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Surface Light Scattering Spectroscopy of the
Gallium Liquid-Vapor Interface

Vladimir Kolevzon

Abstract

High frequency capillary waves at liquid Ga surface have been studied by means of quasi-
elastic light scattering spectroscopy. The observed frequencies and damping constants of
waves differed greatly from classical theoretical treatment of liquid Ga surface as that of a
simple liquid. This effect was explained due to the presence of the surface layer, possessing
visco-elastic properties extracted, for the first time, from the fit of experimental spectra
with an appropriate theoretical form. Negative value of the surface dilational viscosity has
been derived for all wavenumbers studied. At high wavenumbers q the wave dispersion
behavior is best likely linked to the weak coupling between dilational and capillary modes,
while at low and moderate q the experimental data resemble to the mixed oscillations.
This behavior is consistent with an influence of diffusion and adsorption on the waves

propagation.

1 Introduction

Quasi-elastic light scattering from thermally excited capillary waves (or ripplons) on liquid
surfaces becomes a powerful technique for studying different interfaces [1, 2]. This method
is applicable when most of the classical techniques fail because of their invasive character.
A large number of pure transparent liquids have been studied up to now and an excellent
agreement with theoretical predictions, based on the hydrodynamic theory was achieved.

Large deviations have been found only for the liquid metal, in particular mercury, [3].
An attempt to explain such anomalies has been made in [4] by using the idea of surface
coverage by a monolayer of nonmetallic atoms. The monolayer, possessing visco-elastic
properties (see below) has great influence on the capillary waves propagation. Up to now

there is no strict theoretical basis for two interfacial viscosities. In the hydrodynamic



approach these viscosities are introduced as dissipative parts of the surface moduli, using

the functions of linear response [5]. Such treatment may be ill-defined on the molecular
level, where the kinetic processes of mass interchange are most important but in fact are
hidden into the hydrodynamic limit.

At the same time, some theoretical papers, making use of statistical pseudopotential
models, predict an oscillatory density profile of liquid metal-vapor interface [6]. These
papers postulated the existence of a highly correlated liquid metal-vapor zone with a
characteristic size of a few atomic diameter into the bulk. Two resent experimental studies,
using X-ray reflectivity, confirm this theoretical prediction and clearly demonstrate surface
layering in mercury and liquid gallium {7, 8]. The physical nature of these layers is not
clear up to now: they are formed either by metallic atoms or nonmetallic ones, adsorbed
on the liquid metal surface from the gas phase.

Despite of the seeming simplicity of the proposed experimental method, the light scat-
tering is evidently a very semsitive tool to probe a liquid metal surface, even using a
phenomenological model for description of the interfacial processes. On the other hand
there is a possibility to judge upon the validity of the hydrodynamical model in appli-
cation to thin film on the liquid metal surface what has been never considered before to
our knowledge. Independent from its physical structure, the liquid metal-vapor interface
might be considered as a quasi two-dimensional film, compressible in the plane parallel
to the interface and incompressible normal to it. Surface film viscoelasticity affects the
propagation of the surface capillary waves which makes it possible to detect those film
properties experimentally. The present study applies the light scattering spectroscopy

mainly to a free surface of liquid gallium.

2 Theoretical background

A liquid surface is subjected to continuous disturbances on the molecular level. These
disturbances appear in form of capillary waves which in turn are present due to random
pressure fluctuation in the liquid bulk. The surface tension plays a role of a restor-
ing force for short-length capillary waves which are damped by the bulk viscosity. The
linearized Navier-Stokes equation gives the dispersion equation for capillary waves prop-

agation D(w) = 0, where the complex frequency w = wp + % - I' is connected with the

(w +2v¢°)? + 1o4°p = 47 g% /1 + w/vg?, (1)

wavenumber g via [9]




where g is the surface tension, and v the kinematic viscosity. wpand I' are the temporal
frequency and the damping coeflicient of the waves, respectively. When the dispersion
equation has complex roots it corresponds to the propagating regime of capillary waves. If
the roots are pure imaginary the modes are overdamped. Which branch is the dominating
one depends strongly on the physical properties of the fluid, namely the surface tension
and the kinematic viscosity. The capillary modes at the surface of liquid metals and of all
transparent fluids with moderate viscosity are always found in the propagating regime. In
the first order approximation to the solution of equation (1) the frequency and damping

coeflicient are expressed as [9]:

1083/ p (2)

r = v (3)

]

Wo

Light scattering from capillary wave have has been extensively considered in ([1] and
references there), therefore only the results will be summarized here. Capillary waves
scatter light mainly around zero scattering angle with the scattered intensity I, ~ 1/v0q%.
The power spectrum of light scattered by a wave with wavenumber q is approximately
given by the Lorentzian shape [1]:

kT 7 1

Pl) = o oo —m)P 12

4)

where w is real and peak frequency corresponds to wo, the half width to I'.

