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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.
[S1063-651%97)08603-0

PACS numbsgs): 61.25.Mv, 68.10.Cr, 68.10.Et

I. INTRODUCTION Theoretically neither metallic nor vaporized atorffj
comprises this layer, which only partially covers the liquid

A liquid-metal surface has recently become a subject okurface. Monolayer viscoelasticity affects the propagation of
different experimental and theoretical studies. Two recenthe capillary waves, although up to now there has been no
experimental studies using x-ray reflectivity clearly demon-strong theoretical basis for the description of the surface vis-
strate surface layering in mercury and liquid gallififin2]. coelastic properties. In a general case a liquid-vapor interface
Earlier theoretical predictions based on statistical pseudopanay possess up to five independent surface mdédio],
tential models of an oscillatory density profile of liquid each involving viscous and elastic parts. In practice, how-
metal-vapor interfacg3,4] have been confirmed in these ex- ever, only two of these affect the light scattering: either shear
periments. All the above-mentioned papers postulated theormal to the surface plane or dilational in the surface plane.
existence of a highly correlated liquid metal-vapor zone withThese moduli comprise two elastic parts, namely, surface
a characteristic size of a few atomic diameters into the bulktension and elastic modulus, and two surface viscosities gov-

On the other hand, much information can be gathereerning shear and dilation.
from monitoring the thermally excited capillary waves intrin- ~ Two surface viscosities appear as a result of the transition
sic to the liquid-vapor interface. Quasielastic light scatteringfrom the liquid bulk (possessing isotropic propertigs the
from capillary waves has nowadays become an importangurface being strongly anisotropic. Theoretically these vis-
and extremely sensitive instrument to probe a liquid surfaceosities appear after integration the hydrodynamic equations
[5,6]. Only a few papers are available dealing with the ap-through the interface. One might expect that surface viscosi-
plication of this technique to a liquid metal surface. One ofties introduced should thus scale as the difference between
them[7] was probably the first demonstration of the struc-bulk viscosities of two adjacent phases times the thickness of
turing of the Hg surface. The experimentally observed dampthe interface. It will be demonstrated how the experimentally
ing constants of the capillary waves have been found abovebtained values of the surface viscosities correlate with this
the theoretical predictions treating the surface of mercury aglea. Two theoretical studies, introducing the surface vis-
that of a simple liquid. The bulk viscosity inferred from these coelasticity differ in their theoretical formalism: [9] these
data was 3—4 times larger than its tabulated value. Such d@roperties have been introduced for an isothermal case, while
viations could not be explained by possible errors in the dataonisothermal surface perturbations from the surface equilib-
evaluation due to some improper form of the objective func+ium have been incorporated into the mode[18].
tion. On the contrary, the instrumental width was exactly Two complex surface moduli are responsible for two
extracted from the fit of observed autocorrelation functiongypes of surface waves: transverse and longitudinal. These
with an appropriate model form. Unfortunately, the pg@@r waves are intrinsically coupled, and under some circum-
provided no evidence of how clean the sample surface wastances even mixdd 1]. Two surface viscosities play decid-
Therefore it remains unclear up to now whether the reporteéhg roles in the mode-mixing scenarisee[6,11], and refer-
effect was really a physical fact or due to the surface conences there In the so-called hydrodynamic limit these
tamination. If the first is admitted, then it is possible to con-viscosities are introduced as dissipative parts of the surface
sider the surface of mercury as consisting of a structurednoduli, viewed as linear response functiori®]. Such a
layer, probably possessing viscoelastic properties. An atireatment may fail in the high frequency limit pertinent to the
tempt to extract these properties from the fitlfg) data  propagation of capillary waves, as will be discussed below.
with an appropriate model was undertaker] 8 This work provides further arguments in favor of a struc-
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turing of the mercury surface carefully purified, and studied The power spectrum of thermally excited capillary waves
over ag range extended more than hitherto. The viscoelastiat the liqguid-monolayer interface is usually written[&$
properties of the mercury surface were inferred for the first

time, to our knowledge, from a direct data analysis applied Plw) = k_T 704 iwn(q+m)+eq? )
previously to a liquid gallium surfacil3,14. (@)= o p D(w) '
Il. THEORETICAL BACKGROUND whereD(w) is defined by Eq(6) evaluated for read. This

