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Light-scattering study of the mercury liquid-vapor interface
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High frequency capillary waves at a surface of mercury have been studied by means of quasielastic light-
scattering spectroscopy. The observed damping constants of waves differ greatly from those predicted by the
classical theoretical treatment of a Hg surface as that of a simple liquid. This effect is explained in terms of the
presence of a surface layer of highly correlated atoms accompanying the Hg liquid-vapor transition. Viscoelas-
tic properties of this layer are extracted from the fit of experimental spectra with a theoretical form utilizing a
well known phenomenological model. The main conclusion of the present analysis is that the widely used
hydrodynamic limit should be replaced by another form incorporating the Maxwell viscoelastic model.
@S1063-651X~97!08603-0#

PACS number~s!: 61.25.Mv, 68.10.Cr, 68.10.Et
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I. INTRODUCTION

A liquid-metal surface has recently become a subjec
different experimental and theoretical studies. Two rec
experimental studies using x-ray reflectivity clearly demo
strate surface layering in mercury and liquid gallium@1,2#.
Earlier theoretical predictions based on statistical pseudo
tential models of an oscillatory density profile of liqu
metal-vapor interface@3,4# have been confirmed in these e
periments. All the above-mentioned papers postulated
existence of a highly correlated liquid metal-vapor zone w
a characteristic size of a few atomic diameters into the b

On the other hand, much information can be gathe
from monitoring the thermally excited capillary waves intri
sic to the liquid-vapor interface. Quasielastic light scatter
from capillary waves has nowadays become an impor
and extremely sensitive instrument to probe a liquid surf
@5,6#. Only a few papers are available dealing with the a
plication of this technique to a liquid metal surface. One
them @7# was probably the first demonstration of the stru
turing of the Hg surface. The experimentally observed dam
ing constants of the capillary waves have been found ab
the theoretical predictions treating the surface of mercury
that of a simple liquid. The bulk viscosity inferred from the
data was 3–4 times larger than its tabulated value. Such
viations could not be explained by possible errors in the d
evaluation due to some improper form of the objective fu
tion. On the contrary, the instrumental width was exac
extracted from the fit of observed autocorrelation functio
with an appropriate model form. Unfortunately, the paper@7#
provided no evidence of how clean the sample surface w
Therefore it remains unclear up to now whether the repo
effect was really a physical fact or due to the surface c
tamination. If the first is admitted, then it is possible to co
sider the surface of mercury as consisting of a structu
layer, probably possessing viscoelastic properties. An
tempt to extract these properties from the fit ofG(q) data
with an appropriate model was undertaken in@8#.
551063-651X/97/55~3!/3134~9!/$10.00
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Theoretically neither metallic nor vaporized atoms@3#
comprises this layer, which only partially covers the liqu
surface. Monolayer viscoelasticity affects the propagation
the capillary waves, although up to now there has been
strong theoretical basis for the description of the surface
coelastic properties. In a general case a liquid-vapor interf
may possess up to five independent surface moduli@9,10#,
each involving viscous and elastic parts. In practice, ho
ever, only two of these affect the light scattering: either sh
normal to the surface plane or dilational in the surface pla
These moduli comprise two elastic parts, namely, surf
tension and elastic modulus, and two surface viscosities g
erning shear and dilation.

Two surface viscosities appear as a result of the transi
from the liquid bulk~possessing isotropic properties! to the
surface being strongly anisotropic. Theoretically these v
cosities appear after integration the hydrodynamic equat
through the interface. One might expect that surface visc
ties introduced should thus scale as the difference betw
bulk viscosities of two adjacent phases times the thicknes
the interface. It will be demonstrated how the experimenta
obtained values of the surface viscosities correlate with
idea. Two theoretical studies, introducing the surface v
coelasticity differ in their theoretical formalism: in@9# these
properties have been introduced for an isothermal case, w
nonisothermal surface perturbations from the surface equ
rium have been incorporated into the model in@10#.

Two complex surface moduli are responsible for tw
types of surface waves: transverse and longitudinal. Th
waves are intrinsically coupled, and under some circu
stances even mixed@11#. Two surface viscosities play decid
ing roles in the mode-mixing scenario~see@6,11#, and refer-
ences there!. In the so-called hydrodynamic limit thes
viscosities are introduced as dissipative parts of the sur
moduli, viewed as linear response functions@12#. Such a
treatment may fail in the high frequency limit pertinent to t
propagation of capillary waves, as will be discussed belo

This work provides further arguments in favor of a stru
3134 © 1997 The American Physical Society
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55 3135LIGHT-SCATTERING STUDY OF THE MERCURY . . .
turing of the mercury surface carefully purified, and stud
over aq range extended more than hitherto. The viscoela
properties of the mercury surface were inferred for the fi
time, to our knowledge, from a direct data analysis appl
previously to a liquid gallium surface@13,14#.