It has been suggested [10] that the monolayer visco-elasticity may be described by two
kinds of stress: shear and dilation. Each of them involves an elastic and a viscous part.
The surface tension 7o and the shear viscosity 7’ (normal to the interface) are included
into a shear modulus:

Y(w) = Yo+ iy’ (5)
The dilational modulus can be written as the superposition of the surface elasticity and

dilational viscosity:

e(w) = eg + we’ (6)

For a monolayer covered liquid surface, possessing visco-elastic properties, the capillary
wave propagation is affected by these properties and the dispersion equation written in

dimensionless form is [5, 1]

D(s) = $2[(s+1)2+y— /25 + 1)+ (ay+Bs)[s* Vs + 1+ (y+8s)(vZs + 1 - 1)]+85° (7)



where s = —iwTo, To = p/2n¢%, Y = Y0p/41°q, @ = €0/Y0, B = €¢/21,6 = v'q/2n
The theoretical spectrum for thermally exited capillary waves on monolayer covered liquid
surface is well known and can be expressed as [1]

5%+ (ay + Bs)[V2s + —1}] ®
D(s)

kT 1oq
Plw) = ——~==Im]

3 Experimental technique

The main goal of light scattering spectroscopy is to get values of wy and T' for capillary
waves of fixed q. A single wave of wavenumber q scatters light at a well defined angle dq
with direction of the mirror reflection.

Due to inelastic interaction of scattered light with a selected capillary wave the fre-
quency of light is Doppler-shifted but the scattered intensity is very low. Therefore, the
Heterodyne light beat spectroscopy [12] is necessary: its high resolution allows detection
of small signals and low frequency shifts. The scattered light with electric field ampli-
tude E, is mixed with a reference beam FE, (ideally time-independent), coming into the
same direction. The frequency of the resulting signal is equal to the difference of the two

frequencies. The output photocurrent is given by:
I(t) ~ |E;|> + |E.|? + 2Re(E} E,exp(i(w, — ws)t) (9)

so that I(t) consists of a d.c. component (in ideal case) plus a heterodyne-beat term at
the Doppler-shifted frequency.

The experimental set-up is shown in Figure 1. Presently built optical system is based
on the well known configuration described in [2]: a beam from a 5 mW He-Ne laser
(T E Mg, A = 632.5nm, Melles-Griot) was spatially filtered and then focused at a pho-
todetector using a two lens system. The beam traveling horizontally is tilted by the
mirror and falls on the liquid surface at an angle approx. 10° to dimirish the influence
of the surface curvature. The light scattered by surface waves is mixed with a reference
beam which arises from the image of a diffraction grating on the liquid surface. Each
reference beam is thus found to be spatially coherent with the scattered one. Far from the
liquid surface the diffracted beams are sufficiently separated and each spot is selected by
the pinhole preceded an avalanche photodiode.

The diffraction grating, as a source of reference beams, was produced using a vapor-
deposited Cr-mask on a glass substrate. To be sure that scattering arises from the main

” in the sense that the maximum light power

order beam the grating has to be "wea

4




concentrated at zero order and the intensities of all higher orders should be reduced as
much as possible. Therefore, an additional grating having "black” elements from iron
oxide with three times lower optical density than the Cr elements has been used. The
reflection conditions at different liquid surfaces require an alteration of the E,./FE, ratio.
On the one side F, ~ 1/+g on the other hand E; is proportional to the reflection coefficient.
Because the surface tension of liquid gallium is ten times higher than that of water, and
the reflection coefficient is 15-20 times more, the scattering power expected to be even
more then for water. But the reference beam, reflected by liquid Ga, is much stronger,
thus the reference beam intensity has to be adjusted. The most suitable way for it is
to use a set of optical filters with low optical densities, if made on a thin film the beam
distortion is negligible.

The signal out-coming from an avalanche module (avalanche photodiode-+preamplifier,
Hamamatsu) was fed to a Spectrum Analyzer (ROCKLAND) where the averaged power
spectrum was acquired during the time less than 20s. The reason for the choice of an
avalanche photodiode instead of a traditional photomultiplier was to avoid saturation
problems under enhanced amount of light. It was established [2] that in case of the
heterodyne technique the shot noise, depending on the signal amplitude, gives the main
contribution to the photodetector noise. It has been also shown [13] that signal-to-noise
ratio is better for a photodiode, having larger quantum efficiency, than that for a photo-
multiplier when the light power is growing. The ripplon wavenumber has been determined

from a photo of the diffraction spots taken with a CCD camera.
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Figure 2: The power spectra of the light scattered by free surface of ethanol
and Gallium. The solid line is fitting theoretical function in the form of “a.



3.1 Instrumental effects

The typical spectra are shown in Figure 2; the data were fitted with theoretical func-
tion which takes into account the effect of instrumental broadening: it arises from the
illumination of more then one wave-vector q on the liquid surface; the spread dq in the
wave-vectors gives a correspondent broadening in the frequency. A convolution between
an ideal spectrum (3), having the Lorentzian shape and the Gaussian laser beam with a

width B gives the theoretical form of the spectrum [14]

S(w) = A - Relezp(~T /B + (w ~ wo)/B) - er fe(=iT/B+ (w ~ wo)/T)] + B (10)

where A is a scaling amplitude, B is a background constant, and erfc denotes an error
function of a complex argument. As it has been noted in [14] the ratio I'/8 is an increasing
function of q. It means that an instrumental width should have a smaller effect at higher
wavenumbers and deviations from the Lorentzian appear only at the wings of the spectra.
Using a nonlinear least-squares procedure the experimental data were fitted by the
function S{w). Unbiased estimates of wy and I' found from the spectra of the capillary
waves on the surface of ethanol are shown in Fig.3 together with theoretical dependencies
based on equation (2), (3) and well known physical properties of ethanol:
7 = 1.189mPas,yo = 22.7mNm™1, p = 789kg/m3
The agreement between experimental data and theory seems to be nearly satisfactory,

excepting the first point where deviations for I' will be discussed below.

