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It is demonstrated by means of x-ray synchrotron reflectivity and diffraction that the surface of the
liquid phase of the bulk metallic glass forming alloy Au49Cu26.9Si16.3Ag5.5Pd2.3 consists of a
two-dimensional crystalline monolayer phase for temperatures of up to about 50 K above the
eutectic temperature. The present alloy as well as glass forming Au82Si18 and Au–Si–Ge alloys
containing small amounts of Ge are the only metallic liquids to exhibit surface freezing well above
the melting temperature. This suggests that the phenomena of surface freezing in metallic liquids
and glass forming ability are related and probably governed by similar physical properties. © 2011
American Institute of Physics. �doi:10.1063/1.3599515�

Over the past two decades, the surface structure of more
than a dozen liquid metals and alloys has been studied. Al-
though every one of these systems exhibits surface induced
atomic layering that was proposed by D’Evelyn and Rice in
1981,1 the only eutectic alloys that form two-dimensional
�2D� surface crystals at temperatures well above the eutectic
melting temperature �Te� are the Au82Si18 eutectic2–6 and ter-
nary Au–Si–Ge eutectics containing up to about 2.8 at. %
Ge.7 On the other hand, there are other examples of surface
freezing in which a 2D crystalline phase forms within a sur-
face segregated monolayer of liquid Ga alloys containing
low concentrations of Pb or TI.8,9 The Ga systems are differ-
ent in that the 2D crystals only form at coexistence with bulk
Pb or TI. In contrast the low temperature �LT� 2D crystalline
bilayer surface phase of Au82Si18 that forms on melting per-
sists for 12K above Te, at which point it undergoes a first-
order phase transformation to a 2D crystalline monolayer
high temperature �HT� phase.6 At about 60 K above Te the
HT crystals melt into a liquidlike �LL� surface that exhibits
the same kind of atomic layering normal to the surface that is
found for all other liquid metals. However, the electron den-
sity model that best fits the reflectivity for the LL phase of
Au82Si18 is nearly as well defined as that of a crystalline
surface.6 The implication is that the atomic layering nearest
the surface of Au82Si18 is much more pronounced than for
other liquid metals. The origin of 2D surface crystalline or-
der of liquid Au82Si18 is still not understood. Surprisingly,
the closely related Au-based eutectic Au72Ge28 alloy does not
display surface freezing and the layering of the liquidlike
surface is much weaker than in Au82Si18.

10

Historically, Au75Si25, an alloy slightly off of the eutectic
composition of Au82Si18, was the first alloy that was success-
fully quenched from the liquid phase into an amorphous,
solid phase.11 This finding stimulated intense research on
glass formation in metallic alloys and over the last decades a
large number of systems have been discovered to have ex-
ceptional glass forming ability. Many of these have potential
for use as engineering materials, e.g., Zr-, Pd-, or Au-based
bulk metallic glasses.12 While the microscopic origin of glass

formation is still intensively debated,13–15 alloy systems with
good glass forming ability generally seem to be character-
ized by a composition near a deep eutectic, large differences
in the atomic sizes of the components as well as a large
negative heat of mixing between the components. As a con-
sequence of this, glass forming liquids exhibit a high degree
of chemical and topological short range order �SRO� in the
liquid phase. This SRO often appears in the form of an icosa-
hedral SRO and/or medium range order in the liquid and the
resulting amorphous phase.13,14,16,17 It was suggested that this
icosahedral order inhibits formation of bulk crystalline
phases during undercooling/quenching.18

In addition, the binary Au–Ge alloy cannot be quenched
into an amorphous phase,19 although it otherwise has similar
properties than Au–Si. This suggests that surface freezing in
the liquid phase and glass formation might have a common
origin. In this letter we present x-ray synchrotron studies of
the surface properties of the liquid phase of the
Au49Cu26.9Si16.3Ag5.5Pd2.3 metallic alloy that is known to
have a very high glass forming ability.20 The x-ray results
reveal the formation of a 2D monolayer crystalline surface
phase for temperatures up to 50 K above the eutectic tem-
perature.