spectrum is not a Lorentzian; four viscoelastic properties af-

A brief theoretical description will be given here as afect the spectral shapsee, for exampl€]16,6]). Note that
basis of the further discussion. A liquid surface is subjectedhe outlined theoretical model has been developed for a
to continuous disturbances on the molecular level. These disiquid-monolayer system including two components. For a
turbances appear in the form of capillary waves, which insingle-component fluid with a structured surface, there is no

turn are due to random pressure fluctuations in the liquihdequate theoretical description of surface viscoelasticity; we
bulk. The surface tension plays a role of a restoring force ol try to adopt the existing theories below.

short-length capillary waves which are damped by the bulk
viscosity.

The linearized Navier-Stokes equation gives the disper-
sion equation for the propagation of capillary waves at a A single wave of wave numbey scatters light at a well-
clean liquid surface, defined anglesq from the specular reflection. The wave

numberq is related to the scattering angh® as
(io+299%p)*+ 70q3/924(7I/P)2q4\/1+iwp/(qz7l),( )
1

Ill. EXPERIMENTAL METHODS

_277

BBy COS 0,66, (8
0

q
which connects the complex frequen@y=wy+il") with the
wave numbeiq [15]. vy, is the surface tension angis the
bulk viscosity.

To the first order approximation the roots of the disper-

sion equation are given by the well-known relati¢as]

where )\, is the wavelength of the light source amg the
angle of incidence.

Heterodyne light beating spectroscdpg] has been used
to detect the very low frequency shifts. The scattered light
= (v a3, with electric field amplitudeE is mixed with a reference

©@o= Y00/ P, @ beam of amplitudé&, (ideally time independeptThe output
I'=79%p. 3) photocurrent is given by
In the case of a liquid-monolayer interface possessing vis- | (V) =|E[*+|E¢*+2 REE} Es expli (0, — wg)t)], (9)
coelastic propertieg§12,9], the monolayer viscoelasticity ) . i
may be described by two kinds of stress: shear and dilatior?® thatl(t) consists of a dc componefin the ideal case
The surface tensioty, and the shear viscosity’ (normal to ~ Plus @ heterodyne-beat term at the Doppler-shifted fre-

the interface are included in a shear modulus: quency. _ . _
The details of operation of the light-scattering spectrom-
vy=%tioy'. (4)  eters may be found elsewhdit9,13; therefore only a brief

description will be given here. A beam from a 5-mW He-Ne
A dilational modulus can be written as a combination of thelaser(TEMy,, A=632.5 nm fell on the liquid metal surface

surface elasticity and the dilational viscosity: at an angle of approximately 20°. A diffraction grating, im-
. aged onto the liquid surface, provided a set of reference
€=€etlwe . ®)  peams (;), being thus spatially coherent with the scattered

light (I). Different magnitudes of thé,/l ratio were ob-

tained by means of low density optical filters. The signal

from an avalanche photodiode was fed to the spectrum ana-

o2 2., 9 lyzer (Spectroscopic InstrumentsThe whole apparatus was

Dlw)=Leq™+iwn(m+a)]lya™+ion(m+aq)=wp/q] placed on an optical tabl@Melles Grio}, vibration isolation

—liwn(g—m)]? being supplied with four air pressured cylinders mounted
into the legs.
=0, (6) The scattering anglesd were determined from photo-

i ) graph of the diffraction spots taken with a charge coupled
wherem= \/q2+lw77_/p and Re(n)>0. Equation(6) can be device(CCD) camera at two positions along the beam.
considered as the dispersion equation of two coupled surface

modes: capillary and dilational. The physical mechanism re-
sponsible for the mutual influence between two modes has
been already specifiefll5]. Although only the capillary As distinct from liquid gallium, mercury has a lower oxi-
waves scatter light appreciably, the wave behavior dependdation ability; therefore the requirements for preparation of a
strongly on the propagation of the dilational mode. This con-Hg surface are substantially lower. Nevertheless, if mercury
sequence means that the power spectrum of capillary wavés exposed to open air the surface is immediately covered by
will be affected by all viscoelastic interfacial properties. a very thin layer of oxide. This layer is so thin that it does

The dispersion equation of waves at a liquid-monolaye
interface is usually written in the forifil2,6]

A. Materials and sample cell design
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not scatter light appreciably, and only becomes detectable by 10
eye after some manipulation producing mechanical stress on 0.9
the oxide film.