3.2 Heterodyne spectroscopy

The main problem of the detection process is the E,/Es ratio. If it is too small the
homodyne contribution is too strong; if it is too large the laser noise will dominate in the
photocurrent.

Among the different sources of laser noise the most dangerous was the thermal broad-
band noise caused the fluctuations of the beam intensity displayed in form of long-periodic
oscillations were able to ruin the spectrum quality. The amplitude of this noise does not
exceed 0.5% of the laser intensity but it was sufficient to influence the measurements. The
second type of noise arises from the power supply and displayed as a narrow peak around
40 kHz. This peak destroys the quality of the measured spectrum if the frequency of waves
are found themselves near 40+ 10k Hz. This peak has been suppressed with a LC-circuit,

connected in parallel to the power supply.
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Pigure 3: Peak frequencies+ and damping constants® of capillary waves at surface of
ethanol. The lines are the solutions of the dispersion equation (1) and the properties of

ethanol have their accepted values (see text).

The only one reliable way to escape the influence of laser noise is to decrease the
intensity of the reference beam. It could be done in two ways : by choosing a ”weaker”
diffraction grating or by installing of an optical filter. Both ways are possible but the
specific choice depends strongly on the type of the liquid sample, too. If the E,/E's ratio
is insufficiently large an additional peak at approximate twice frequency will appear in
the measured spectrum. Fig. 4 illustrates this effect: the spectrum shown was obtained
with a ”weaker” grating than before. The result of fitting the spectra with sum of two
functions, each in the form of (9) is shown with solid line. The deteriorated quality of fit
is easily detectable in this case, where the fit gave much lower precision of estimation of
the peak frequency and spectrum width.

Many researchers noted that mechanical vibrations were very harmful for the detection
process. This observation is confirmed by the present study as well : despite the whole
apparatus was placed on the optical table (Melles Griot), supplied with four air pressed
cylinders (were mounted into the legs), the spectrum showed sometimes an inclined back-

ground which appeared due to vibrational disturbances. This can be accounted by using
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Figure 4: Power spectrum with contribution of homodyne term detected for liquid Ga at
q=319.8 1/cm. The best fit to the data (see text) is shown with the solid line.

an appropriate form of the theoretical function.

3.3 Materials and sample cell design

Different kinds of liquid surfaces have been tested by means of capillary wave spectrometer:
liquid Gallium and ethanol. In order to obtain clean free surface special care has been
taken for the cleaning of the glass cell. It was found that a watch glass had the most
suitable form: large scale disturbances were suppressed in the liquid placed in a container
of such shape and secondly, it was easy to separate a satellite beam, appearing due to
bottom reflection. The glass dish was mounted upon a copper plate supplied with water
channels for thermostatic control. The cell was enclosed into a box made from organic
glass with optical windows for the laser beam. The temperature of liquid was measured
with a thermocouple, placed into the liquid.

In the case of liquid Ga a special container with optical window has been filled with Gal-
lium using 2 sophisticated high-vacuum technique [15]. The main feature of this method
was that working container has been filled with molten Ga from a pool using an ”under

the level” way of filling. In such a way an oxide skin remains in the pool and only pure Ga
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enters the recipient. The container had an outer diameter of about 70 mm and a height of
20 mm, was made from stainless steel and was sealed with a lead ring. Such sealing served
really good against the gas from outside due to the strong contact (and even interdiffusion
between deformed lead ring and glass surface). Container design and the presence of an
U-shaped shutter filled with solidified gallium allowed to preserve a high vacuum without
an extra vacuum pump: an adsorption getter pump, enable to maintain for-vacuum before
the shutter tube. Heating or cooling was carried out from below through a copper plate
drilled for an access of thermostatic controlled water. Temperature was measured with a
very thin copper-konstantan thermocouple (diameter 0.2mm) glued to the container bot-
tom. It has been supposed that in such a way measured temperature did not differ greatly
from the true liquid metal temperature, because the thickness of the container bottom was
rather small (0.5mm). The surface of Gallium has been free from contaminations during
six month after preparation, nevertheless the presence of monomolecular film of Gay0O3
was not excluded (see below).

A main problem connected with Gallium was the surface curvature, despite the absence
of visible meniscus near the container wall. Deviations from the flat surface appear due
to the complicated wetting behavior of liquid Ga, fortunately the radius of curvature was
many times larger than the size of the laser spot. The radius of curvature measured
by means of the Schlieren optical technique was varying with radial position but the its

smallest value was approx. 250 cm.

