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Self-Consistent Interpretation of the 2D Structure of the Liquid Aug,Si;g Surface:
Bending Rigidity and the Debye-Waller Effect
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The structural and mechanical properties of 2D crystalline surface phases that form at the surface of
liquid eutectic Aug,Sig are studied using synchrotron x-ray scattering over a large temperature range. In
the vicinity of the eutectic temperature the surface consists of a 2D atomic bilayer crystalline phase that
transforms into a 2D monolayer crystalline phase during heating. The latter phase eventually melts into a
liquidlike surface on further heating. We demonstrate that the short wavelength capillary wave fluctua-
tions are suppressed due to the bending rigidity of 2D crystalline phases. The corresponding reduction in
the Debye-Waller factor allows for measured reflectivity to be explained in terms of an electron density

profile that is consistent with the 2D surface crystals.
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Experiments within the last 15 years have revealed that
liquid metallic surfaces generally have a higher degree of
order than the corresponding bulk liquid phase. This is
manifested in the form of atomic layering normal to the
surface that decays within a few atomic distances into the
bulk liquid, as was theoretically predicted by D’Evelyn and
Rice [1]. Layering was found experimentally in elemental
metallic liquids such as, e.g., Ga [2], In [3], Sn, and Bi [4],
as well as in liquid alloys such as, e.g., eutectic Bi-Sn [5]
and Au-Ge [6]. The atomic arrangement within the top-
most layer of most of these liquids is nearly as well defined
along the surface normal as those at the surface of crystals.
This occurs in spite of the fact that the in-plane atomic
order within each surface layer is liquidlike.

The free surface of the liquid phase of the Aug,Sig
eutectic alloy [7,8] surprisingly shows properties that are
dissimilar from all of the other metallic systems that have
been studied so far. For temperatures slightly above the
bulk eutectic temperature (7, = 632 K) the layering peak
observed in x-ray reflectivity at a wave vector transfer
normal to the surface g, = 27r/d, where d is the inter-
atomic distance, is more than an order of magnitude more
intense than for any other metallic liquid. This anoma-
lously high intensity is accompanied by the formation of
two dimensional (2D) crystalline surface order [7-10]. At
about 12 K above T, the low-temperature (LT) phase trans-
forms into a high-temperature (HT) phase that consists of
different in-plane order. The HT phase remains stable up to
at least 50 K above the eutectic temperature. However, the
interplay between the anomalous reflectivity and the crys-
talline surface phases has not been fully understood.

In this Letter we use x-ray scattering measurements to
demonstrate that the LT and HT surface phases of liquid
Aug,Sijg consist of atomic bi- and monolayer phases,
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respectively. Both of these phases exhibit bending rigidity
that vanishes when the HT crystals melt into a liquidlike
(LL) surface phase. The thermal surface fluctuations of the
LL phase do not exhibit any rigidity, in agreement with the
basic capillary model [11,12]. The effect of bending rigid-
ity of the LT and HT crystals is to quench the short
wavelength surface capillary waves that are responsible
for a significant fraction of the Debye-Waller effect that
would otherwise reduce the amplitude of the specular
reflectivity. By making use of this effect we have been
able to develop a picture of the liquid surface structure that
is consistent with the constraints imposed by the bilayer
interlayer spacing of the LT phase and the rigidity of the LT
and HT phases.

Similar examples of surface rigidity induced by thin 2D
crystalline systems are Langmuir layers of mono- and
bilayer crystals that can form on the liquid water surface
[13]. On the other hand, since the thickness of Langmuir
monolayers is never less than ~20 Aitis not clear whether
they should be treated as 2D systems. From a classical
point of view, the long wavelength bending rigidity of
extremely thin films should vanish; however, as a conse-
quence of the sp? hybridization of the carbon atoms, even
monolayer graphene is expected to show finite bending
rigidity [14-16]. In fact, this is thought to be crucial for
the stability of the monolayer 2D crystals. Measurements
of bending rigidity of such thin 2D crystals have only been
possible for multilayers with eight or more layers [17].

The  experiments were performed at the
ChemMatCARS beam line ID-15-C at the Advanced
Photon Source, Argonne, IL, USA at x-ray energies of
10 keV for the grazing incidence diffuse scattering data
and 11.7 and 11.915 keV for the reflectivity and grazing
incidence diffraction (GID) measurements. Rapid parallel
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data collection was accomplished through the use of an
area detector [18]. Analysis of the liquid surface reflec-
tivity data was performed in a similar way to that de-
scribed in [2,4,7].

