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A two-dimensional crystalline layer is found at the surface of the liquid eutectic Au82Si18 alloy above its
melting point T M = 359 ° C. Underlying this crystalline layer, we find a layered structure, 6–7 atomic layers
thick. This surface layer undergoes a first-order solid-solid phase transition occurring at 371 ° C. The crystalline phase observed for T ⬎ 371 ° C is stable up to at least 430 ° C. Grazing-incidence x-ray diffraction data at
T ⬎ 371 ° C imply lateral order comprising two coexisting phases of different oblique unit cells, in stark
contrast with the single phase with a rectangular unit cell found for low-temperature crystalline phase,
359 ° C ⬍ T ⬍ 371 ° C.
DOI: 10.1103/PhysRevB.76.245436
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I. INTRODUCTION

Liquid bulks exhibit short-range order, extending to a few
molecular diameters only. In certain liquids, however, a free
surface induces ordering of the near-surface molecules into
well-defined layers that typically extend into the bulk to
depths of the order of the bulk correlation length. For liquid
crystals, this can be several tens of molecular lengths; however, for more typical atomic liquids, layering extends only
three or four molecular diameters.1–23 For all pure metals and
nondilute alloys, atoms within each surface-induced layer
were found to exhibit only liquidlike short-range order in the
surface-parallel directions.
This general observation differs strikingly from our recent
discovery of a two-dimensional 共2D兲 crystalline surface
phase in the Au82Si18 liquid eutectic alloy.24 Prior to this
discovery, observation of laterally ordered phases in metallic
liquids has been limited to binary dilute systems at concentrations close to the phase boundary for coexistence with the
three-dimensional 共3D兲 solid crystal. In those cases, the dilute, higher melting point component segregated to the surface to form a complete surface monolayer.9,10,18 The observation of a surface-crystalline monolayer in a nondilute
system, which is far from the phase boundaries of the bulk
solid phase, is, therefore, quite unusual and very unexpected.
The formation of a crystalline surface phase in Au82Si18 alloy
is also accompanied by a surface layering enhancement of
6–7 well-defined atomic layers, manifested by an ⬇30-fold
enhancement of the intensity of the Bragg-like layering peak
in the x-ray specular reflectivity, as compared to that observed for all other metallic liquids measured to date.
At T = 371 ° C, the x-ray reflectivity curve was found to
undergo an abrupt change to a different profile, in which the
intensity of the reflectivity peak was reduced by a factor of
about 5, indicating a first-order surface phase transition.
Here, we present evidence revealing that at 371 ° C, the
quasi-2D crystalline layer undergoes a phase transition into a
different crystalline surface phase.
1098-0121/2007/76共24兲/245436共9兲

Interest in the Au82Si18 eutectic alloy is due to a number
of factors. AuSi has an unusually deep eutectic point: Typically, the melting point for the eutectic composition is lower
by 100– 200 ° C than the melting points of its individual pure
components. For AuSi, the eutectic point 共359 ° C兲 is many
hundreds of degrees below the melting points of Au
共1063 ° C兲 or Si 共1412 ° C兲.25 The reasons for such an unusually deep eutectic point are still not fully understood and
attract, therefore, considerable attention. Remarkably, AuSi
also does not form thermodynamically stable crystalline intermetallic compounds for any temperature or composition,
and this has been speculated to be related to the deep eutectic
point. Upon cooling below the eutectic point, Au82Si18 either
phase separates into pure Au and pure Si regions or, if
quenched rapidly enough, it forms an amorphous solid. AuSi
was the first discovered metallic glass26 and amorphous AuSi
can be produced with a variety of techniques, including splat
quenching and evaporation.27
In addition to the fundamentally important questions of its
unusual bonding properties, AuSi eutectic has found a variety of practical applications. Both Au and Si are crucial to
the electronics industry, and thin gold wires are commonly
used to interconnect silicon-based devices. The low melting
point of the eutectic alloy, the eutectic’s deep and narrow
shape in the phase diagram, and the lack of intermetallic
crystalline compounds have resulted in AuSi being used as a
low-melting solder for micro- and nanoelectromechanical
systems.28,29 The same properties are employed to manufacture high-purity Si nanowires and other nanostructures
from AuSi alloys through a vapor-solid-liquid growth
mechanism.30–34 Finally, extensive work has been done over
the last 20 years on thin solid films of AuSi, among other
metal-semiconductor compounds, in connection with
Schottky barrier diode devices.
Despite the large amount of research performed on solid
bulk and thin solid films of amorphous AuSi phases, remarkably little is known about the properties of the liquid AuSi
eutectic alloy, in particular, about atomic structure and the
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compositional variations in the near-surface region. The
Gibbs segregation rule predicts a significant enhancement
共65– 85 at. % 兲 of Si in the surface monolayer,35 which
would result in a local composition that is far from the eutectic composition of 18 at. % of Si. The high brightness of
the x-ray beams generated by modern synchrotron sources,
in combination with the high-precision liquid surface reflectometers available at some at these sources,36 makes detailed,
atomic resolution investigations of the near-surface structure
of liquids possible. These methods are employed here to determine the surface structure of the AuSi eutectic over an
extended temperature range from its melting point up.
II. EXPERIMENT