II. THEORETICAL BACKGROUND

A brief theoretical description will be given here as
basis of the further discussion. A liquid surface is subjec
to continuous disturbances on the molecular level. These
turbances appear in the form of capillary waves, which
turn are due to random pressure fluctuations in the liq
bulk. The surface tension plays a role of a restoring force
short-length capillary waves which are damped by the b
viscosity.

The linearized Navier-Stokes equation gives the disp
sion equation for the propagation of capillary waves a
clean liquid surface,

~ iv12hq2/r!21g0q
3/r54~h/r!2q4A11 ivr/~q2h!,

~1!

which connects the complex frequency~v5v01iG! with the
wave numberq @15#. g0 is the surface tension andh is the
bulk viscosity.

To the first order approximation the roots of the disp
sion equation are given by the well-known relations@15#

v05Ag0q
3/r, ~2!

G5hq2/r. ~3!

In the case of a liquid-monolayer interface possessing
coelastic properties@12,9#, the monolayer viscoelasticity
may be described by two kinds of stress: shear and dilat
The surface tensiong0 and the shear viscosityg8 ~normal to
the interface! are included in a shear modulus:

g5g01 ivg8. ~4!

A dilational modulus can be written as a combination of t
surface elasticity and the dilational viscosity:

e5e01 ive8. ~5!

The dispersion equation of waves at a liquid-monola
interface is usually written in the form@12,6#

D~v!5@eq21 ivh~m1q!#@gq21 ivh~m1q!2v2r/q#

2@ ivh~q2m!#2

50 , ~6!

wherem5Aq21 ivh/r and Re(m).0. Equation~6! can be
considered as the dispersion equation of two coupled sur
modes: capillary and dilational. The physical mechanism
sponsible for the mutual influence between two modes
been already specified@15#. Although only the capillary
waves scatter light appreciably, the wave behavior depe
strongly on the propagation of the dilational mode. This co
sequence means that the power spectrum of capillary w
will be affected by all viscoelastic interfacial properties.
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The power spectrum of thermally excited capillary wav
at the liquid-monolayer interface is usually written as@6#

P~v!5
kT

v

t0q

r
ImF ivh~q1m!1eq2

D~v! G , ~7!

whereD~v! is defined by Eq.~6! evaluated for realv. This
spectrum is not a Lorentzian; four viscoelastic properties
fect the spectral shape~see, for example,@16,6#!. Note that
the outlined theoretical model has been developed fo
liquid-monolayer system including two components. For
single-component fluid with a structured surface, there is
adequate theoretical description of surface viscoelasticity;
will try to adopt the existing theories below.

III. EXPERIMENTAL METHODS

A single wave of wave numberq scatters light at a well-
defined angledq from the specular reflection. The wav
numberq is related to the scattering angledu as

q5
2p

l0
cosu0du, ~8!

wherel0 is the wavelength of the light source andu0 the
angle of incidence.

Heterodyne light beating spectroscopy@18# has been used
to detect the very low frequency shifts. The scattered li
with electric field amplitudeEs is mixed with a reference
beam of amplitudeEr ~ideally time independent!. The output
photocurrent is given by

I ~ t !'uEr u21uEsu212 Re@Er*Es exp„i ~v r2vs!t…#, ~9!

so thatI (t) consists of a dc component~in the ideal case!
plus a heterodyne-beat term at the Doppler-shifted
quency.

The details of operation of the light-scattering spectro
eters may be found elsewhere@19,13#; therefore only a brief
description will be given here. A beam from a 5-mW He-N
laser~TEM00, l5632.5 nm! fell on the liquid metal surface
at an angle of approximately 20°. A diffraction grating, im
aged onto the liquid surface, provided a set of refere
beams (I r), being thus spatially coherent with the scatter
light (I s). Different magnitudes of theI r /I s ratio were ob-
tained by means of low density optical filters. The sign
from an avalanche photodiode was fed to the spectrum a
lyzer ~Spectroscopic Instruments!. The whole apparatus wa
placed on an optical table~Melles Griot!, vibration isolation
being supplied with four air pressured cylinders moun
into the legs.

The scattering anglesdu were determined from photo
graph of the diffraction spots taken with a charge coup
device~CCD! camera at two positions along the beam.

A. Materials and sample cell design

As distinct from liquid gallium, mercury has a lower ox
dation ability; therefore the requirements for preparation o
Hg surface are substantially lower. Nevertheless, if merc
is exposed to open air the surface is immediately covered
a very thin layer of oxide. This layer is so thin that it do
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3136 55V. KOLEVZON, G. GERBETH, AND G. POZDNIAKOV
not scatter light appreciably, and only becomes detectabl
eye after some manipulation producing mechanical stres
the oxide film.