A clean Hg surface was obtained inside a metal chamber
having a diameter of 10 cm and a height of 9 cm, and sup-
plied with a vacuum flange and an optically polished glass
window. About 5 ml of liquid Hg(99.998%, Merck was
loaded in the open air into a Teflon vessel placed inside the
chamber. The vessel terminating in a stainless steel (@be 0.3
a diameter 3 mmwas fixed to the chamber, so that the end 0.2
of the tube was located just above the working trough. The 0.1
upper end of the tube was tightly closed with a shutter ma- 0.0
chined from teflon. The chamber was sealed with an indium
ring (between optical window and metal flangand pumped
down to a pressure of about 10Torr. Then it was over- FIG. 1. A typical power spectrum of the light scattered by the

pressed with a standard mixture of f&% H,) (spectro- free surface of mercury a=323 cni'X. The solid line is the fitting

scopic purity and evacuated again. This cycle repeated S€Viheoretical function in the form of Eq11).

eral times allowed for degassing the mercury in the vessel.

The main reason for the choice of hydrogen is that it canrhjs integral can be solved in terms of a complementary
reduce any mercury oxide present. To ensure that no oxidgrror function of the complex argumeft1,27,
comes from the vessel through the tube, its upper end was

perfectly wetted by Hg prior to use. The shutter could be P(w)=ARdexp(—[iT/B+(w—w)/B1%)
opened with a small relay connected to the outer power sup- o _
ply. The working trough of a diameter 70 mm was machined xerfo—ilil/f+ (0= wo)/fDI+B (1)

from Ti to a special form providing a depth of 2 mm in the \yhereA is the scaling amplitude arf8i the background. Five
middle. Before installing the chamber, the trough and theyroperties were extracted from the fit of experimental spec-
fiIIing vessel were cleaned with chromic acid and CaI’EfU”ytra: wave frequencyvo, damping constant’, instrumental
rinsed in double distilled water. After the valve in the vesselwidth B, amplitudeA, and backgroun®. To ensure that the
was opened only a part of Hg was dropped to the troughbeam has a Gaussian profile, its shape was checked in the
while the rest remained in the vessel together with the oxidghotodetector plane by digitizing video images of the dif-
film. fraction spots and subsequent analyzing the intensity distri-
The mercury surface in the trough was mirror reflectingbution across the spots.
without any visible traces of contamination. A laser beam The experimentally observed values gfcan be com-
specularly reflected from the liquid surface did not displaypared with the theoretical estimations. Following the ideas
any speckles, typically caused by scattering from a rougigummarized irf23], one can obtain a broadeniigy corre-
oxidized surface. The depth of the Hg layer appeared to b&Ponding to the Gaussian beam of a wibltat 1k positions
about 2 mm:; no efforts were applied to achieve wetting be&t the beam profileon the liquid surface,
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0.5
0.4

power spectrum (arb. unit)

5 3 15
frequency (10° Hz)

havior. Nevertheless, the surface was relatively flat, as con- 4in2
firmed by the minimal divergence of the reflected beam. The Ag= N cos . (12)
temperature was measured with a thermocouygdiameter mD

0.2 mm glued to the trough.

Mercury analyzed after the experiment with atom-
absorption spectroscopy did not display any impurites
cept gold down to the sensitivity limit of this technique.
Gold found in concentration of 0.001®hass % could not
influence the surface properties.

where @ is an angle of incidence. The corresponding broad-
ening in frequency3 is given byp=Aq(dw/dq). If the roots

of the dispersion equation are taken in the form of &,

the instrumental width is defined by

B 6+/In2
~ @D

cos 6\ Qqyo/p. (13
B. Instrumental effect

A typical spectrum is shown in Fig. 1. The data are fitted For the case of liquid metals having large surface tensions
with a theoretical function accounting for the effect of instru- and relatively small kinematic viscosities, a precise knowl-
mental broadening: it arises from the illumination of moreedge of the instrumental width is very important, since it
than one wave vectay on the liquid surface. The spre@d] ~ dominates the spectral widtat least at low and moderatg
in the wave vectors gives a correspondent broadening in thgnd, of course, cannot be neglected in the data analysis. It
frequency. A convolution between an ideal spectrum havingnight, in principle, be possible to evalugégrom the direct
the Lorentzian shape and a Gaussian instrumental function @fieasurements if the surface tension were known. In the
width g (in the frequency domajrgives the form(20,21 present study it is definitely not the case. Nevertheless, the