4 Direct spectral fit of the experimental data

The test measurements carried out at the surface of ethanol (Fig.3) gave results for the
surface tension and viscosity which agree well with the theory based on the Dispersion
Equation of capillary waves. Only for the g=151 cm ™! a poorer agreement must be related
with an influence of the homodyne term on the spectrum [16]. However, for liquid Ga large
discrepancies have been observed. The experimental results are shown in Fig.5 together
with theoretical expectations. Different values of I" for the same q were obtained by means
of low-density optical filters installed without influence on the propagation of the main
beam. The values of the peak frequency were biased from the theoretical dependence based
on the surface tension data available from literature (yp = 724mNm~1),[17]. The fitting
of the data with 7o ~ ¢3/2 gave an unlikely high surface tension yp = 905 & 5mN m™3,
though the character of ¢3/? variation is clearly displayed. The damping constants are

greatly deviating from the theoretical line and no simple analytical expression (like ¢%)

11
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Figure 5: Peak frequencies+ and damping constants< of capillary waves at surface of liquid
Gallium. The lines are the the theoretical predictions of the dispersion behavior based
upon the following values of the physical properties of liquid Ga: 70 = 724mNm™1, 7 =
2.08mPa - s, p = 6.09kgm~3 Experimental point depicted for the same wavenumber were

obtained by using different optical filters (see text).

can be proposed for describing of q-dependence.

Such anomalies in g and I’ can be explained only by the concept that the liquid metal
surface is covered by a thin film of either molecules of metal oxide or, as was pointed out
by [4], by a "monolayer” of neither metallic nor vaporised atoms. (We are not aware of
the real thickness of the surface layer, therefore the word ”monolayer” will be used only
conditionally.) Such monolayer could be considered as compressible sheet with viscoelastic
properties like those of organic surfactants. This complex situation can be described using
two interfacial viscosities: shear ', transverse to interface, and dilational € in the plane
of interface, and the module of elasticity. Incorporation of these additional variables into
the dispersion equation leads to drastic changes of I' while the changes in wp are only of
minor importance. Some instructive examples of the effect of surface viscoelasticity on
the propagation of capillary waves will be given here. Fig. 6 illustrates the influence of ¢

on the frequencies and damping constants.
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Figure 6.Frequencies and damping constants of capillary waves at a liquid Gallium surface
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A clearly visible hump proves an increasing of the damping near ¢¢ = 70mN/m; the
further growth of € leads to the saturation. As has been expected the effect upon wy
is much weaker: the peak frequency changes only within 5% while the changes in T' are
from 4 to 5 times. Incorporation of the surface viscosity leads to the different behavior:
variations in 7’ from 0 to 4-10~3mN -s/m amplify the damping while the same variations
in ¢’ cause more complicated dependencies: when € rises wg and T' tend to be independent
from .

It is possible to extract the values of viscoelastic properties from the spectra using
many-parametric fit by the functional form where the four interfacial properties are in-
volved. The main problem in fitting of real experimental data by Eq.(8) arises from the
instrumental effect. In many of the earlier works, the researchers,dealing with the spectra,
tried to neglect the instrumental broadening, what was correct for the liquids with high
kinematic viscosity, or used indirect analysis of the experimental data. Such approach was
found as lowering the accuracy of the considered technique. Thus the method of direct fit
in the frequency domain, taking into account the instrumental effect, has been developed.

The form of the autocorrelation function of the scattered light is [18]:

9(7) = FT[P(w)] - exp(—P.7/4) (11)

if omitting some constant factors and second order terms. Here S, is an instrumental width
in some fictitious time domain defined by 7. It is the product of the Fourier transform
(FT) of the power spectrum with instrumental term in the form of the Gaussian. Because
actual "working space” is the frequency range the Fourier image of Eq.(11) has to be

calculated: -
Pw) = f_  eap(iwt)g(t)ds (12)

Thus, the Fourier Transform has to be applied two times: first to calculate the function
g(7) and second in the inverse direction to get the final form of the objective function.
The data have been fitted by the functional calculated in 400 points:

400
F= Z[P(wz) —A- P(UJ.;, 70aﬁ1 €0, 711 el)]2/512 (13)

=1
The function P represents the theoretical spectrum depending on 6 parameters: the four
visco-elastic properties, instrumental width and an amplitude factor A ; it is our objective
function. Because the values of the errors of experimental point &; were unknown we have

used fit with equal weighting.




The fitting with the objective function in the form of (13) requires a strongly nonlinear
minimization method. Levenberg-Marquardt method (Numerical Recipies in FORTRAN)

has been used which is well established for practical applications and has become stan-

dard of nonlinear least-square program. The routine requires analytical expressions for
derivatives and is based on the quasi-Newton algorithm for searching a minimum of a
many variables function. Some acceleration factor was used: if F was far away from min-
imum the step in parameter space has been larger and smaller near the minimum. The
calculations were performed in double precision and with the proper scaling of the fitted
parameters. An unbiased estimated of the variance of the i-th parameter in the solution
T is

varE; = ;Iim;VHt . (14)

where p-is the number of free parameters, N- the number of points and Hj; is the Hessian

matrix. The errors on fitted parameters have been estimated for 68.8 % confidence interval,
using the so-called t-distribution with p-N degrees of freedom (NAG library).