The Au49Cu26.9Si16.3Ag5.5Pd2.3 liquid sample with a eu-
tectic temperature of Te�625 K �Ref. 20� was prepared by
melting its components �with purity �99.99 at. %� in a fully
dense, high purity Al2O3 ceramic crucible �additional experi-
mental details are described in Ref. 6. The accuracy in the
absolute temperature measurement is estimated to be around
�5 K, while the accuracy of relative temperature differences
is better than �1 K. Experiments were performed at the Ch-
emMatCARS beamline ID-15-C at the Advanced Photon
Source, Argonne, Illinois, USA using an x-ray energy of 11.7
keV. Measurements utilized a 2D PILATUS area detector.
The atomic scale surface structure of the liquid is character-
ized along the surface normal and in plane of the surface by
x-ray reflectivity and grazing incidence diffraction �GID�,
respectively. Diffuse scattering is used to characterize ther-
mal capillary waves. Analysis of the liquid surface reflectiv-
ity and diffuse scattering data was performed according to
previously published work.6,10a�Electronic mail: smechler@seas.harvard.edu.
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Figure 1�a� shows the temperature dependence of reflec-
tivity from the surface of liquid Au49Cu26.9Si16.3Ag5.5Pd2.3 at
a fixed angle of ���=6.78°, corresponding to a momentum
transfer of qz=1.4 Å−1. Evidence for a first-order transfor-
mation between two different surface phases is shown by the
abrupt drop in reflectivity by about 10% at 680 K on heating
followed by its reversal at about 677 K on cooling. The
apparent hysteresis is probably due to the temperature lag of
the thermocouple. No further phase transitions were ob-
served during cooling to temperatures of about 30 K below
Te, i.e., in the slightly undercooled region of the liquid.

Figure 1�b� displays GID curves of the liquid sample
below and above the surface phase transition temperature,
i.e., at 670 and 685 K. These curves correspond to the two
surface phases that were revealed by the reflectivity measure-
ments shown in Fig. 1�a�. The LL curve, corresponding to
685 K only shows a broad diffuse maximum centered around
qz=2.75 Å−1 that is characteristic of a LL surface phase. In
contrast, for the LT phase �T=670 K� two sharp Bragg re-
flections are superimposed on the diffuse maxima of the un-
derlying liquid phase, indicating the presence of in-plane
long range, crystalline order at the surface.

Figure 1�c� displays the intensity distribution within the
qxy-qz plane of the Bragg reflection at qxy =1.649 Å−1 for the
LT phase. The variation in intensity, i.e., the bright spots
within the truncation rod as well as the corresponding qz
dependence of the qxy-qz integral of the rod intensity that is
shown in Fig. 2�d� arises from the superposition of intense
diffraction signals from a few large domains on the smooth
truncation rod signal from the 2D powder of small sized
crystals. The alignment of the truncation rod is along the qz
direction, indicating that the surface phase is a 2D phase.
Furthermore, the structureless shape of the smooth portion of
the rod intensity as a function of qz demonstrates that the
crystals are a monolayer phase, although the 2D unit cell is
not necessarily confined to a single plane. For comparison,
truncation rod data that were observed for the LT bilayer
phase of liquid Au82Si18 exhibited a destructive interference

minimum at a position of qz=� /d�0.95 Å−1, where d is the
distance between the layers.6

The reflectivity for the LT and LL phases are shown in
Fig. 2�a� in the form of R�qz� /RF�qz�, where RF�qz� is the
theoretical Fresnel reflectivity for a flat surface with a homo-
geneous bulk electron density of the
Au49Cu26.9Si16.3Ag5.5Pd2.3 alloy. Note that as qz increases, the
reflectivity of the LL surface decreases relative to that of the
LT surface. As will be shown in the following, this difference
can primarily be understood in terms of the difference be-
tween the surface Debye–Waller factor arising from ther-
mally excited surface capillary waves for the two phases.

It is known that the normalized reflectivity R /RF of a
liquid surface can be expressed by the surface structure fac-
tor which is a functional of the electron density normal to the
surface10 and a wave vector dependent capillary wave factor,
CW�qz�, that arises from thermal height-height correlations
of the surface21–23

R�qz�/RF�qz� = CW�qz� � ���qz��2, �1�

CW�qz� = 	
Aqxy

d2qxy
 qxy

qmax
�	 	

2�qxy
2 . �2�

The capillary exponent is 	= �kBT /2�
�qz
2, where 
 is the

surface tension. The value qmax is the high frequency cut-off
wave vector of capillary waves that for a LL surface is
determined by the atomic diameter dat, qmax=� /dat
=1.16 Å−1 with dat=2.70 Å for Au and Cu as the main
components of the alloy. On the other hand, for liquid Au–Si
the 2D crystalline surface order introduces surface bending
rigidity � that suppresses short wavelength capillary waves.6

This effect, which reduces the amplitude of the capillary
wave factor �Eq. �1��, can be accounted for by replacing qmax

with a smaller elastic cut-off wave vector qe=�
 /� �Refs. 6
and 24� for the crystalline LT surface phase in Eq. �2�.