X-ray measurements were carried out at ChemMatCARS,
APS, Argonne National Laboratory, and at beamline X22B,
NSLS, Brookhaven National Laboratory, using x rays of
wavelengths  = 0.7743 and 1.5322 Å, respectively. A number of measurements were carried out on each of the two
different samples used, yielding highly reproducible data.
Each AuSi sample was prepared from 100 g Au82Si18 ingots of 99.99% purity 共Goodfellow兲 melted under UHV conditions 共P ⬍ 10−9 Torr兲 in a Mo sample pan. The resultant
liquid sample had a diameter of 20 mm, a thickness of
⬃5 mm, and a surface radius of curvature of ⬃20 m. Macroscopic surface oxides were scraped off by an in-vacuum
Mo scraper. Several hours of Ar+ ion sputtering removed the
remaining microscopic oxide traces. The sample temperature
was electronically controlled to ⬃0.01 ° C. Pickup of acoustic noise and mechanical vibrations was eliminated by placing the UHV sample chamber on an active vibration isolation
unit mounted on the liquid surface reflectometer.
It is important to describe the experimental steps that
were undertaken to guarantee that the signatures of the crystalline surface phase observed in the x-ray diffraction and
reflectivity measurements are indeed due to the intrinsic surface structure of the AuSi alloy, rather than being an experimental artifact, such as the formation of oxide or chemical
impurities segregated at the surface. The presence of even
minute concentrations of surface impurities would have been
detected by surface-sensitive probes, such as x-ray photoemission spectroscopy and x-ray fluorescence measurements
performed in grazing-incidence geometry. However, no signature of any impurity was, in fact, detected by these techniques. Since these surface probes are capable of detecting
even a small fraction of a monolayer of another species, the
crystalline monolayer reported here is not likely to be due to
impurities. Reproducibility of the data for two AuSi samples
makes an artifact due to contamination even less likely.
Additional evidence for lack of contamination or oxidation at the surface comes from Ar+ ion sputtering that was
applied to the surface during the experiments. Measurements
performed while sputtering, immediately after the end of the
sputtering session 共typically lasting several hours兲 and a long
time 共24 h兲 after the sputtering has ended, have produced
identical and highly reproducible results. Re-formation of a
sputtered-off surface layer by surface segregation of impurities from the bulk or oxidation of the surface under UHV

conditions 共partial pressure of oxygen and water was less
than 10−12 Torr according to in situ residual gas analysis of
the chamber’s contents兲 should occur within something of
the order of an hour 共or more兲, which would have stood out
clearly during the series of measurements that were carried
out.
Details of the x-ray scattering geometry of the experiments have been described previously.8,19,37,38 The x-ray reflectivity R共qz兲, is the fraction of the intensity of the incident
x rays reflected by a surface for a grazing angle of incidence
␣. qz = 共4 / 兲sin ␣ is the surface-normal wave vector transfer, and qc = 0.078 Å−1 is the critical qz for total external reflection in our case.44
For an ideal case of sharply terminated, static, structureless interface, where the electron density profile normal to
the surface is a step function, reflectivity is described by the
Fresnel law:
RF共qz兲 =

冏

qz − 冑qz2 − q2c

qz + 冑qz2 − q2c

冏

2

,

共1兲

where qc ⬇ 4冑re is the critical wave vector, re = 2.813
⫻ 10−5 Å is the classical electron radius, and  is the electron
density at the surface. Reflectivity from a real liquid surface
deviates from RF in two significant ways. First, the free surfaces are never ideal and exhibit a monotonic or a nonmonotonic variation of the electron density across the interface
between the 共constant兲 value of the vapor and the 共constant兲
value of the bulk. Second, at any finite temperature, the surface of every liquid is roughened by thermally excited capillary waves. These waves partially destroy the constructive
interference between x rays reflected from different points on
the surface, leading to a Debye-Waller-like reduction of the
specularly reflected intensities, the magnitude of which is
determined by the liquid’s surface tension, temperature, and
the portion of the capillary waves’ spectrum sampled by the
reflectometer.39–41
For qz ⬎ 4 − 5qc, R共qz兲 is well approximated by
R共qz兲 = RF共qz兲兩⌽共qz兲兩2CW共q,T, ␥兲,