Because the explicit equation connecting wp and T with the four viscoelastic parameters
is absent it is necessary to have an additional knowledge of the values of some of these
parameters (in order of magnitude, at least). This information for a liquid metal interface
is not available up to now in distinction from the monolayer on water surface have been
studied by light scattering technique (for example [1]). All these studies were performed by
spreading an expanded monolayer and monitoring the changes in light scattering spectrum
during the monolayer compression. Some hints on the magnitudes of 7y and ¢ can be
obtained by this mean using the so-called surface isotherm where the values of the surface
pressure versus molecular areas are presented. Such a technique is hardy imaginable for
liquid Ga surface under high vacuum. Thus, the analysis had to be done in somehow
restricted conditions without even approximate information on the ratio 4g/€0 and only
single value of surface coverage. The surface of liquid Gallium in the vacuum container
was mirror reflecting without any visible traces of contamination. The monolayer on the
surface was not ”solid”, its compressibility in the direction along the interface differed from
zero, therefore the condition €y << o was expected. Recent papers show that two types
of oscillations are present at a liquid interface: transverse and longitudinal (the second are
driven by the local gradients of g along the interface). An additional hint for an estimation
of the value of ¢y could be obtained from the reasonable assumption that a maximal
interaction between them appears if two surface modes oscillate close to resonance. Note,

that the fitted values of ¢ were strongly dependent on the initial conditions: at some
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values more than 200mN/m the fit converges to unrealistic solutions. The result of the
fit, with the best fit values of parameters, is shown in Figure 7 together with residuals
containing the difference between the model function and observed experimental data in

each point. The residuals illustrate the magnitude of the noise upon the data: typically it
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Figure 7: The best fit (shown with line) to the experimental spectrum at ¢ =
637.5cm ™. The fitted values of visco-elastic parameters are: 7 = 723.6mNm™1,¢y =
22.78mN/m,e = —1.36-10~*mN -s-m~!,4' = 1.99- 10~*mN - s - m™?

was about 15-20% for nearly all the spectra. Nevertheless the residuals of the fit appeared
uncorrelated and non-biased, demonstrating the adequacy of the model function. The
obtained value of ¢ = 22mNm™!, indicated that the surface film has been in rather

liquid or expanded state, but it is difficult to comment this result in the absence of an
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adsorption isotherm (if such an isotherm is possible to obtain at all). The fitted values of

the four surface properties are shown in Table 1.

Table 1. Visco-elastic properties from the direct fit of experimental spectra.

q,1/em 79, mN/m e,m-N/m‘ e, mN -s/m ¥,mN -s/m
319 752+6.2 222426 (—1.83+0.9)107* (4.2+1.8)104
319 756+55 19.85+2 (-1.8+0.96)10"*%  (4.334+1.8)107*
319 737+3  17.9+1.5 (-2.54+0.25)10"*  (6.7+£0.85)10~*
482 745.3+10.5 20.6+3 (—1.9540.48)10~* (1.34£0.25)10~*
482 723.9+6.7 243+15 (-2.2940.2)107%  (4.36+£0.9)10™*
685 723.6+75 228+21 (~1.3640.25)10"* (1.99+0.63)10™*

Various values of the surface properties obtained at the same q are corresponding to
different I,./I, ratios. Magnitudes of two surface viscosities were self-consistent for all q
and the dispersions were less than the central estimates for all parameters.

For the surface tension a gap between the literature data and its fitted values was found:
7o depends strongly on the surface condition: it could be underestimated if an oxide film
covers the surface. The literature data for liquid gallium at 30°C scatter slightly: from 710
to 724 mNm ™! (Keene,1994). Note that the last value was obtained by using the method
of pendant drop, where a drop of molten metal hangs freely at the end of a capillary-the
thick skin of oxide was teared and the metal surface was in nearly free conditions. The
values of the surface viscosities, inferred from the fit, appeared unexpected higher than
those for a classical surfactant monolayer. The transverse shear viscosity has been always
3-4 times higher than that of the dilational viscosity. This could be an indication of the
space properties of a film: it was easily compressible in plane of interface and hardly in
direction normal to it. 4’ might also be connected with relaxation processes in monolayer,

as it has been shown in [19] for lipid monolayer.

5 Surface viscosity and waves destabilization

The value of the surface dilational viscosity has been found negative, independent of the
initial guess and for all q studied. This strange phenomenon has already been detected
for soluble monolayer of organic molecules on water and the linkage between ¢ < 0 and
the mixing behavior of the surface modes has been revealed in [20, 21]. Following the

ideas of the Belfast group one must return to the Dispersion equation in order to study its

17




numerical solutions for the case of liquid Ga. Different values of the dilational viscosity
correspond to different behavior of capillary and dilational modes. The waves are weakly
coupled for zero or small negative value of ¢ what is displayed in damping constants: T
of the dilational mode is much higher than that of the capillary one. An increasing of |€/|
leads to the approaching of the damping constants and mode mixing occurs. The most
interesting features can be obtained from g-dependence of a system of coupled oscillators.
The behavior of two surface modes is shown in Fig.8 where the frequencies and temporal
dampings for dilational and capillary modes are plotted using the values of viscoelastic

pa.ra.meter§ extracted from the fit. The coupled behavior turns into the mixed one (near
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Figure 8: Coupled behavior of capillary and dilational waves on liquid surface with fol-
lowing properties: 79 = 776mNm™1,¢g = 2dmN/m,e = —1.4-1074mN -s-m™},4' =
4.10"*mN-s-m~!. Damping constants of capillary mode are shown with x, I of dilational

with +. Peak frequencies of capillary mode are shown with O, wy of dilational with ©.

g =~ 1000cm™!) where the temporal damping of the capillary mode rises, but at the same
time I' of the dilational mode falls to negative values. The decrease of T" is due to the
negative ¢'; the dilational wave damping is influenced mainly by € at higher q. Thus,
between ¢ =~ 1000 and 1500cm~! dilational mode becomes capillary due to the mode

mixing and oscillates with essentially negative I' (is not shown). At the same time wp is
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mixing and oscillates with essentially negative I' (is not shown). At the same time wy is
growing up to a point at ¢ = 1200 and falling down to zero at ¢ = 1600cm™! (not shown).
So a consistent instability and overdamping of the dilational mode, caused by the negative
€ is clearly the case here.