The temperature dependence of the reflectivity of the
liquid Aug,Si g surface at a fixed specular condition while
heating from 625 up to 800 K is shown in Fig. 1(a). In
accordance with earlier studies [7] the first abrupt drop in
reflectivity at 644 K is identified as a first order transition
from the LT to the HT surface phase. The second drop in
reflectivity around 705 K is a new, previously unreported
result that indicates a first order phase transition of the HT
phase into another, laterally disordered surface phase
which we refer to as liquidlike (LL) phase. Both phase
transitions are reversible.

The discrete Bragg reflections that appear in the GID
patterns shown in Fig. 1(b) indicate the presence of long
range in-plane crystalline order. Although the relative in-
tensities of the Bragg reflections differ in each measure-
ment, due to the different orientational samplings of the 2D
powder distribution, all of the Bragg reflections are ob-
served in every measurement and their positions are iden-
tical to those reported previously [7,8]. The absence of
discrete Bragg reflections in the corresponding GID pattern
LL in Fig. 1(b) demonstrates that the LL phase lacks any
crystalline in-plane surface order; i.e., the surface crystals
of the HT phase melt into a liquidlike surface layer. The
corresponding specular x-ray reflectivity curves for the LT
and HT surface phase as well as for the newly discovered
LL phase are displayed in Fig. 1(c). The data are normal-
ized to the theoretical Fresnel reflectivity Rr which is the
reflectivity of a flat structureless surface with the electron
density of the bulk liquid phase. The solid lines are theo-
retical models that will be discussed below. Although the
normalized reflectivity R/Ry of the HT and LL phase is
comparable to that observed for other liquid metals and
alloys, the amplitude of high-g. R/Ry data for the LT
phase is more than an order of magnitude greater. The
origin of this anomalously strong reflectivity of the LT
phase is due, in some part, to the bending rigidity of the
crystalline surface phase, as is demonstrated below.

Although the reflectivity measurements can be modeled
with empirical electron density profiles [7,8] it is now well
established that without some sort of constraint such mod-
els are not unique [4]. The most meaningful new con-
straints reported here are the thicknesses of the 2D
crystals of the LT and HT phases obtained from the trun-
cation rod data shown in Fig. 2. Figures 2(a) and 2(b) show
the intensity distribution in the ¢g,,-g, plane of selected
Bragg reflections of the crystalline surface phases of the LT
phase (g, =~ 1.833 A™") and of the HT phase (qyy =
2.665 A™1). The most relevant new result is the intensity
minimum at g, = 0.95 A~ for the LT phase that can be
contrasted with the smooth monotonic decay for the HT
truncation rod. Note also that the truncation rods are
virtually parallel to the surface-normal g, axis indicating
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FIG. 1 (color online). (a) Temperature dependence of x-ray
reflectivity from liquid Aug,Si g at a wave-vector transfer g, of
1.4 A" during heating at a rate of 5 K/ min. The three different
temperature regimes that are visible define three surface con-
figurations: low-temperature (LT), high-temperature (HT), and
liquidlike (LL). (b) Grazing incidence diffraction patterns of the
three surface phases at 635 K for LT phase, 695 K for HT, and
720 K for LL. (c) Fresnel-normalized reflectivity R/R for LT,
HT, and LL phases. The solid lines represent the best fit to the
data using the electron densities shown in Fig. 3(c). The dashed
line illustrates the extension of fitted R/Ry of the LL phase to
higher values of ¢,.

that both crystalline phases are 2D lattices. Figure 2(c)
shows intensities obtained by integration of truncation rods
for the LT and the HT surface crystals over the g, direc-
tion. For the LT phase the two truncation rods of Bragg
reflections at g, =~ 1.833 A "and Gry =~ 2.633 A" show
intensity minima at ¢, =~ 0.95 A~! that correspond to
destructive interference at a length scale dy; = 7/qmin =
3.31 A. The existence of the minimum at this length scale,
i.e., the vanishing of the intensity of the Bragg reflection,
was observed for all the observable Bragg reflections
shown in Fig. 1(b) [18]. The combination of the GID and
truncation rod data clearly indicates that the LT phase
contains a bilayer composed of two 2D crystalline atomic
layers directly above one another. In contrast, the mono-
tonic decay of the truncation rod intensity for the Bragg
reflection of the HT phase at g, = 2.665 Al
indicates that this phase consists of 2D crystalline
monolayers.