共2兲

where CW is a surface roughness term due to the capillary
waves,39 and ⌽共qz兲 is the surface structure factor given by42
⌽共qz兲 =

1
⬁

冕

dz

d具共z兲典
exp共ıqzz兲.
dz

共3兲

Since RF is a universal function, depending only on the
measured qc, and CW is obtained from measurements of the
off-specular diffuse scattering,8,19,37 ⌽ can be determined,
within a phase factor,44 from the measured R共qz兲 through Eq.
共2兲. This, in turn, allows a determination of the laterally averaged surface-normal electron density profile 具共z兲典 from
Eq. 共3兲 by a fit to a physically motivated model for 共z兲.
For liquid metals, a surface-induced layering is observed.
Similar to Bragg diffraction from a crystal, constructive interference between x rays reflected from these well-defined
surface-induced atomic layers leads to a significant enhancement of the reflected signal at qz ⬇ 2 / a, where a ⬇ 3 Å is
the spacing of the atomic layers. In the case of the standard
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layering observed for most liquid metals, the electron density
is typically described by a semi-infinite sum of equidistantly
spaced Gaussians, normalized to the bulk density ⬁:
⬁

d/n
具共z兲典
=兺
exp关− 共z − nd兲2/22n兴.
⬁
n=0 冑2

The widths of the Gaussians are defined by 2n = n¯2 + 20,
where 0 and ¯ are adjustable fit parameters. This form for
n produces a gradual increase in the Gaussian width with
distance z below the surface and a corresponding decrease in
their height. Since they are equally spaced, this leads to their
gradual merging, eventually yielding a constant density for
large z. Thus, ¯ is inversely related to the decay length for
the surface layering. In all liquid metals studied to date, the
typical layering extends to 3–4 well-defined layers before
density oscillations decay to ⬁.
The density profile that had to be used to fit the measured
AuSi reflectivity curves included N additional layerrepresenting Gaussians 共where usually N = 4 or 5兲, with adjustable densities 共i兲, positions 共xi兲, and widths 共i兲:

冋

N

− 共z − zi兲2
具共z兲典
= 兺 i exp
⬁
22i
i=1
⬁

+兺

n=0

d/n

冋

冑2 exp

册

− 共z − zN − 共n + 1兲d兲2
22n

册

.

共5兲

Finally, the properties of the thermally excited capillary
waves are governed by the competition between the thermal
energy, described by the temperature T, and the restoring
force, provided by the surface tension ␥. Capillary waves
induce surface roughness that gives rise to diffuse scattering
away from the specular condition, thus reducing R共qz兲. Detailed analysis of the line shape of the off-specular diffuse
scattering intensity allows one to determine the term
CW共q , T , ␥兲 in Eq. 共2兲.8,19,37 In practice, any specular reflectivity measurement involves integration of the off-specular
diffuse scattering contributions over the finite resolution
function of the detector. Details of the capillary wave theory
and the resolution effects on capillary contribution are described elsewhere.8,19,37,39

R

共4兲

q (A-1)
z

FIG. 1. 共Color online兲 Measured x-ray reflectivity data for T
⬍ 371 ° C and T ⬎ 371 ° C along with their corresponding model fits
共lines兲 discussed in the text. The reflectivity expected for a standard
3–4 surface layers, observed in all other metallic liquids, is shown
in a dashed line. The solid thin line shows the Fresnel reflectivity
curve, expected for an ideally flat and smooth liquid AuSi alloy’s
surface.

perature between the two regimes, T0 = 371.15 ° C, was determined by measuring R / RF at a fixed qz while varying T
and found to be hysteresis-free to within our ±0.1 ° C T
resolution.24
The model fits shown in lines in Figs. 1 and 2 yield the
electron density profiles plotted in Fig. 3, along with that
expected from conventional layering in AuSi. It should be
noted that some specific details of the density profile cannot
be determined uniquely from such fits, due primarily to the
relatively large number of the adjustable parameters in using
density model in Eq. 共5兲. This model includes N = 4 – 5 adjustable layers in addition to 3–4 layers employed in fitting
conventional surface layering. Specifically, the precise positions, relative intensities, and widths of the layers are correlated, albeit weakly, and fits of similar quality could be ob-