A clean Hg surface was obtained inside a metal cham
having a diameter of 10 cm and a height of 9 cm, and s
plied with a vacuum flange and an optically polished gla
window. About 5 ml of liquid Hg~99.998%, Merck! was
loaded in the open air into a Teflon vessel placed inside
chamber. The vessel terminating in a stainless steel tube~of
a diameter 3 mm! was fixed to the chamber, so that the e
of the tube was located just above the working trough. T
upper end of the tube was tightly closed with a shutter m
chined from teflon. The chamber was sealed with an indi
ring ~between optical window and metal flange!, and pumped
down to a pressure of about 1022 Torr. Then it was over-
pressed with a standard mixture of Ar/~5% H2! ~spectro-
scopic purity! and evacuated again. This cycle repeated s
eral times allowed for degassing the mercury in the ves
The main reason for the choice of hydrogen is that it c
reduce any mercury oxide present. To ensure that no o
comes from the vessel through the tube, its upper end
perfectly wetted by Hg prior to use. The shutter could
opened with a small relay connected to the outer power s
ply. The working trough of a diameter 70 mm was machin
from Ti to a special form providing a depth of 2 mm in th
middle. Before installing the chamber, the trough and
filling vessel were cleaned with chromic acid and carefu
rinsed in double distilled water. After the valve in the ves
was opened only a part of Hg was dropped to the trou
while the rest remained in the vessel together with the ox
film.

The mercury surface in the trough was mirror reflecti
without any visible traces of contamination. A laser bea
specularly reflected from the liquid surface did not disp
any speckles, typically caused by scattering from a rou
oxidized surface. The depth of the Hg layer appeared to
about 2 mm; no efforts were applied to achieve wetting
havior. Nevertheless, the surface was relatively flat, as c
firmed by the minimal divergence of the reflected beam. T
temperature was measured with a thermocouple~diameter
0.2 mm! glued to the trough.

Mercury analyzed after the experiment with atom
absorption spectroscopy did not display any impurities~ex-
cept gold! down to the sensitivity limit of this technique
Gold found in concentration of 0.0018~mass %! could not
influence the surface properties.

B. Instrumental effect

A typical spectrum is shown in Fig. 1. The data are fitt
with a theoretical function accounting for the effect of instr
mental broadening: it arises from the illumination of mo
than one wave vectorq on the liquid surface. The spreaddq
in the wave vectors gives a correspondent broadening in
frequency. A convolution between an ideal spectrum hav
the Lorentzian shape and a Gaussian instrumental functio
width b ~in the frequency domain! gives the form@20,21#

P~v!5E
2`

` ~G/b!exp@2~v2v8!2/b2#

G21~v82v0!
2 dv8. ~10!
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This integral can be solved in terms of a complement
error function of the complex argument@21,22#,

P~v!5ARe†exp„2@ iG/b1~v2v0!/b#2…

3erfc„2 i †iG/b1~v2v0!/b‡…‡1B ~11!

whereA is the scaling amplitude andB the background. Five
properties were extracted from the fit of experimental sp
tra: wave frequencyv0, damping constantG, instrumental
width b, amplitudeA, and backgroundB. To ensure that the
beam has a Gaussian profile, its shape was checked in
photodetector plane by digitizing video images of the d
fraction spots and subsequent analyzing the intensity di
bution across the spots.

The experimentally observed values ofb can be com-
pared with the theoretical estimations. Following the ide
summarized in@23#, one can obtain a broadeningDq corre-
sponding to the Gaussian beam of a widthD ~at 1/e positions
at the beam profile! on the liquid surface,

Dq5
4Aln 2

pD
cosu, ~12!

whereu is an angle of incidence. The corresponding broa
ening in frequencyb is given byb5Dq(dv/dq). If the roots
of the dispersion equation are taken in the form of Eq.~2!,
the instrumental width is defined by

b5
6Aln 2

pD
cosuAqg0 /r. ~13!

For the case of liquid metals having large surface tensi
and relatively small kinematic viscosities, a precise know
edge of the instrumental width is very important, since
dominates the spectral width~at least at low and moderateq!
and, of course, cannot be neglected in the data analysi
might, in principle, be possible to evaluateb from the direct
measurements if the surface tension were known. In
present study it is definitely not the case. Nevertheless,
estimates ofb inferred from the fit can be verified with thos
derived from direct measurements on the basis of Eq.~13! if
the surface tension is supposed to have its accepted valu

FIG. 1. A typical power spectrum of the light scattered by t
free surface of mercury atq5323 cm21. The solid line is the fitting
theoretical function in the form of Eq.~11!.
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55 3137LIGHT-SCATTERING STUDY OF THE MERCURY . . .
is clearly apparent from Eqs.~2! and~13! that the ratioG/b is
an increasing function ofq. This means thatb should have a
smaller effect at higher wave numbers.

