this alloy are shown in Figure 6. roughnessr is about 0.1 A greater than that of Hg, producing

The reflectivity curves for the second cool-down all exhibitthe 5 significant difference in layering amplitude. The layering also
notch at lower, for each temperature than the first measure- decays over a slightly shorter length scale for the alloy. Another

ments, until the melting point is approached. Au expelled from 516 gifference between the structures of Hg and Hg 0.06
the bulk, presumably incorporated into the surface structure, 5.5 04 Au is that for the alloy, the amplitude of the topmost

apparently cannot readily resolubilize at these concentrations. g, t4ce layer is decreased by a factomef= 0.8 compared to

pure Hg, wherewp = 1. The reduction of the second layer
amplitude byw; ~ 0.95-0.98 has a much smaller effect on the

A. Fit Models. By fitting reflectivity curves calculated from  calculated reflectivity. These disruptions of the surface order
model surface-normal density profiles to the data, we can obtain are unsurprising in light of the different near-neighbor distances
more specific information about the surface structure of these in bulk liquid Hg (3.0 A) and Au (2.8 A$* As was found for
alloys. Nearly all of the experimental reflectivity curves exhibit Hg,'2the 0.06 atom % alloy data are consistent with additional
an interference peak along with some additional structure at density in the near-surface region, described by the Gaussian
lower .. We have fit these measurements to a simple layered term proportional tawa.

V. Analysis and Discussion
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TABLE 1: Parameters for Layered Density Profiles Having the Form Given in Eq 12, Whereo,?2 = ng? + o712 and w, = 1
Except As Indicated in the Tablet

atom%Au  T(°C) or (A) a (A Wy Wo Wa on (R) 7 (A)
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 0.464+ 0.05 1.0 1.0 0.2 0.1 1.5+ 0.5 —-2+1
0 —36 0.80+ 0.01 0.464+ 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 0.964+ 0.02 0.784+ 0.02 0.2440.10 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 0.504+ 0.02 0.98+ 0.02 0.784+ 0.02 0.244+0.10 1.6+ 0.5 —2+1
0.10 +25 1.07+ 0.02 0.524+ 0.02 0.964+ 0.04 0.844+ 0.04 0.1+ 0.1 2+1 —2.6+0.5
0.10 +5 0.99+ 0.01 0.444 0.02 0.964+ 0.04 0.844+ 0.04 0.4+ 0.2 2+1 —2.6+0.5
0.10 —13 1.02+ 0.01 0.43+ 0.02 0.964+ 0.04 0.78+ 0.03 0.5+ 0.2 2+1 —2.6+0.5

aData for pure Hg, measured in the same UHV chamber, are from ref 12. For al .72+ 0.02 A

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 lowg, 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

The effect of temperature on the surface structure of Hg shown in Figure 7c. Unlike the more dilute alloy, however, a
0.06% Au is very similar to the behavior found for pure Hg. more fundamental change in surface structure occurs as tem-
While slight variations in several parameters were required to perature is reduced beyond the solubility limit. Upon cooling
optimize the fits at different for the 0.06% alloy, it is apparent ~ from room temperature, the surface roughness first decreases,
that the main effect of increased temperature is to reduce theand then increases again, so that the layering peak is less
amplitude of the density oscillations. Capillary wave theory, pronounced at-13 °C than it was at+5 °C. The resulting
which describes the broadening of the surface profile due to honmonotonic dependence @f on T is shown in the inset of
thermally excited surface waves, gives a specific prediction for Figure 7 (closed triangles).
the temperature behavior through the roughnegs given in In addition, asT decreases there is a progressive drop in the
eq 3. Previous studies of the temperature-dependent surfaceeflectivity at low g,. This indicates a further decrease in the
roughness of liquid Hg found that thermally excited surface surface layer density, an enhanced density region further toward
waves were not able to account for all of the temperature the vapor, or a combination of these effects. The density profiles
dependence observédThis is in contrast with the surface shown in Figure 7c model this effect as a tail of density
roughnesses of liquid Ga and In, for which capillary wave theory extending into the vapor region. This density tail is independent
accounted well for all the measured temperature dependéite. of temperature for Hg and Hg 0.06% Au, but for Hg 0.10% Au
In the inset of Figure 7 we compare the excess roughagss it climbs steeply as the temperature is reduced. In this
— oew? of Hg with that of Hg 0.06 atom % Au. We see that the concentration and temperature range, the effect of decreased
0.06 atom % alloy has a larger roughness, but the slope of thetemperature is not a reduction in surface roughness but the
excess roughness verstiss the same as for pure Hg. establishment of a low-density surface region that destabilizes

The fact that the deviation from capillary wave behavior is surface layering.
the same for pure Hg as for the 0.06 atom % alloy, which has  C. Au-Rich limit and Surface Phase Formation.The 0.13
distinctly different intrinsic surfacenormal structure, suggests atom % Au alloy, near the room temperature saturation limit,
that the deviation from capillary wave theory may not arise from can be modeled with a layered density profile only for our
a temperature dependence of the local profile. Instead, themeasurement at25 °C. Reflectivity data at lower temperatures
apparently anomalous temperature dependence most likely arisegxhibit a minimum aty, ~ 1.4—1.6 AL, along with a slight
from height fluctuations across the surface which are not fully dip atg, ~ 0.5 A-1. These features can be fit with the simple