III. RESULTS
A. X-ray reflectivity

The as-measured and the Fresnel-normalized x-ray reflectivity curves are shown at five different temperatures in Figs.
1 and 2, respectively. Two features stand out immediately.
The first feature is the bimodal temperature dependence, with
a sharp division between the shapes of the low temperature
共T ⬍ 371 ° C, red symbols兲 and the high temperature 共T
⬎ 371 ° C, black symbols兲 R / RF, but with practically no
shape variation within each temperature range. The second
feature is that R / RF in both regimes are much higher than
that expected on the basis of the conventional layering that
was observed in almost all liquid metals and alloys studied to
date. The low-T R / RF, in particular, exhibits an ⬇30-fold
increase over the standard layering peak. The transition tem-

q (A-1)
z

FIG. 2. 共Color online兲 Fresnel-normalized reflectivity R / RF共qz兲
from the liquid AuSi surface for different temperatures. Notation as
in Fig. 2. Note the logarithmic R / RF scale.
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FIG. 3. 共Color online兲 Density profiles for a standard layering
model 共dashed line, upper panel兲 and for the low-temperature 共thin
line兲 and high-temperature 共thick black line兲 phases of the liquid
AuSi surface 共lower panel兲. The three density profiles shown here
were obtained from the fits of the x-ray reflectivity curves shown in
the same-color lines in Figs. 1 and 2.

tained by correlated variations in the values of several of
these parameters within restricted ranges of values. Some of
these ambiguities can be lifted by taking into account the
physical details of the density model; for example, a layer
cannot be narrower than the diameter of the atom, and the
density cannot rise above that of a closed-packed layer of
atoms. Despite this uncertainty, the main physical features of
the fits, such as the existence of at least 6–7 well-defined,
atomically sharp, almost periodically ordered layers, are essential for reproducing the measured R / RF shown in Figs. 1
and 2. These features are, therefore, strongly supported by
the measured curves. As Fig. 3 demonstrates, both low- and
high-T density profiles show a similarly well-ordered
surface-normal structure. However, the high-T profile exhibits a higher degree of disorder, reflected in fewer and lower
layering peaks in Fig. 3. The increased disorder in the highT phase results in a lower intensity of the corresponding
quasi-Bragg layering peak of the high-T phase R / RF curves
in Fig. 2 as compared to that of the low-T phase R / RF. Both
low- and high-T layering peaks in Fig. 2 are significantly
broader than the conventional layering peak, shown in a
dash-dot-dot line. This effect is likely due to a slight aperiodicity of the layering that is also apparent in the density
profiles in Fig. 3.
As the electron densities of Au and of Si are, respectively,
much higher and much lower than the average density of the
alloy, ⬁, the  / ⬁ ⬍ 1 relative density of the top surface
layer in Fig. 3 implies a Si enrichment relative to the bulk’s
composition. Using the fitted density profile and assuming
closed-packed homogeneous layers of Au and Si atoms of
known diameters, a simple calculation yields a ⬃70 at. % of
Si atoms in the topmost surface layer, in good agreement
with the 65– 85 at. % of Si predicted by the Gibbs adsorption
rule for an ideal binary solution of AuSi.35

FIG. 4. 共Color online兲 Grazing-incidence diffraction patterns for
low-temperature and high-temperature surface phases. The sharp
peaks indicate the presence of a crystalline surface phase. The broad
underlying peak is the liquid bulk scattering peak.
B. Grazing-incidence diffraction