- (TIB)ext — (0—w')2I B2 estimates of3 inferred from the fit can be verified with those
P(“’):f (r'/p eZF{ (0—w 5 B] do’. (10 derived from direct measurements on the basis of(E). if
— '+ (0’ = o) the surface tension is supposed to have its accepted value. It
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FIG. 2. Peak frequencigs) and damping constan(g)) of cap- FIG. 3. The instrumental width extracted from the fit shown

illary waves at the surface of mercury. The lines are the theoretic%gether with the theoretical prediction EG:3) for our experimen-
predictions of the dispersion behavior based upon the followingy) geometry with6,=22°, D=3.5 mm, and accepted values of
values of the physical properties of mercuryy=475 mN/m,  anq, The errors are smaller than the plotted points.

7=1.55 mPas, ang=13.5 g cm . wy and " collected from the

Hg/HgO interface are shown witht) and (), respectively. improper data analysis, but must be due to the incorrect treat-
. _ . ment of the surface of mercury as a simple fluid. The instru-
is clearly apparent from Eq2) and(13) that the ratid/8is  mental width in the frequency domain obtained from the fit
an increasing function af. This means thgg should have a is shown in Fig. 3. The line fog is not a fit, but displays the

smaller effect at higher wave numbers. theoretical@ behavior for the present experimental geometry
Vibrational disturbances were significant only for spectraand a given value of the tension of 475 mN/m.
collected aty=122 cm %, corresponding to the first diffrac- One may suggest that the highly correlated layers of

tion order. These data have been omitted from our analysis:double-state” atoms adsorbed from the vapor at the liquid
surface{ 3] cause the high damping. The real thickness of the
IV. RESULTS OF CLASSICAL DATA ANALYSIS surface zone is not reflected in the capillary wave dispersion
equation; therefore the word “monolayer” will be used only

A theoretical model treating a liquid metal surface as thatonditionally. Such a monolayer can possess nonzero elastic-
of a simple fluid is referred here as a classical model. Thety, as its compressibility is different from that of the bulk.
experimental values ab, andI” are shown in Fig. 2 together  |ncorporation of surface viscoelasticity into the dispersion
with such theoretical expectations in the form of E@3.and  equation leads to drastic changed'dbr capillary waves but
(3), respectively. The values of the peak frequency differonly minor changes imy,. The dilational modulug; has the
only slightly from the theoretical dependence, though thestrongest influence ofi andw, due to the intrinsic coupling
g~ variation is clear. However, the damping constants devipetween transverse and longitudinal waves on the liquid-
ate by a factor of 3—4 from the theoretical line. ThgandI’ monolayer interfacgsee for exampld8,6]). In particular,
data at highy are in good accord with those of Bird and Hills hoth the peak frequency and the damping rise when the ratio
[7], although their data have been recovered in the time dogy/y, increases starting from zero. The maxima Ffoand wp
main, without using a diffraction grating for heterodyning, appear nea¢,/y,=0.16, as a point of resonance between two
and therefore covered a smaltgrange. We note that at low surface modes.

g the present” data display a tendency toward the classical
I' line, which differs essentially from those pf]. V. DIRECT SPECTRAL FIT

There remain some doubts whether the reported effect
could be attributed to the presence of an oxide film. In order It is strongly desirable to extract the values of viscoelastic
to demonstrate the influence of HgO on the capillary wavegroperties from each experimentally observed spectrum us-
the liquid surface was exposed to air and light-scattering exing a multiparametric fit by a functional form involving four
periment was repeated. ObseruggandI” are shown in Fig. interfacial properties. The method of direct fitting has been
2 as well. As can be seen, the striking difference appears ifleveloped in the frequency domain, taking into account the
damping constants collected from the oxidized sample anthstrumental effect and using the autocorrelation function of
those with the free surface. the scattered lighE™"[ P(w)] established if16]

Analysis of the experimental spectra by means of a fit to a 1 e
convolution of a Lorentzian with a Gaussian is well estab- - _ ; FT, 2,2
lished for the evaluation of and wy (at least in the time (@) 2 f % SXp—lwnFT[Plw) Jexp = forl4)dr,
domain. Large anomalies ifi do not appear as a result of an (19
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omitting some constant factors. Helf w) is given by Eq. 550 .
(7), and B is an instrumental width in the time domain. The
data were fitted by a functional calculated in 400 points: 500 | .