It should be borne in mihd, that the negative damping appears as a result of an
application of the linear theory to the solution of the Navier- Stokes equation which is
strictly non-linear. So one rather straightforward conclusion can be that as far as negative
T has been obtained the linear theory does not valid any more: the negative damping leads
to an exponential raising of waves amplitude. This fact seems to be difficult to check,
because the dilational waves barely scatter light. Another explanation of the negativity of
T might be that some additional physical processes like diffusive exchange between surface
and bulk are responsible for the reduction of stability of the dilational mode. However
the influence of diffusion or adsorption cannot be simply accounted for in the frame of
the present theoretical model. Thus as has been already mentioned in [20, 21} the four
surface properties are extracted from fitting the data by an inappropriate spectral form,
so one may speak about ”effective” values of the surface parameters, in particular ¢ and
€9. Unfortunately a theoretical spectrum of the surface waves influenced by all processes
mentioned above is not available yet, nevertheless a plausible picture of two coupled modes
at liquid surface will be given here. A hydrodynamical interpretation can be obtained from

the more attentive view on the Dispersion equation, written into dimensional form [5, 18]:
[(e0 + iwe')g* — iw(m + q)][(70 + iw')g® — iwn(m+ q) — w’p/g) = —w’n*(m ~ g)* (15)

All parameters have their usual meaning and m = /¢ + wwp/q. This is a typical equation
for two coupled oscillators, where the right hand side is a coupling constant, the first
bracket on the left side describes the dilational mode the second one-the capillary mode.
Coupling between them is realized via viscosity that reflects the possibility of generation a
longitudinal wave during the passage of a capillary one. The frequency dependence of the
coupling constant is indicating that the longitudinal wave generates pressure gradients (due
to inertia of the liquid) being able to cast into the transverse wave. When q and frequency
growth ¢ is making the damping of dilational wave negative. For some q in the range
900 < g < 1600cm~! this mode converts into the capillary type (mainly) and becomes
overdamped for ¢ =~ 1600cm ™! while the second mode, being initially of capillary type,
switches to longitudinal one. This transition is mostly apparent in the behavior of damping
constant of capillary mode which undergoes rapid variations at 900 < ¢ < 1200cm 1. Such

variations, if they are really existing, should be detectable in light scattering experiment.
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Unfortunately the resolution of the spectrometer did not allow to collect reliable results
for ¢ > 10001/cm and an additional investigation is thus strongly required.

This complicated wave behavior might be explained in terms of hydrodynamics by
decrease of the "effective” bulk viscosity: the thickness of the hydrodynamic boundary
layer created by the high frequency longitudinal stresses at the surface of the fluid drops
due to reduced bulk viscosity and the pressure gradients normal to the surface become
insufficient to sustain the transverse wave. The following scenario of events can be pro-
posed: mode mixing makes the dilational mode of capillary type, which means that the
transverse oscillations are generated mainly by the oscillatory horizontal component of the
applied stress. But these oscillations are out of phase: under some value of the phase shift
the horizontal force is not able to create any significant motion necessary to sustain the
transverse wave, this wave becomes overdamped. Only ”capillary” mode remains, but it
looks now like ”dilational” one. Of course the explanation given here has an approximative
character: for a more exact description of this complicated coupled behavior information

about the relative magnitude of wave amplitudes is strongly required.

6 Diffusion, adsorption and surface viscoelasticity

Light scattering experiment has been repeated in order to get more reliable results espe-
cially at high wavenumbers. Unbiased estimates of peak frequencies and damping have
been obtained after the first stage of the data evaluations undertaken exactly in the same
manner as it has been described already. The results are shown in Fig.9 together with the
theoretical g-dependencies for liquid Ga surface as a "simple fluid”. Different values of T
for the same q have been derived for various I,./I, ratios, by making use of filters with
varying optical density. While for peak frequencies the deviations from theoretical predic-
tions are negligible, the large anomalies for T’ remain evident, especially for ¢ < 500cm™1.
At the second stage the values of the surface viscosities were inferred by means of a fit of
experimental spectra with the well-known theoretical form [18, 1]. The negative values of
the dilational viscosity € have been found again for all wave-numbers while the errors on
the parameters were less than central estimates returned by the fit. These results were
self-consistent over the whole g-range.