The surface-parallel ordering was explored by grazingincidence x-ray diffraction 共GIXD兲.43–46 X rays incident on
the surface below the critical angle ␣c generate an evanescent wave which travels along the surface and has an amplitude which decays exponentially with depth below the surface, with a 1 / e decay length of ⌳ ⬇ 1 / qc = 14 Å. Thus, the x
rays sample only the top few atomic layers. Scattering by
surface-parallel order present in these layers gives rise to
GIXD patterns. Such patterns measured for the low-T and
the high-T phases are shown in Fig. 4. In addition to the
broad peak arising from the short-range order of the underlying bulk liquid, one can clearly see a number of sharp
diffraction peaks indicating the existence of long-range inplane order. This is the first, and so far only, liquid metal or
non-dilute alloy to show surface-parallel order. All previous
GIXD measurements on liquid metals and nondilute alloys
revealed only a broad liquidlike peak, indicating that despite
the increased order in the surface-normal direction, i.e., the
surface-induced layering, the order within each layer in the
surface-parallel directions remained liquidlike.
As observed in Fig. 4, the GIXD patterns found above and
below T0 ⬇ 371 ° C are not identical, implying a change in
the lateral order of the surface. This confirms that the sharp
structural transition detected in the reflectivity measurements, discussed above, is indeed a first-order solid-solid
surface phase transition. We now discuss the order in the two
phases, as revealed by the GIXD measurements.
Indexing of the GIXD pattern for the low-T surface phase
has been previously reported24 within a 2D rectangular
7.386⫻ 9.386 Å2 unit cell, with a Au4Si8 stoichiometry. This
composition is in quantitative agreement with the electron
density derived from the R / RF fit. The unit cell dimensions,
which determine the positions of the peaks observed in the
GIXD pattern, were determined using the CRYSFIRE 共Ref. 47兲
powder indexing software. The automatic exhaustive search
for the crystallographic structure allowed indexing all ob-
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served peaks in a single two-dimensional unit cell. The simplest Bravais lattice symmetry was rectangular, and attempts
to fit the data by an oblique Bravais lattice invariably resulted in a primitive unit cell with ␥ = 90.0° ± 0.3°. A nearly
perfect match was obtained for 22 Bragg peaks that were
within our measurable range of GIXD measurements, even
though some peaks 关for example, 共23兲 and 共31兲 or 共22兲 and
共13兲 pairs兴 could not be resolved with resolution provided by
the Soller slit setup. Positions of atoms within the unit cell
were refined using the GSAS,48 POWDERCELL,49 and CARINE50
software packages. The initial composition was varied from
pure Au to pure Si, including Au4Si, Au2Si, AuSi, and AuSi2
stoichiometries. While during the diffraction pattern refinement the number of atoms within the unit cell was defined
roughly by the requirement of close packing, in principle, it
is also conceivable that various atoms of quasi-2D crystalline
structure are displaced up or down and are not strictly in the
same horizontal 共liquid surface-parallel兲 plane. In fact, such
“puckering” may also be one of the reasons why formation
of crystalline 2D layer does not result in the nucleation of a
3D bulk phase. The distribution of the atoms along the
surface-normal direction can be obtained, in principle, from
a detailed analysis of the intensity distribution along the
Bragg rods of the different GIXD peaks,53 a complete measurement of which has not been done in the present study.
Extensive attempts to index the high-T GIXD pattern
failed to produce a single unit cell which reproduces all observed peaks without producing additional strong peaks that
were not observed experimentally. However, in Fig. 5共B兲, we
show that the pattern is reproduced well by two coexisting
oblique two-dimensional unit cells, shown in the inset. Phase
A produces ten GIXD peaks shown in Fig. 5共B兲 in red. It has
a unit cell of 5.41⫻ 4.25 Å2 and ␥ = 95.5° ± 0.3°, containing
four Au atoms 共larger circles兲 and two Si atoms 共smaller
circles兲. Phase B 共four GIXD peaks shown in blue兲 has a
smaller unit cell of 3.66⫻ 2.94 Å2 and ␥ = 91.1° ± 0.3°, containing one Au atom and two Si atoms.
The GIXD data discussed so far were collected with a
Soller slit analyzer in front of the detector, providing an inplane resolution of ⌬qxy = 0.011 Å−1. With this resolution, the
widths of the diffraction peaks were resolution limited. The
GIXD peaks were remeasured using a double-bounce BonseHart Si共220兲 analyzer,51 having a resolution of ⌬qxy
⬇ 10−4 Å−1. High-resolution scans of selected peaks are
shown in Fig. 6. Application of the Debye-Scherrer formula
to the linewidths of low- and high-resolution GIXD lines, as
well as stability of GIXD peak intensity during sample rotation, implies micron-size crystallites.52
The intensities of the GIXD peaks in the high-T phase
were found to fluctuate with time. This could be assigned to
fluctuations in the orientation of the smaller number of larger
共L ⲏ 10 m兲 crystallites in this phase. These fluctuations
would then bring a randomly varying number of crystallites
into and out of the Bragg condition, resulting in peak intensity fluctuations.
The thickness of the quasi-2D crystalline phase can be
estimated from the ratio of the integrated intensities of the
sharp diffraction peaks to that of the broad liquid bulk peak.
This ratio, 0.18, should be approximately equal to the ratio of
the thickness of the crystalline phase to the decay length ⌳ of

Phase
PhaseA

Phase B
(12)