Vibrational disturbances were significant only for spec
collected atq5122 cm21, corresponding to the first diffrac
tion order. These data have been omitted from our analy

IV. RESULTS OF CLASSICAL DATA ANALYSIS

A theoretical model treating a liquid metal surface as t
of a simple fluid is referred here as a classical model. T
experimental values ofv0 andG are shown in Fig. 2 togethe
with such theoretical expectations in the form of Eqs.~2! and
~3!, respectively. The values of the peak frequency dif
only slightly from the theoretical dependence, though
q3/2 variation is clear. However, the damping constants de
ate by a factor of 3–4 from the theoretical line. Thev0 andG
data at highq are in good accord with those of Bird and Hil
@7#, although their data have been recovered in the time
main, without using a diffraction grating for heterodynin
and therefore covered a smallerq range. We note that at low
q the presentG data display a tendency toward the classi
G line, which differs essentially from those of@7#.

There remain some doubts whether the reported ef
could be attributed to the presence of an oxide film. In or
to demonstrate the influence of HgO on the capillary wa
the liquid surface was exposed to air and light-scattering
periment was repeated. Observedv0 andG are shown in Fig.
2 as well. As can be seen, the striking difference appear
damping constants collected from the oxidized sample
those with the free surface.

Analysis of the experimental spectra by means of a fit t
convolution of a Lorentzian with a Gaussian is well esta
lished for the evaluation ofG andv0 ~at least in the time
domain!. Large anomalies inG do not appear as a result of a

FIG. 2. Peak frequencies~* ! and damping constants~h! of cap-
illary waves at the surface of mercury. The lines are the theore
predictions of the dispersion behavior based upon the follow
values of the physical properties of mercury:g05475 mN/m,
h51.55 mPa s, andr513.5 g cm23. v0 andG collected from the
Hg/HgO interface are shown with~1! and ~3!, respectively.
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improper data analysis, but must be due to the incorrect tr
ment of the surface of mercury as a simple fluid. The inst
mental width in the frequency domain obtained from the
is shown in Fig. 3. The line forb is not a fit, but displays the
theoreticalb behavior for the present experimental geome
and a given value of the tension of 475 mN/m.

One may suggest that the highly correlated layers
‘‘double-state’’ atoms adsorbed from the vapor at the liqu
surface@3# cause the high damping. The real thickness of
surface zone is not reflected in the capillary wave dispers
equation; therefore the word ‘‘monolayer’’ will be used on
conditionally. Such a monolayer can possess nonzero ela
ity, as its compressibility is different from that of the bulk

Incorporation of surface viscoelasticity into the dispersi
equation leads to drastic changes ofG for capillary waves but
only minor changes inv0. The dilational moduluse0 has the
strongest influence onG andv0 due to the intrinsic coupling
between transverse and longitudinal waves on the liqu
monolayer interface~see for example@8,6#!. In particular,
both the peak frequency and the damping rise when the r
e0/g0 increases starting from zero. The maxima forG andv0
appear neare0/g050.16, as a point of resonance between t
surface modes.

V. DIRECT SPECTRAL FIT

It is strongly desirable to extract the values of viscoelas
properties from each experimentally observed spectrum
ing a multiparametric fit by a functional form involving fou
interfacial properties. The method of direct fitting has be
developed in the frequency domain, taking into account
instrumental effect and using the autocorrelation function
the scattered lightFFT@P(v)# established in@16#

P̂~v!5
1

2p E
2`

`

exp~2 ivt!FFT@P~v!#exp~2b2t2/4!dt,

~14!

al
g

FIG. 3. The instrumental width extracted from the fit show
together with the theoretical prediction Eq.~13! for our experimen-
tal geometry withu0522°, D53.5 mm, and accepted values ofg
andr. The errors are smaller than the plotted points.
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3138 55V. KOLEVZON, G. GERBETH, AND G. POZDNIAKOV
omitting some constant factors. HereP(v) is given by Eq.
~7!, andb is an instrumental width in the time domain. Th
data were fitted by a functional calculated in 400 points:

F5(
i51

400

@P~v i !2AP̂~v i ;g0 ,b,e0 ,e8,g8,h!1B#2/d i
2.

~15!