400 A '.-E 450+ % % } . i

F:iZ]_[P(wi)_AP(wi;701B1€016’1’y,177)+8]2/5i2' E 400 +
(15 =
350 - | ]
Since each experimentally collected spectrum was averaged
over 500 scans, the fractional err§rat each experimental 300 ‘ :
point tends to zerdin the limit of infinite number of aver- 500 _Jooo 1500
aging, therefore equal weightings were used. The errors on a (em™)
the fitted parameters were estimated as 68.3% confidence
limits. The objective functionP represents the theoretical
spectrum depending on eight parameters: the four viscoelas- 1.0 , :
tic propertiesy,, €, €, andy/, instrumental widthg, bulk
viscosity », amplitude factorA, and constant backgrouril - 00 XN i i
The reason for including the bulk viscosity in the fit was % ' . &
purely to test the correctness of the model. If the postulated =z -
effect of highT' is caused by the surface elasticity, then the q)E 1.0 ]
bulk viscosity returned by the fit should not deviate too much 2
from the well-known tabulated value. Z ool -
The fitted values of the bulk viscosity lie between 1.2 and

1.4 cP, close to the tabulateg=1.55 cP. One can conclude , )
that the fit of experimentally observed spectra confirms the 8.0 500 1000 1500
existence of two contributions to the spectral width: one q(cm™)

from the damping of capillary waves by the bulk viscosity of
mercury, and another from viscoelasticity of the surface FIG. 4. The data of the surface tensigp and the transverse
layer. The fit was of the same quality as that shown in Fig. 1shear viscosityy’ deduced from the direct spectral fit in the form of
Only at high q(q>1000 cni') was the noise in the data Ed-(19-
apparent at the spectral wings leading to the large residuals.
The noise in the data originates in the shot noise at the phanN m~. Note that for almost alfj our extracted values af,
todetector. were 2—3 times lower than those at the surface mode reso-
The y, andy’ data from the fit for various values grare  nance. The values @f, extracted from the fit contradict those
plotted in Fig. 4. They, points display a tendency to de- (=310 mN m 1) found by Earnshaw’s analys[8]. This
crease withg, which could be attributed to Maxwellian re- contradiction is explained by different approach to fitting the
laxations. The results foy’ were quite surprising: the nega- experimentall’ at variousq. In [8] the fit involved theq
tive values were obtained at low and modergteA wide  dependence df derived from the solution of the dispersion
variety of starting points has been tested, and only thosequation(6). When all viscoelastic properties may fede-
solutions satisfying the relevant statistical criteria are chosependent, such a fit cannot be appropriate.
for the final values of the fitted parameters. As was shown in The central estimates af and y' oscillate between the
[24], ¥' might in principle be negative. In that cagé was  negative and positive values for differantThe precision of
not considered as an independent property, but as reflectingsaluation of two surface viscosities decreases at bighe
the variations of the surface excess entrgfigr a one- to the lower signal to noise ratio. The weighted averages of
component system The physical consequences following all surface properties calculated for ajl are interesting
from the negativey’ will be specified below. enough to be presented here;=446 mN/m, ¢,=16.4