(1 -1) (11)
(11)
(01)
(-1 1)
(20) (21)
(11)
(1
1)
(01) (10)
(10)(02)
(2 -1)

FIG. 5. 共Color online兲 Grazing-incidence x-ray diffraction patterns with liquid bulklike contribution subtracted. The plots show
the experimental data 共circles兲, the theoretical fits 共lines兲, and the
difference 共lower panels兲 for the 共A兲 low-T and 共B兲 high-T phases.
Insets show the unit cells of the two-dimensional crystalline phases
corresponding to the fits, with larger circles representing Au and
smaller representing Si. The high-T diffraction patterns could only
be fitted by a combination of phases A and B.

the evanescent wave. For the ⌳ ⬇ 14 Å obtained above, this
yields an ⬃2.5 Å thick crystalline phase, or about a single
atomic layer.
C. Bragg rod measurements

A more precise estimate of the thickness of the crystalline
phase comes from a measurement of the Bragg rods,53 which
are the intensity distributions along qz at the GIXD peak
positions.
The Bragg rod of the combined 共23兲 and 共31兲 GIXD
peaks, observed with the low-resolution setup at qxy
= 2.653 Å−1, was measured by employing fixed incidence
angles ␣ ⬍ ␣c and performing a series of 2 scans at several
共fixed兲 exit angles ␤ relative to the surface. As observed in
Fig. 7, the Bragg rod is oriented along the surface-normal
共qz兲 direction, indicating that it originates in a 2D crystal and
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FIG. 8. Bragg rod intensity as a function of qz, for the combined
共23兲 and 共31兲 GIXD peaks centered at qxy = 2.653 Å−1, measured
with the low-resolution Soller slits setup.

2.71

-1

qxy (A )
FIG. 6. 共Color online兲 Line shapes of the 共23兲, 共31兲, and 共04兲
GIXD peaks of the low-T phase measured with high-resolution
Bonse-Hart Si 共220兲 double-bounce crystal analyzer setup 共circles兲.
Fits with Gaussian function 共lines兲 yield resolution-limited full
width at half maximum of ⌬qxy ⬇ 0.0005– 0.0007 Å−1. Peaks 共23兲
and 共31兲 appear as a single peak with the low-resolution Soller slit
setup but are well resolved in the pattern measured with the crystal
analyzer.

not in a 3D powder. Had the GIXD peak originated in a 3D
powder, a circular “powder ring,” shown in a dashed line in
Fig. 7, would have been observed in the 共qxy , qz兲 plane. This
powder ring is the locus of the Ewald sphere for which the
modulus of the scattering vector qជ is a constant value q
= 冑q2xy + qz2. Clearly, the measured rod does not follow this
trajectory and, thus, does not originate in a 3D powder.
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The intensity distribution along the Bragg rod 共qz direction兲 is shown in Fig. 8 for the highest-intensity GIXD peak
of the low-T phase observed at low resolution at qxy
= 2.653 Å−1. Had this rod originated in a single, ideally flat
planar monolayer, the intensity distribution along qz would
have followed the form of the square of the atomic scattering
factor of Au. In fact, the atomic scattering factor of Au does
not vary by more than a few percent over the 1.5 Å−1 range
shown in Fig. 8. However, even for an intrinsically sharp
density profile, the surface roughening due to capillary
waves would have induced an exponential falloff in the
Bragg rod intensity around ⬃1.5 Å−1, consistent with the
falloff observed in Fig. 8. It is also possible that the falloff
near 1.5 Å−1 arises from a combination of the capillary
roughening and a destructive interference between waves
diffracted by the 2D order in two atomic layers. The condition for a destructive interference of waves diffracted from
two layers separated by a distance d, qzd = , yields, in our
case, a distance of d = 2.1 Å−1. This is about 2 / 3 of the mean
layering distance 共i.e., the distance between atomic layers
measured along surface normal兲 observed in the reflectivity
measurements discussed above. Moreover, this d is also consistent with the ⬃2.5 Å thickness of the crystalline layer
derived at the end of the previous section from the intensity
ratio of the sharp GIXD peaks and the broad liquid peak of
the bulk. A similar estimation of the layer thickness from the
intensity ratios for the high-T phase is complicated by the
intensity fluctuations of the GIXD peaks, mentioned above.
Nevertheless, the crystalline layer thickness of that phase
seems to be comparable to that of the low-T phase. Clearly,
Bragg rod measurements to larger qz values, and for additional GIXD peaks, are required to elucidate the details of
the 2D surface-parallel order in both low- and high-T phases,
and, in particular, their surface-normal variation.