Since each experimentally collected spectrum was avera
over 500 scans, the fractional errordi at each experimenta
point tends to zero~in the limit of infinite number of aver-
aging!, therefore equal weightings were used. The errors
the fitted parameters were estimated as 68.3% confide
limits. The objective functionP̂ represents the theoretica
spectrum depending on eight parameters: the four viscoe
tic propertiesg0, e0, e8, andg8, instrumental widthb, bulk
viscosityh, amplitude factorA, and constant backgroundB.
The reason for including the bulk viscosity in the fit w
purely to test the correctness of the model. If the postula
effect of highG is caused by the surface elasticity, then t
bulk viscosity returned by the fit should not deviate too mu
from the well-known tabulated value.

The fitted values of the bulk viscosity lie between 1.2 a
1.4 cP, close to the tabulatedh51.55 cP. One can conclud
that the fit of experimentally observed spectra confirms
existence of two contributions to the spectral width: o
from the damping of capillary waves by the bulk viscosity
mercury, and another from viscoelasticity of the surfa
layer. The fit was of the same quality as that shown in Fig
Only at high q~q.1000 cm21! was the noise in the dat
apparent at the spectral wings leading to the large residu
The noise in the data originates in the shot noise at the p
todetector.

Theg0 andg8 data from the fit for various values orq are
plotted in Fig. 4. Theg0 points display a tendency to de
crease withq, which could be attributed to Maxwellian re
laxations. The results forg8 were quite surprising: the nega
tive values were obtained at low and moderateq. A wide
variety of starting points has been tested, and only th
solutions satisfying the relevant statistical criteria are cho
for the final values of the fitted parameters. As was shown
@24#, g8 might in principle be negative. In that caseg8 was
not considered as an independent property, but as reflec
the variations of the surface excess entropy~for a one-
component system!. The physical consequences followin
from the negativeg8 will be specified below.

Let us turn to the dilational viscoelasticity shown in Fi
5. Sincee0 is the main parameter influencing the spect
width, the convergence of the fit was somewhat depend
on the initial values ofe0. The sensitivity of the objective
function to the two surface viscosities is much lower th
that fore0. The surface dilational modulus can be introduc
as for an insoluble monolayer:

e052Gs

dg0

dGs
, ~16!

whereGs is the surface concentration. In the present caseGs
refers to the surface concentration of the highly correla
atoms, partially covering the surface of the liquid metal@3#.
The values ofe0 oscillate in the range between 10 and
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mN m21. Note that for almost allq our extracted values ofe0
were 2–3 times lower than those at the surface mode r
nance. The values ofe0 extracted from the fit contradict thos
~e05310 mN m21! found by Earnshaw’s analysis@8#. This
contradiction is explained by different approach to fitting t
experimentalG at variousq. In @8# the fit involved theq
dependence ofG derived from the solution of the dispersio
equation~6!. When all viscoelastic properties may beq de-
pendent, such a fit cannot be appropriate.

The central estimates ofe8 andg8 oscillate between the
negative and positive values for differentq. The precision of
evaluation of two surface viscosities decreases at highq due
to the lower signal to noise ratio. The weighted averages
all surface properties calculated for allq are interesting
enough to be presented here:g05446 mN/m, e0516.4
mN/m, e850.931025 mN s/m, andg8521.231024 mN
s/m.

The value ofe8, though nonzero, is an order of magnitud
less than that ofg8. The two viscosities reflect the rate o
strains in two different planes: in the plane of interface a
normal to it. The absolute values of the surface viscosi
point to very small relaxations~or nearly infinite speed! of
compression parallel to the surface and oscillation with
sentially nonzero relaxation time for normal shear stress
The main result of this statistical analysis is the negat
averaged value ofg8. This may indicate a loss of stability o
capillary waves~see below!, or result from the incomplete
ness of the theoretical model.

The values of the surface viscosities can be compa
with the bulk shear viscosity if the thickness of the interf

FIG. 4. The data of the surface tensiong0 and the transverse
shear viscosityg8 deduced from the direct spectral fit in the form
Eq. ~15!.
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55 3139LIGHT-SCATTERING STUDY OF THE MERCURY . . .
cial zone is defined. If, say, it is taken as high as 10 nm, t
the magnitude of the bulk viscosity, calculated as the surf
viscosity divided by the interfacial thickness, will be abo
104 times larger than is usually assumed. We believe t
such huge discrepancy reflects the fact that surface visco
~either dilational or normal shear! cannotbe regarded as a
surface excess property comprising the difference betw
bulk viscosities of two adjacent phases. Therefore the abo
mentioned scaling behavior is incorrect. It seems reason
to suppose that the surface viscosity should be scaled a
bulk one times the wavelength of the capillary wave. T
implies that those processes responsible for the surface
coelasticity take place in a region much thicker than
width of the interface. One rather striking example of the
processes in a system of a soluble adsorbed monolayer i
competition between adsorption-desorption and diffusion
the concentrational boundary layer beneath the surface
claimed in @17,14#, the surface dilational viscosity can b
fully accounted for in the frame of this model. The ma
result of this formalism is thate8 ~as well ase0! are not
independent properties but, in fact, depend on some re
ation time, which is a function of the diffusion coefficien
and the slope of the adsorption isotherm. Unfortunately, fo
one-component system~such as pure mercury! such a theo-
retical treatment must be inadequate.