The explanation of the negativity of dilational viscosity and following from it surface
waves destabilization [19] seems to be disputing due to an absence of an explicit source of
energy for disturbances growth. I do not want to diminish the significance of the basic the-

ory, but note that an essential shortcoming of the theoretical model was that no connection
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Figure 9: Experimental data for frequencies X and damping constants O of capillary
waves at the surface of liquid Ga. The theoretical predictions for wy are shown with
dotted line and I-with 4, as for the free surface of liquid Ga with well accepted surface
and bulk properties (see text). The theoretical variations of I' for liquid Ga interface with
€0 = 20mNm™1, D = 2.10"%em?/s,0/T = 2 - 1071 /cm,yp = 750mN/m are depicted
with O for 4/ = 4 - 10*mNsm~1. Solid line represents the theoretical variations of
damping constant for the case of a/Te = —2-1071/cm,y' = 0,D = 2- 10~%em?/s, € =
20mNm™2, vy = 750mN/m.

of the surface viscosities with other physical variables has been established. Therefore,
one may turn to the old but rather important papers [22, 9] where the main equations of
mass transfer on fluid-monolayer interface have been written for the most interesting case
of soluble monolayers. The complex module € has been linked there to the solute transfer,
influencing the local equilibrium between the surface and the concentrational boundary
layer. An important point is that the quasi-equilibrium between the concentration in a
sublayer and the local values of vy and T', directly on the surface is assumed. Using this
central assumption, € may be regarded as an equilibrium property, connecting the changes
in surface tension and changes in area A: € = f%%%‘. In the case of soluble surfactants

the equation of mass balance requires that variations of the surface coverage I'y due to
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the passage of longitudinal wave are balanced by diffusion of solute from the bulk, if the

surface diffusion is negligibly small.

d(T.4)

— +AD( ), =0 (16)

d
E?—VVC = DAC (17)

The general solution of the diffusion equation was taken in the form of a product between
the wave oscillating in time with complex frequency w, propagating along the interface
with wavenumber q and exponentially damped (along z) term with penetration depth n:
C ~ Coezp(nz)expli(gz+wt)]. If only the waves of small amplitude are considered and the
convective term in the equation of diffusion is neglected, then the expression for complex

dilational modulus appears in the form:

SoWw

w— der‘,

where n = 1/q% 4 2w /D and ¢ is the real dilational modulus, having the same form as for
insoluble monolayers: ¢ = —{?F%. In [22] (18) has been written for real w for the case of
externally excited waves but the present idea is to use complex form of w = wqy + I for
the waves with non-zero temporal damping. The inclusion of % into the model implies
the existence of quasi-equilibrium between the time-averaged surface property I', and bulk
concentration €. The term %% expresses the slope of the so-called adsorption isotherm,
which could be found from the form of the Langmuir isotherm, taken for the sake of

simplicity:
dC  (Cla+1)?
4 _(Clat1)a (19)
dr, Too

where T, is the surface saturation concentration and a is the bulk concentration corre-

sponding to the surface adsorption of 'y, /2.

7 Numerical solutions of the modified Dispersion Equation

After the substitution of the complex form of € into the dispersion equation (15), it can

be written as:

. . dC . . dC
[weg® +iw(w—inDoYn(m+ )|y’ +iwn(m+g) ~w’p/q] = —w(w—inD ) n(g—m)]’
] (20)
Now the coupling constant on the right hand side contains not only bulk viscosity but also

the diffusional and adsorption terms. A numerical solution of (20) is shown in Figure 10.
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Figure 10: Frequencies and dampings for coupled capillary, denoted C and dilational
waves D on the liquid surface with properties: vy = 750mN/m, ¢y = 20mN/m,D =
2-107%*cm?/s,a/To, = 5-1071/cm, 9’ = 0. wp of both modes are shown with solid and
dotted lines, T' with -+ for dilational wave and with < for capillary one. Variation' of T of
capillary mode for 4’ = 410~* is depicted with O and discussed in the text.

For the case of ¢’ = 0 it demonstrates the weak-coupled modes behavior found for all values
of D and a/T's, over the range 1-1075 < D < 1-1073(cm?/s) and 1 < a/T's, < 1-107(1/cm).
The mode coupling appears to be somewhat one-sided: the dilational mode has a strong
influence on T of capillary one while the latter barely effects the former. The variations of
€0 may cause the frequency resonance between capillary and dilational modes, but did not
change the principal behavior of I' for both modes. With increase of D the longitudinal
mode behavior is very similar to the pure uncoupled case and for D > 2+ 10~3cm?/s the
longitudinal mode is overdamped for ¢ < 200cm™!, but it is unlikely, that the diffusion
coefficient could be so high.

Under some /T, > 1-1071/cm the dispersion behavior of longitudinal waves differs
from the well known solution (see, for example, [21]). If a/T's rises further, the surface
viscosity is not negligible and the damping becomes equal to the peak frequency, and for

g < 500cm ™! even exceeds the latter. Now the purely dilational mode is looking like a2 wave
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might be called a concentrational one which tends to become overdamped with growth

of a/T. This behavior may be understood from the physics of propagation of dilational
waves. Increasing the concentration of solute in the bulk leads to the appearance of the
diffusional boundary layer just beneath the surface. If the concentration gradients in this
layer are high enough, then the diffusion (as well as adsorption) suppresses the gradients
parallel to the surface. This means, that in the limit of very high concentration nothing of
the visco-elastic behavior will remain- the surface tension gradients are ”short circuited”
by the fast adsorption processes and the surface looks like a ”free” surface, but with higher
bulk viscosity. The role of diffusion as well as adsorption is to amplify the effective viscosity
of the interface that, in turn, causes a rapid decrease of wg and T’ of dilational mode, but
the equality I'; = I'. is never achieved, due to the overdamping of concentrational wave.
This seems to be the main reason why the diffusion and adsorption as well play rather
minor role in the mode mixing. Strongly coupled solution of (20) for the nonzero v’ is
shown in Figure 10 as well. In this case the modes mixing has been predicted in [21],
but without considering of any diffusion-adsorption processes. The principal character of
dependencies is not changed in this case by variations of D up to 1-10~3¢m?/s-above this
value the dilational wave is overdamped exactly in the same manner as has been considered
above. Note, that only the 4/ provides the effect of approaching the damping coeflicients
of the modes in such a way that above ¢ = 1000em ™1 , for particular €g, neither capillary
nor dilational behavior can be distinguished.