As was previously demonstrated for Langmuir layers on
water [13,19], bending rigidity of the surface phases can be
directly obtained from measurement of grazing incidence
diffuse scattering arising from the height-height correla-
tions associated with thermal capillary waves. Such data
for the LT and the LL phases of the liquid Au-Si eutectic
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FIG. 2 (color online). (a),(b) Crystalline truncation rods of
selected Bragg reflections collected with the area detector for
the LT phase (a) and the HT phase (b). The inhomogeneous
distribution of intensities for the LT truncation rod is due to the
finite grain size of the relatively coarse 2D surface crystals.
(c) Integrated intensities of truncation rods for Bragg reflec-
tions of the LT crystals [¢,, = 1.833 A" (circles) and Gy =
2.633 A™! (squares)] and of the HT crystals [q., = 2.665 Al
(black line)] [18]. The data are normalized to the highest
intensity within the respective truncation rods.

are shown in Fig. 3(a). The data for the LL phase agree
perfectly with the 1/ yqﬁy power law that is expected for
capillary wave fluctuations governed by surface tension y
without any bending rigidity term.

On the other hand, explanation of the data for the LT
phase requires bending rigidity « that we associate with
the surface crystals. This is demonstrated by the solid
line through the data that corresponds to scattering
cross-section term scaling as (yqi, + kqt,) ' =

vy g7 (1 + g2,/q2) " with the elasticity cutoff wave vec-

tor g, = /y/k =0.08 A~ [20,21]. For g,, less than
about 0.02 A™! the slope for the LT and LL phases is
indistinguishable. It is worth noting that the bending rigid-
ity k of the surface crystals does not influence the thermal
excitation spectrum for long wavelength capillary waves.
This is shown by comparison of the long wavelength
diffuse scattering data for the LT, HT, and LL phase that
are shown in Fig. 3(b). For these data, with |g,,| =
0.02 A™!, the detector angle B deviates only slightly
from the specular condition at the incident angle. On the
other hand, as we will discuss below the only way to
simultaneously account for the amplitude of both the dif-
fuse scattering and R/ R for the HT phase [18], as well as
the shape of the diffuse scattering is to include rigidity.

The reflectivity R/Ry of a liquid surface can generally
be described by [8]:

R(q,)/Rr(q,) = CW(gq,)|P(g,)I%, (1)

where I(I)(qz)l2 denotes the surface structure factor normal
to the surface and the effective Debye-Waller factor of
thermal capillary waves, CW(q.), is given by integration of
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FIG. 3 (color online). (a) Grazing incidence diffuse scattering
data of the Aug,Si;g liquid for the LT and LL surface phases at
g, =0.05 A~'. The solid lines represent fits to the 1/ 7q§y
power law for the LL phase and the (yq3, + xg¢3,)”" form
that includes bending rigidity « of the LT phase. (b) Off-specular
diffuse scattering of the Aug,Si;g liquid at a small angle 8 away
from the specular condition (¢ = 8 = 6.64° and ¢, = 1.4 A™h
for the surface phases LT, HT, and LL. The data are broadened
along ¢, using an electronic slit on the area detector to circum-
vent complications associated with the singularity at o = 8
[18]. The solid lines are fits using the theoretical scattering cross
section of the capillary wave model [3] including the elasticity
cutoff wave vector ¢,. (c) Electron density profiles normal to the
surface for the LT, HT, and LL phases that were obtained by
recursively fitting the reflectivity R/Ry [see Fig. 1(c)] and the
off-specular diffuse scattering [see Fig. 3(b)]. Data in (b) and (c)
are offset vertically as indicated for clarity.

cWig)= [ @y (1) " @)

- dma) 273,

over the reciprocal space area defined by the experimental
resolution. The capillary exponent is n = (kzT/27y)q>.