VI. DISPERSION EQUATION

In the following discussion we concentrate upon the
terpretation of theg8 data. Although negativeg8 was re-
ported earlier for the surface of alkanes@24#, a direct analogy

FIG. 5. The surface elastic moduluse0 and the dilational surface
viscositye8 extracted from the direct fit using Eq.~15!.
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with the present case would be incorrect. The main diff
ence is that theG data of@24# were found below the classica
line, while those data observed in the present study lay w
above. We first address the question whether the disper
equation~6!, solved using the values of the surface prop
ties, could clarify the effect of negativeg8.

Figure 6 demonstrates the solutions of Eq.~6! for aver-
aged values of viscoelastic properties found from the fit. T
most important feature of this plot is that the damping co
stants of the capillary wave continuously decrease and
come negative due tog8,0 for q.1000 cm21 ~not shown!.
NegativeG implies an exponential growth of wave ampl
tude. Although wave destabilization is well known for sy
tems with heat or mass flux through the interface~as in the
case of Marangoni convection, for instance! its direct appli-
cation to thermally excited capillary waves seems to be d
putable due to the absence of an energy source for
growth of disturbances in a closed system lacking ste
fluxes or applied fields.

The other possibility is that the introduction ofg8 in the
hydrodynamic limit is incorrect. Indeed, this approach im
plies that the effect of the surface viscosity rises proporti
ally to v @see Eq.~4!#. From a comparison with the usua
hydrodynamics it is quite clear that this cannot be the ca
because viscous effects are known to be important only
the limit of low and moderate frequencies, while at highv
inertia takes over. Thus one may use the Maxwell mo
including correct asymptotic behavior~at low and highv!
for establishing the solution of the dispersion equation. In
framework of this model the properties of a structured s
face layer can be characterized by the elastic~gs! and the
viscous~g8! parts connected via some relaxation timet re-
sponsible for the relaxation of oscillatory shear stress

FIG. 6. Numerical solutions of the dispersion equation Eq.~6!
for a Hg free surface together with the experimentally observedv0
~3! andG ~1!. The viscoelastic properties are those extracted fr
the direct fit after the global averaging:g05445 mN/m,
g8522.831025 mN s/m,e0516 mN/m, ande85131026 mN s/m.
Gc and Gd denote the damping of capillary and dilational wave
respectively. The damping of the capillary mode tends to nega
values~not shown!: the wave destabilization is clearly apparent.
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3140 55V. KOLEVZON, G. GERBETH, AND G. POZDNIAKOV
t;g8/gs @25#. Then the complex shear modulus~frequency
dependent! acting normal to the surface plane is express
via the equilibrium surface tensiong0, an elastic modulusgs
and the transverse shear viscosityg8:

g~v!5g01
2 ivgsg8

gs2 ivg8
. ~17!

In other words, the surface tension comprises two pa
steady and oscillatory.

We may find out the agreement between experiment
detectedv0 andG and the solution of the dispersion equati
for pure capillary waves propagating at the structured
surface. Substituting Eq.~17! into the dispersion equatio
~1!, we find

~ iv12hq2/r!21q3rS g01
2 ivgsg8

gs2 ivg8D
54~h/r!2q4A11 ivr/~q2h! ~18!

We are not aware of solution of the dispersion equation~18!,
whereas it may highlight theq behavior of the capillary
damping. Before the direct comparison with experiment, i
worth establishing the solutions of Eq.~18! for some values
of the surface properties.

The results of numerical solution of the modified disp
sion equation~18! are shown in Fig. 7 for differentg8/gs .
The specific choice ofgs is made to keep thev0 line unal-
terable while studying the change ofG for different surface
viscosities varied in a wide range. Such a choice is dicta
by the trends in the experimental data: the points ofv0 de-
viate negligible from the theoretical line described by E

FIG. 7. Dispersion relations@Eq. ~18!# for the purely transverse
mode~capillary wave! on a liquid surface possessing a normal sh
viscoelastic modulusgs and viscosityg8. The bulk properties were
chosen as for pure mercury. For all the curves,gs5331025 mN/m.
The lines denoted byG0, G1, G2, andG3 were calculated for the
surface shear viscositiesg850, 531025, 431026, and2531025

~mN s/m! respectively. The solutions forv0 coincide for all values
of the surface viscosityg8.
d

s:

ly

g

s

-

d

.