-1

qxy(A )

IV. DISCUSSION

FIG. 7. 共Color online兲 Bragg rod trajectory for 共23兲 and 共31兲
GIXD peaks centered at qxy = 2.653 Å−1, collected with Soller slits.
Bragg rod is oriented along surface-normal direction qz, indicative
of a two-dimensional powder of crystallites aligned flat against the
liquid surface. A dashed line shows theoretically expected trajectory
for a three-dimensional powder cone 共q2xy + qz2 = const兲.

Detailed reasons for the formation of quasi-2D crystalline
surface layers in the eutectic AuSi alloy have not yet been
established. Surface melting 共also known as premelting兲, i.e.,
a formation of a quasiliquid layer at the surface of a crystal
below its bulk melting point, is a common and welldocumented behavior for a wide range of materials from
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metals and semiconductors to dielectrics.54,55 The existence
of such a liquidlike layer is the main reason for ice being
slippery56 as has been first proposed in 1859 by Faraday.57
Upon approaching the bulk melting point from below, the
crystalline structure at the surface starts disordering because
of the increased entropy due to the lower number of nearneighbor atoms at the surface. This coexistence of a disordered surface with an ordered bulk is, thus, quite common.
By contrast, the reverse effect of the coexistence of a longrange ordered surface with a disordered 共liquid兲 bulk at a
high temperature, as observed here, is quite unusual.
Surface freezing, i.e., long-range crystalline in-plane ordering of a surface layer in coexistence with an underlying
liquid bulk, has been previously reported in systems composed of long chain molecules.58,59 Several theoretical explanations have been suggested for this effect, all of which 共but
one兲 are based on the highly anisotropic shape of the molecules and their large, ⬎20 Å, lengths.60 A different type of
surface ordering effect involves crystallization of the higher
melting point dilute chemical component in a binary metallic
alloy, when it is segregated to the surface, for example, the
crystallization of a surface-adsorbed monolayer of Pb and of
Tl in Ga99.948Pb0.052 共Ref. 9兲 and Ga99.986Tl0.014 共Ref. 18兲
alloys, respectively. This phenomenon differs substantially in
several respects from the crystalline phase reported here for
Au82Si18 in several respects. As our 共unpublished兲 studies of
the freezing of a surface-segregated phase in a nondilute alloy 共GaBi兲 show, the frozen layer 共Bi in this case兲 is a macroscopically thick crystalline surface film. This is not surprising, since once the surface monolayer of pure Bi crystallizes,
it serves as a nucleating center for further crystal growth.
Second, the crystalline surface phase in eutectic AuSi is not
the pure chemical species, as is the case in GaPb and GaTl,
and, in fact, is not a phase that is stable in the bulk at any
composition or temperature. Finally, the solid-solid surface
phase transitions observed in AuSi 12 ° C above the eutectic
point, combined with the stability of the high-temperature
crystalline surface phase up to at least 430 ° C, 70 ° C above
the melting point, are difficult to reconcile within the basic
thermodynamics of the AuSi phase diagram.
An intriguing question posed by this study is the underlying reason for the formation of the crystalline monolayer
phase at the surface when such crystalline phases are not
stable in the bulk. The unusually deep eutectic observed in
AuSi, combined with the relative ease of formation of a supercooled liquid and of glassy phases,26 implies an increased
resistance to, and a substantial degree of frustration against,
crystal formation in this alloy. The existence of supercooling
in liquid metals dates to observations by Turnbull.61 Based
on these results, Frank proposed62 the existence of a nucleation barrier due to the icosahedral short-range order of the
liquid. This prediction was recently confirmed by neutron63
and x-ray64 scattering studies on electrostatically levitated
supercooled metals and alloys.
Even though it is impossible to construct a long-range
periodically ordered 3D bulk phase based on close packing
of polytetrahedral structures due to the associated fivefold
symmetry, this topological frustration may be lifted at
quasi-2D surfaces and interfaces. For example, x-ray studies
of liquid-solid interfaces have demonstrated that liquid five-