For the LL phase, as well as for the surfaces of all of
the liquid metals that have been studied thus far, g, is the
cutoff (Debye) wave vector of capillary waves of the
system. For a liquidlike surface g, usually is taken to
be determined by the atomic diameter d, [22], i.€., §max =
7/dy = 1.16 A~ with d,, = 2.70 A for Au. Taking into
account the bending rigidity for the surface crystals in the
LT and HT phases it can be shown that within the region of
interest of ¢pax > ¢, > 1/ & o, With the x-ray coherence
length €., = 1 wm, the contribution of capillary waves is
similar to Eq. (2) except that ¢, is replaced by the
elasticity cutoff wave vector ¢,. The effect of ¢, <K gpax
is to increase CW(q,) [Eq. (2)] such that the measured
value of R/Ry could now be fit with a value of |®(g,)|?
that is smaller than would otherwise be possible. This is
fortunate since the smaller value is dictated by the con-
straints of the bilayer-monolayer structures that are im-
posed by the GID measurements. For example, according
to these measurements the electron density surface profile
for the LT phase must be constructed with only two promi-
nent peaks separated by d; = 3.31 A that characterize the
crystalline bilayer. The underlying liquid is described by
further lower-amplitude layers with the same distorted
crystal model [23] that is commonly used to describe the
surface layering for other liquid metals [see Fig. 3(c)]. For
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the HT phase the two prominent peaks are replaced by only
a single prominent peak that describes the crystalline
monolayer. For the LL phase the electron density profile
was obtained by the best fits to the data using the profile for
the HT phase as the starting model.

In fact, the only way in which it is possible to self-
consistently fit both the reflectivity and off-specular diffuse
scattering for the LT and HT phases (the solid lines in
Figs. 1(c) and 3(b), respectively) with such a model is by
introducing bending rigidity of the 2D surface crystals,
treating ¢, as a free parameter. For the LT phase we obtain
the value of g, = 0.10 A™!, in good agreement with the
value measured directly using GID diffuse scattering in
Fig. 3(a). For the HT phase g, = 0.40 A~!. The corre-
sponding profiles for the electron density normal to the sur-
face for the HT, LT, and LL phases are shown in Fig. 3(c)
[18]. Were it not for the observation of the GID peaks it
would have been very difficult to distinguish between the
HTand LL phases. As can be seen from their reflectivities in
Fig. 1(c) and the corresponding profiles in Fig. 3(b) the
structure along the surface normal for these two phases is
nearly identical. On the other hand, with the knowledge of
the 2D order in the HT phase these slight differences are
readily accounted for by the difference between ¢, and
Gmax- For example, for a wave-vector transfer g, of
1.8 A~ the effect of g, = 0.4 A™! for the HT phase is to
decrease the contribution of capillary waves to the reflec-
tivity R/R by a factor of ~2 and by ~5 for LT with ¢, =
0.1 A~'[18].

The discovery of the surface stiffness effect thereby
yields a physically more plausible and self-consistent pic-
ture of the surface structure than previously reported in [7,8]
which did not take into account the surface stiffness effect
of the 2D crystals. Instead, in order to increase the ampli-
tude of |®(g,)|? the electron density profile was constructed
using 5—6 sharp peaks that are not consistent with the GID
measurements. Furthermore, it is now clear that the intrigu-
ing observation in [7] that the surface of the LT phase
appeared to show a liquidlike capillary wave behavior is
due to the small g,,- range covered by these measurements.

The measured values for the ¢, of the LT and HT surface
phases correspond to values of the bending rigidity x =
150 kT for the LT phase and k = 6 kT for the HT phase.
As one would expect the bending rigidity for the bilayer is
substantially larger than for the monolayer. Note that the
values theoretically predicted for monolayer graphene of
k = 50 kT [14,16] are in between that of the LT and HT
phases. The bending rigidity of graphene is thought to arise
from multibody atomistic interactions like the bond angle
distribution [14,15]. Given the relatively strong C-C direc-
tional bonding compared to the weak Au bonding, rigidity
of monolayer graphene should be expected to be substan-
tially larger than that of the surfaces phases of liquid
eutectic Au-Si.

In summary, we have demonstrated that the surface of
liquid Aug,Si;g undergoes a crystalline 2D bilayer to 2D

monolayer transition. The monolayer crystals melt at about
60 K above the eutectic temperature. By means of com-
plementary methods values of bending rigidity of crystal-
line 2D bi- and monolayer phases are obtained. The surface
bending rigidity reduces the amplitude of the contribution
of thermally excited capillary waves to the specular reflec-
tivity, resulting in a self-consistent picture of the surface
structure of liquid Aug,Si;g.
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