~2!, whereas there is no simple theoretical dependence fo
G points. The plot demonstrates that the damping const
deviate significantly from the solid line@given by Eq.~3!#,
but the peak frequencies remain essentially the same.
instructive to comment briefly on the behavior of the plott
lines. The transverse shear viscosity is assumed at first t
positive and varied in the range 1026,g8,1024 mN s/m but
gs is fixed: gs5331025 mN/m for all the curves. In the
range 1025,g8,131024 mN s/m theG behavior is very
similar to the curve denoted byG1: a maximum deviation
from the q2 law is observed for the wave numbersq,100
cm21, which are below the experimentally accessibleq. For
thoseq studied the slope of theG1 curve does not agree with
the trends in the experimental data~see Fig. 2!. For
g8,631026 mN s/m theG behavior, depicted by theG2
curve, changes drastically: it deviates largely fromq2, and
diverges from the solid line for 100,q,3000 cm21, but for
q,100 andq.9000 ~cm21! the viscoelasticG converges
slowly to those of an ideal surface. It is interesting to no
that if bothgs andg8 are negative,G remains positive up to
certain values ofgs and g8 ~shown with theG3 curve!. In
particular,G of capillary waves becomes negative atq,10
cm21 for g852531025 mN s/m andgs52531023 mN/m.
As mentioned above, the negativeG of waves cannot be
admitted as a physical fact, hence the magnitudes ofgs and
g8 providing negative damping should be considered as n
ral limitations on the surface shear viscosity and surface e
tic modulus.

This G behavior is too complicated to be explained wit
out estimating the magnitudes of the leading terms in
dispersion equation, which is far from the subject of t
present study. Nevertheless, some simple interpretation
the Maxwell formula@Eq. ~17!# involving identification of
the relaxation time ast;g8/gs can be useful. In the limit of
very low frequency~vt!1! the surface elasticity vanishes
and the damping of capillary waves is mainly due to t
surface and bulk viscosities. At a high frequency asympt
~vt@1!, the surface behaves like a ‘‘solid’’ possessing on
the elasticity. In this case, ifgs is small enough to influence
v0, the frequency dependence of the surface complex mo
lus vanishes, and the damping behavior resembles that
pure surface which is apparent from the curves atq.8000
~cm21!. In the intermediate range ofv;t21, the surface dis-
plays a viscoelastic response reflected in the graphG1(q).

It is instructive to see how the experimentally observedG
can be described by the modified dispersion equation. Fig
8 shows the experimental data again, together with the
fit solution for the damping constant derived from Eq.~18!.
The experimental data for capillary waveG with that found
from the modified dispersion equation~G1! demonstrates
relatively good agreement at highq, whereas at lowq the fit
is very poor. In order to see how the effect of high dampi
could be accounted for by the transverse shear mod
alone, the experimental spectra were refitted by the us
model but with the constrainse05e850. Despite the small
deviations between the theoretical and experimental po
the variances ong0, g8, and h were enormous. One ca
conclude that the fit with the present theoretical form fails
derive correct estimates of the surface parameters if only
transverse complex modulus is incorporated into the ob
tive function.