FIG. 1. �Color online� �a� Reflectivity of the liquid
Au49Cu26.9Si16.3Ag5.5Pd2.3 sample at a fixed qz=1.4 Å−1 during heating and
cooling of the liquid sample at a rate of about 2 K/min. �b� GID patterns of
the LT surface phase �T=670 K� and of the LL surface phase �T=685 K�.
�c� Crystal truncation rod within the qxy-qz plane of the Bragg reflection of
the LT phase at qz=1.649 Å−1 taken by an area detector, showing that the
rod is oriented along the surface normal, z. The dashed line indicates the
shape of the Debye-Scherrer diffraction pattern expected for a 3D powder
phase with qxy

2 +qz
2= �1.649�2 Å−2. �d� Integrated intensities of the truncation

rod data shown in �c�.
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FIG. 2. �Color online� �a� Normalized reflectivity R /RF and �b� diffuse
scattering at small angles � away from the specular condition ����
=6.78° and qz=1.4 Å−1� of the two different surface phases LT and LL of
liquid Au49Cu26.9Si16.3Ag5.5Pd2.3. The solid lines are best fits using the model
of the electron density normal to the surface shown in �c� and the theoretical
cross-sections �Ref. 7�. �d� The surface structure factor ���qz��2 that is ob-
tained by dividing the R /RF data for LT and LL phases by the capillary wave
contribution CW, respectively.
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One of the standard approaches by which the electron
density profile that defines the surface structure factor can
be modeled is to use a modified distorted crystal model
�DCM�.6,10,25 For the analysis of the present system an addi-
tional sharp first adlayer is added to a slightly modified
DCM. A second subtler modification that was required in
order to obtain the best possible fits of the reflectivity data
�Fig. 2�a�� and the diffuse scattering measured at small
angles off the specular condition �Fig. 2�b�� of the LT and LL
phases involved the position and amplitude of the second
layer of the modified DCM. These effects are hardly visible
in the layer that is near z=−2.5 Å for the best fit profiles that
are shown in Fig. 2�c�.

The fits obtained similar values of 900 mN/m for the
surface tension of both phases. For the LT phase the best fit
value of qe�0.6 Å−1 corresponds to a bending rigidity �
=
 /qe

2�3kBT of the 2D crystalline monolayer. For the LL
surface phase the best fit was obtained using qmax
=1.16 Å−1. The resulting electron density profiles that are
shown in Fig. 2�c� and consequently also the corresponding
surface structure factors in Fig. 2�d� of the LT and the LL
surface phases differ only slightly.

As was also observed for liquid Au–Si �Ref. 6� the dif-
ference in the reflectivity between the LT surface containing
the monolayer crystals and the LL surface in Fig. 2�a� mainly
arises from the bending rigidity of the surface crystals that
reduces the amplitude of the capillary wave Debye–Waller
factor in Eq. �1�. In other words, the rigidity of the surface
crystals reduces the amplitude of the small wavelength Fou-
rier components of the surface roughness. This reduction in
roughness leads to an increase in reflectivity.

The atomic structure of the monolayer phases of Au–Si
and Au–Cu–Si–Ag–Pd could not be fully resolved within
this study. The ratio of �3 between the positions of the Bragg
reflections of the LT phase in Fig. 1�b� suggests a hexagonal
lattice. However, the combination of the missing �20� Bragg
reflection that is expected at qxy =3.298 Å−1 and the fact that
the corresponding 3.8 Å unit cell dimension is larger than the
atomic size suggest a multiatom unit cell.

On passing we note that the atomic layering at the re-
spective LL surface phase of the two glass forming Au–Si-
based alloys is much more pronounced than in the liquid
Au72Ge28 alloy10 which is not a glass forming system.19 We
can speculate that the liquid structure of Au–Cu–Si–Ag–Pd
has a high degree of order that is comparable to what is
found in the corresponding glass phase.26 Consequently, it
will contain icosahedral-like order and clusters similar to
Au–Si �Refs. 5 and 16� or other glass forming alloys with
multishell cluster sizes.27

We can also draw attention to the fact that the surface
induced layering of the Au–Si-based alloys is substantially
more pronounced than for the other liquid metals, e.g., liquid
Sn,28 Ga,29 eutectic Bi–Sn �Ref. 30� and In–Bi.31 None of the
latter liquids are known to exhibit either glass formation dur-
ing quenching or surface crystallization of the liquid phase.

We, therefore, propose that the high degree of
icosahedral-like order in the bulk liquid, which is responsible
for glass forming ability, also plays an important role in ob-
taining a high degree of layering at the liquid/vapor inter-
face, i.e., a high degree of order normal to the surface as well
as in a increased tendency for formation of crystalline sur-

face frozen phases. This implies a different origin of surface
freezing in these than in the phase separated Ga-based
alloys.8,9 It would be reasonable to suspect that surface crys-
tallization should occur in many other metallic liquids that
exhibit a high degree of order in the bulk phase. This would
include both strong glass forming liquids and icosahedral
quasicrystal forming liquids. Since it is known that local
icosahedral ordering greatly increases during undercooling
of metallic liquids13 surface crystallization may be an impor-
tant property in direct near net shape casting of metallic mi-
croparts and molding of metallic glasses. In particular, this
could occur for parts with dimensions in the nanometer range
where the wetting behavior of the liquid on the crucible was
found to be crucial.12
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