fold symmetry can be observed in monatomic liquid Pb
when it is aligned by the crystalline Si substrate.65 A packing
configuration consisting of two different kinds of atoms with
substantial size mismatch, as is the case of AuSi eutectic,
results in a far more complex topological problem compared
to monatomic liquids. However, one can draw an interesting
parallel between the low-temperature crystalline phase unit
cell structure shown in the inset of Fig. 5共A兲 and the proposed local structure in binary metallic glasses that is based
on the idea of overlapping or interpenetrating clusters66,67
关compare the inset of Fig. 5共A兲 with Fig. 3 in Ref. 66兴. Because atoms within the surface layer have the additional freedom of moving slightly up or down 共puckering-, buckling-,
or relaxation-type effects兲, it is plausible that an otherwise
metastable 2D crystalline structure based on the interpenetrating cluster model can be stabilized at the free surface,
even if long-range order cannot be extended into the 3D
bulk. Aside from these purely topological considerations,
surface and bulk electronic properties of the AuSi eutectic
alloy are likely to play a crucial role in the formation of the
crystalline structure as well. Changes in local chemical composition due to Gibbs adsorption effects are expected to influence the short-range order as well as the electronic behavior in the near-surface region. Amorphous AuSi alloys vary
from semiconductors for Si-rich compositions, characterized
by continuous random network of covalently bonded Si atoms, low packing density, and a low atomic coordination
number 共4–5兲, to metalliclike Au-rich AuSi glasses of a high
density due to random hard-sphere packing 共high coordination number of 8–9兲.27 Since Si is expected to have a lower
surface tension than that of Au,35 the chemical composition
of liquid AuSi alloys evolves from Si rich at the surface to
Au rich in the bulk, resulting in a nontrivial evolution of the
electronic and the structural properties.68
Thin solid films composed of metal-semiconductor alloys
have been an active area of research because of their interest
for Schottky diode devices.69,70 The crystalline surface phase
reported here does not resemble those of pure Au, pure Si, or
any of the reported metastable bulk intermetallics.71 Because
of the metastable nature of solid gold silicides, details of
reported intermetallic structures strongly depend on the
methods of the film deposition, substrate surface type and
preparation, annealing temperature and duration, as well as
other variables. An additional difficulty is the accurate characterization of subnanometer thick layers sandwiched between a solid substrate and a thick film of pure Au or Si.
However, crystalline phases with unit cell dimensions of
7.44⫻ 9.33 Å2, similar to our low-T phase, were reported in
thin Au films deposited on a Si共111兲 surface.72,73 While no
reliable thicknesses could be deduced for these phases from
the low-energy electron diffraction and Auger electron spectroscopy techniques that were used, sputtering studies indicate that the thickness of crystalline gold silicide phases is in
the range of 2 – 9 Å.73
Our investigations of other eutectic binary alloys involving Au and elements of the IV semiconductor group, namely,
AuSn 共Ref. 23兲 and AuGe 共unpublished data兲, do not exhibit
any evidence for surface freezing effects akin to those reported here for AuSi. For these alloys, the layering peak in
the x-ray reflectivity signal is considerably weaker than that
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for AuSi and is consistent with a simple layering model comprising 3–4 atomic layers. Their GIXD shows no sharp diffraction peaks that would indicate the existence of a longrange crystalline in-plane order in the near-surface region of
the liquid alloy. It is notable that the Au72Ge28 eutectic shows
nearly the same melting point 共⬇360 ° C兲 as the Au82Si18
eutectic. Melting point of pure Ge, 938 ° C, is however,
much lower than that of Si 共1410 ° C兲. The size mismatch
between Au and Si is much greater than that between Au and
Ge. While both AuGe and AuSi exhibit no stable intermetallic compounds, Au and Si are not mutually soluble in solid
form, but solid Ge is weakly soluble in solid Au.25 These
properties imply that the mismatch between atomic size is
greater and the bonding of unlike species weaker in AuSi
共evidenced by strong covalent Si–Si bond74兲 than in AuGe.
Further insight into the detailed reasons for the formation
of these unusual quasi-2D crystalline surface phases in coexistence with the underlying liquid bulk might be ascertained
from theoretical and computer simulations of the evolution
of the electronic, chemical, and structural properties of the
near-surface region of the AuSi eutectic, as well as future
experimental studies of the atomic structure of related liquid
metal alloys. Because of the close proximity of the eutectic
temperatures and Au compositions of AuSi and AuGe alloys,
one of the very promising approaches is the study of the
evolution of surface order in liquid ternary eutectic AuSiGe

alloys upon variation of Ge composition from zero up.
Finally, we note that the recent electron microscopy studies of the atomic structure of liquid metals at their interface
with a solid,75,76 detailed investigation of the chemistry of
the vapor-liquid-solid33 and the vapor-solid-solid34 Si and Ge
nanowire growth mechanisms, as well as direct visualization
of alternative crystallization pathways in nanoscopic metallic
droplets of AuGe alloys77 are related to the present study and
our results might provide a better basis for understanding this
rich phenomenon.
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