r



io

nd
n
h-
s
on
it
o
to
e
e
he
th
b
tu
m

ui
o
ica

fo
a
b

u
as

ed

er to
his
be-
ing

ry

ce
ri-

eri-

las-
dis-
x-

er-
to

the
the
tes

ion
s is
a-
the
ple
s-
oxi-
be
at a
af-

for
ct
hear

ry
the
an-
s or
the
ic

tro-
ted
ied
er-
he
is
tal
ar

v
s f
y

wn

55 3141LIGHT-SCATTERING STUDY OF THE MERCURY . . .
We turn to the dilational modulus to seek an explanat
for the q behavior. Unfortunately the widely used phenom
enological model does not explain the origin ofe0: it is in-
troduced there either as the surface excess property~arising
from the difference between compressibility in the bulk a
liquid surface! or as an equilibrium constant inherent in a
insoluble monolayer on top of a liquid. For pure liquids wit
out surface structuree050, only the transverse oscillation
are sustained at the surface. In the frame of the conventi
model, considering soluble and insoluble films, the elastic
appears as a result of the feedback reaction of the film
compression. In the case of a highly correlated layer on
of liquid metals, such a reaction is not obvious: the ‘‘corr
lated’’ ~or ‘‘double state’’! atoms being compressed by th
longitudinal wave could easily diffuse to the bulk, and t
surface elasticity might not appear. On the other hand,
equilibrium concentration of the correlated atoms should
constant at a fixed temperature. This implies that tempera
disturbances arising from compression of surface ato
could be responsible for restoring the initial value ofGs . In
this case the surface elasticity appears as a result of q
~nearly adiabatic! compression in the surface plane instead
slow isothermal compression introduced for the class
case of films on a liquid surface.e0 has been treated in@10#
as an analog of the volume compressibility responsible
propagation of longitudinal sound waves. Such an appro
cannot be considered here due to the huge difference
tween the phase velocity of capillary waves~typically a few
m/s! and the speed of sound in mercury~1500 m/s!. e0 is
considered here only as a ‘‘phenomenological’’ property d
to the lack of a precise theoretical definition of surface el

FIG. 8. Dispersion relations for purely transverse wave
coupled longitudinal-transverse ones. Damping constants are a
lows: G1 is the best-fit solution with the Maxwell model onl
@g05465 andgs5931023 ~mN/m!, and g85131026#. G2 is the
capillary-dilational wave damping:g05465 ande0523 ~mN/m!,
andg85e850. Classical damping for the free Hg surface is sho
with the solid line. The peak frequenciesv0 coincide in all cases.
Experimentally observedv0 andG are shown with1 and3, re-
spectively.
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ticity in the case of a one-component liquid with structur
surface.

A solution of the dispersion equation fore0Þ0 is shown in
Fig. 8 with the line depicted asG2. The value of the trans-
verse shear viscosity was assumed equal to zero in ord
demonstrate the pure effect of the dilational modulus. In t
case the dispersion solutions display strong coupling
tween transverse and longitudinal modes. The mode mix
predicted in@11# manifests itself in convergence of theG of
capillary waves andG of dilational ones forq .1000 cm21.
For the range ofq presently studied, the damping of capilla
waves does not display such a tendency~at least if the phe-
nomenological model is used for interpretation of surfa
wave behavior!. The best theoretical line describing expe
mentalG points is that ofe850 andg850. This line is also
shown in the plot. In this case the agreement with the exp
mental data~especially at lowq! is rather poor. The main
essence of the outlined analysis is that neither dilational e
ticity nor transverse shear alone can fully describe the
persion behavior of capillary waves on mercury in the e
perimentally studiedq range.

VII. CONCLUSIONS

This work demonstrates that light scattering from th
mally excited capillary waves can be successfully used
investigate the surface properties of molten metals. If
instrumental broadening is included in the data analysis,
evaluation of light-scattering data gives unbiased estima
for v0 andG of the surface capillary waves.

In the first stage of analysis, the value of surface tens
derived from the observed peak frequencies at ten angle
found to be in good accord with classical data. Large anom
lies have been detected for the damping coefficient of
capillary waves with respect to the assumption of a sim
liquid influencing the wave damping only via the bulk vi
cosity. Since strong precautions were taken against the
dation of Hg surface, the reported anomalies could not
caused by the surface oxide. Hence it is assumed th
highly correlated surface layer possessing viscoelasticity
fects the surface waves.

Four viscoelastic properties of the Hg surface were,
the first time to our knowledge, extracted from the dire
spectral analysis. The weighted average of the normal s
viscosity over the whole experimentally accessibleq was
negative. This would lead to a destabilization of capilla
waves, as can be recognized from numerical solutions of
dispersion equation. However, the wave destabilization c
not be understood in the absence of either steady fluxe
external temperature gradients. Thus the inadequacy of
theory introducing the surface viscosity in the hydrodynam
limit must be admitted.

The effect of a complex transverse shear modulus in
duced through the Maxwell relaxation model and substitu
into the Lamb-Levich dispersion equation has been stud
numerically using values of the surface viscoelastic prop
ties relevant to those found from a many-parametric fit. T
principal effect of introducing the complex shear modulus
to increase the capillary wave damping. The experimen
G(q) behavior is described quite well by this complex she
modulus only at highq, whereas at lowq the agreement is
poor.
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3142 55V. KOLEVZON, G. GERBETH, AND G. POZDNIAKOV
It should be stressed that neitherg~v! nor e0 alone ~as
introduced in the widely used model! can completely de-
scribe the observedG(q) dependence. Some processes, l
the disturbances of the temperature or electric charge de
at a liquid surface, were not accounted for in the framew
of the existing theoretical model, but in fact might be impo
tant for the occurrence of the dilation viscoelasticity@26#.
Hence an adequate theory describing viscoelasticity of a o
component liquid surface would be strongly desirable for
successive application of light-scattering technique.
. S
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