(b) Hg 0.06% Au

d (c) Hg 0.10% Au

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

for Hg (@), Hg 0.06 atom % Au®), and Hg 0.10 atom % Aua().
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T T T @ 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
o~ density of about half that of the bulk; we were unable to model
o the notch in the reflectivity without such a feature. Presumably,
o some fraction of the Au which is insoluble in the bulk is
‘ pTm T incorporated into this surface phase, rather than precipitating
P out of the solution in solid form as might have been expected.
pomemr - SN It is difficult to explain how a monolayer composed entirely of
- N7 e Hg and/or Au might achieve this low density. All known Hg
/ Au phases are close-packed, with densities intermediate between
L those of elemental Au and HgA uniform submonolayer of
Au with a greatly expanded lateral spacing is one model which
0 . could produce the observed density profile. However, it is not
L : : . clear how such an expanded phase, which would have a very
10 -5 0 @) 5 10 15 high surface corrugation, could be stable given the range of
. _ _ z temperature, pressure, and surface tension in our experiment.
Figure 8. Model density profiles: (a) Hg 0.13 atom % Au) +7 One possible contribution to an expanded spacing is that large
+CZ;5(;(':f) —18°C; () ~67°C. (b) Hg 0.20 atom % Au: - - —) changes in the concentration of Au, which has a lower valence
i (—--) +16°C; (-+--- ) +8 °C; (— — =) —20°C; (---) o
—24°C; (—) —27°C. than Hg, could reduce the bandfilling in the surface Iayers_. If
this serves to greatly reduce the favored atomic coordination,

shelf-type models shown in Figure 8a. The relatively high the surface atoms might be forced to adopt a more open

reflectivity at the highest, requires an unphysically low surface ~ Structure. This picture is qualitatively consistent with the
roughness, not encountered in other liquid metals and alloys. €xPansion of the surfaeeiormal layer spacing in the Au-rich
While this is possible in principle, a much more likely phase. Previous studies of liquid Ga and In surfaces showed

explanation of the reflectivity is that some surface layering that compared to the more covalent Ga, the free-electron-like

prevails in the 0.13 atom % alloy, too weak to produce an easily !N had a more compressed surface layer spacing, indicating a
identifiable layering peak but still substantial enough to produce Structure closer to hard-sphere packifddowever, it is hard
constructive interference at highand augment the reflectivity O Se€ how these effects, which are subtle for In compared to
which would otherwise be reduced by the surface roughness.Gav c_ould produce such a drastic reduction in the surface layer
For this reason, we think that the very simple shelf profiles are density.
likely not the best description of the reflectivity, and models ~ Another possible explanation is that patches of more closely
such as those presented below for the 0.20 atom % alloy maypacked Au-rich monolayers float on the surface, comprising a
be more realistic. Despite this, attempts to fit the 0.13 atom % coverage of about 50%. We believe that detailed considerations
alloy with simple layered models were unsuccessful, with argue against this model. Liquid Hg has been observed to
unphysically small layer spacings df~ 2.1 A required to amalgamate continuously with Au substratesiggesting that
produce the reflectivity minimum at a position dg matching it would be difficult to maintain a laterally inhomogeneous
the experimental dat&. distribution of Au at the surface. Another objection is that if
The concentration of 0.20 atom % Au in Hg exceeds the Au were precipitating out of solution and into a separate surface
solubility limit for all temperatures investigated. Reflectivity Monolayer, we would expect a more monotonic change in
data for this alloy exhibit lowg, minima at allT, along with a coverage V\_/lth temperature or concentration. Instead, the surface
layering peak at the lowest. We have fit these data to the layer density seems to drop quickly to 50% of the bulk value
simple layered profiles shown in Figure 8b. To keep the number and remain at_ that yalue. Finally, we find no evidence that the
of fit parameters as small as possible, we have used eq 12 andurface layer is solié’
fit the same number of parameters as were used for the dilute We now consider the possibility that some low-density
alloys. At the lowest temperatures, the surface layer spacing ofimpurity, such as oxygen or sulfur, is incorporated into the
2.9 A for Hg 0.20 atom % Au is unambiguously distinguished surface layer. It is important to emphasize that such impurities
from the 2.72 A layer spacing obtained for pure Hg and the would also have been present in the pure Hg samples studied
dilute Hg—Au alloys. Since the near-neighbor distance in liquid previously. While the pure Hg reflectivity provides evidence
Au (2.8 A) is smaller than that of Hg (3.0 A},this increase in for a sample-dependent tail of density near the surface, as
the layer spacing for the Au-rich alloy indicates that a significant discussed above, nothing like the shelf feature, or layer having
change in packing has occurred in the surface layers. At higherhalf the bulk density, was ever observed. In the case of the Au-
temperatures, evidence for layering lies mainly in the relatively rich liquid alloys presented here, the shelf feature depends
large reflectivity obtained fog, = 2 A~1. Here the fits shown entirely on the presence of Au at the surface: only at
in Figure 5c are less satisfactory, and the details of the modelstemperatures and concentrations beyond the solubility limit does
shown in Figure 8b exhibit no clear systematic dependence onthis structure appear. In contrast to pure Hg, the Au-rich
temperature. While the oscillations in the density profile clearly amalgam surface may be capable of forming a passivated oxide,
grow as temperature is reduced, it is not possible to say to whateven though elemental Au is quite nonreactive, and bulk Hg
extent this is due to reduction of surface fluctuations rather than oxide is unstable under the low oxygen partial pressure. If this
to changes in Au content at the surface. Measurement techniquescenario is correct, this result may be relevant to reactions
with elemental specificity, such as resonant X-ray scattering or catalyzed by liquid metal surfaces. Studies of the rate of formic
surface X-ray absorption fine structure spectroscopy, will be acid decomposition over liquid Hg having different concentra-
required to obtain this chemical information. Because of the tions of dissolved metals have found that the addition of higher-
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