One can see a contradiction between the reported g-dependence and the results of
the fit. Indeed, it is well-known [20, 21] fact that the negative €' leads to very strong
coupling and mixing between two surface modes, what is not reflected in the outlined
theory. Therefore, one must recall that T', into the adsorption isotherm is the surface
excess concentration which might, in principal, be negative. Then the dispersion behavior
is changed drastically: a tendency in wave mixing is visible below a/T's, = —5-10%1/cm. In
the case of I'y < 0 one can speak about the surface deficiency concentration instead of the
surface excess. The variations in wg and " are shown in Figure 11. At high q (g > 500cm™1)
the frequencies of capillary and dilational wave follow approximately the "normal” g-
dependence but below (g = 200cm™!) the modes can not be distinguished between each
other, so that complete mixing is apparent. Note, the experimental I' observations are
best-matched to the theoretical damping curves of capillary mode for the case of 7' =
0,a/T = —2- 107 (see Figure 9. The value of the dilational viscosity can be estimated

as: € = [I'me]/wy, where € is given by (19). € calculated in such a way is negative for all
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q over the range 100 < ¢ < 2000(cm™1).

8 Conclusions

This work demonstrates that light scattering from thermally exited capillary waves can
be unique inexpensive technique (in comparison with X-ray scattering) for yielding in-
formation about surface properties of molten metals. If the problem with instrumental
broadening is solved the evaluation of light scattering data will give unbiased estimates
for wp and T' of the surface capillary waves. In the first stage we found that the physi-
cal properties of the liquid Ga surface differed from postulated in the Handbook values.
Especially great anomalies were found for the damping coefficient of the surface capillary
waves with respect to the assumption that these waves propagate on free surface of liquid

Ga. This result resembles the earlier observations of the free surface of mercury [3, 4].
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A reasonable assumption about the presence of a monolayer, possessing four visco-elastic
properties has been made and a successive attempt to extract these parameters has been
undertaken. Direct analysis of spectra of scattered light has been done in the frequency
domain, though the most successive earlier attempts were made in the time domain. The
sensitivity of the method is maximal to the viscoelastic modulus and the surface ten-
sion; the values of the surface viscosities are extracted with greater fractional errors. The
method of direct fitting, being insensitive to the starting point, does not require e priory
knowledge of relations between the parameters and directly measurable wg, I'. A highly
reproducible negative value of the dilational viscosity has been obtained which was found
up to now for completely different water-like systems covered with a monolayer.

The dispersion behavior can be understood in terms of strong coupling and even mix-
ing between capillary and dilational modes which seems to be an intrinsic property of a
liquid, supporting a soluble monolayer. Some doubts still remain whether the negative
dilational surface viscosity really exist or its negativity reflects incomplete understanding
of all physical processes influencing the wave propagation at the interface. Indeed, the
chemical adsorption-desorption processes have not been accounted for into the scattered
light spectrum, but in fact they are very important in a liquid metal surface occurring
in the dynamic equilibrium with the bulk. Therefore an attempt to find a link between
kinetics of adsorption and surface viscoelasticity has been undertaken. Present simula-
tions have rather approximative character; indeed, it seems to be impossible to hold one
or two parameters fixed over the whole g-range, but one feature can be outlined definitely:
for a/T', > 0 no region where one of the two modes was unstable has been found. For
a/To < —T7-107 (for particular D = 2 - 10~*cm?/s) one can find a q-range where the
damping values of the capillary wave have been negative what points out on the wave
instability. The real existence of such values of the diffusion coefficient and the surface
concentration is questionable up to now. The form of equation for the absorption isotherm
is not well-established for liquid metals. It was shown in [23] that the presence of an ad-
sorption barrier can reduce the stability of dilational waves. The consideration has been
made for the uncoupled modes-which might be relevant to this case, accounting for a
tendency of weak coupling at high q. However, the physical situation considered in [23]
could not be directly transfered to the random surface waves: due to an absence of steady
gradient of solute trough the interface, postulated in {23]. The role of this concentrational
gradient should not be underestimated-under certain circumstances it can be a source of

energy for the growth of disturbances. As far as a system does not exchange energy with




the surroundings, there is no manifest reason for destabilization of the waves. Neverthe-
less, there is an intrinsic sublayer (thickness of a few atomic diameters) directly beneath
the surface which was not accounted by the present model, a concentrational ”jump” has
been implied in the frame of hydrodynamic approach. Perhaps calculations of the interfa-
cial kinetics, included into the theoretical model, would finally clarify the question of the

surface modes instability.
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