Let us turn to the dilational viscoelasticity shown in Fig. mN/m, € =0.9x10"°> mNs/m, andy'=-1.2x10"* mN
5. Sincee, is the main parameter influencing the spectrals/m.
width, the convergence of the fit was somewhat dependent The value ofe’, though nonzero, is an order of magnitude
on the initial values ofe;. The sensitivity of the objective less than that ofy’. The two viscosities reflect the rate of
function to the two surface viscosities is much lower thanstrains in two different planes: in the plane of interface and
that for ¢;. The surface dilational modulus can be introducednormal to it. The absolute values of the surface viscosities

as for an insoluble monolayer: point to very small relaxationéor nearly infinite speedof
compression parallel to the surface and oscillation with es-
=T dyo (16) sentially nonzero relaxation time for normal shear stresses.
0 Sdry’ The main result of this statistical analysis is the negative

averaged value of’. This may indicate a loss of stability of
whereT' is the surface concentration. In the present cBse, capillary waves(see belowy; or result from the incomplete-
refers to the surface concentration of the highly correlatediess of the theoretical model.
atoms, partially covering the surface of the liquid még&il The values of the surface viscosities can be compared
The values ofg, oscillate in the range between 10 and 20with the bulk shear viscosity if the thickness of the interfa-
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2 for a Hg free surface together with the experimentally obsemgd
“w 06 7 (X) andT" (+). The viscoelastic properties are those extracted from
-0.8 K 4 the direct fit after the global averagingy,=445 mN/m,
4ol , , y =—2.8X10"° mN s/m, ;=16 mN/m, ande’=1x10"® mN s/m.

' 500 1000 1500 I'. andI'y denote the damping of capillary and dilational waves,
q(cm™) respectively. The damping of the capillary mode tends to negative

values(not shown: the wave destabilization is clearly apparent.
FIG. 5. The surface elastic modulggand the dilational surface

viscosity € extracted from the direct fit using E(L5). with the present case would be incorrect. The main differ-

ence is that th&' data of{ 24] were found below the classical
cial zone is defined. If, say, it is taken as high as 10 nm, thetine, while those data observed in the present study lay well
the magnitude of the bulk viscosity, calculated as the surfacabove. We first address the question whether the dispersion
viscosity divided by the interfacial thickness, will be about equation(6), solved using the values of the surface proper-
10* times larger than is usually assumed. We believe thaties, could clarify the effect of negative .
such huge discrepancy reflects the fact that surface viscosity Figure 6 demonstrates the solutions of Eg). for aver-
(either dilational or normal sheacannotbe regarded as a aged values of viscoelastic properties found from the fit. The
surface excess property comprising the difference betweemost important feature of this plot is that the damping con-
bulk viscosities of two adjacent phases. Therefore the abovestants of the capillary wave continuously decrease and be-
mentioned scaling behavior is incorrect. It seems reasonableme negative due t¢’ <0 for q>1000 cm * (not shown.
to suppose that the surface viscosity should be scaled as tiNegativel” implies an exponential growth of wave ampli-
bulk one times the wavelength of the capillary wave. Thistude. Although wave destabilization is well known for sys-
implies that those processes responsible for the surface vitems with heat or mass flux through the interfdas in the
coelasticity take place in a region much thicker than thecase of Marangoni convection, for instahds direct appli-
width of the interface. One rather striking example of thesecation to thermally excited capillary waves seems to be dis-
processes in a system of a soluble adsorbed monolayer is tipeitable due to the absence of an energy source for the
competition between adsorption-desorption and diffusion irgrowth of disturbances in a closed system lacking steady
the concentrational boundary layer beneath the surface. Affuxes or applied fields.
claimed in[17,14), the surface dilational viscosity can be  The other possibility is that the introduction ¢f in the
fully accounted for in the frame of this model. The main hydrodynamic limit is incorrect. Indeed, this approach im-
result of this formalism is that’ (as well ase;) are not plies that the effect of the surface viscosity rises proportion-
independent properties but, in fact, depend on some relaxlly to o [see Eq.(4)]. From a comparison with the usual
ation time, which is a function of the diffusion coefficient hydrodynamics it is quite clear that this cannot be the case,
and the slope of the adsorption isotherm. Unfortunately, for decause viscous effects are known to be important only in
one-component systefsuch as pure mercunguch a theo- the limit of low and moderate frequencies, while at high
retical treatment must be inadequate. inertia takes over. Thus one may use the Maxwell model
including correct asymptotic behavidat low and highw)
for establishing the solution of the dispersion equation. In the
framework of this model the properties of a structured sur-

In the following discussion we concentrate upon the in-face layer can be characterized by the elaétig and the

terpretation of they’ data. Although negative/ was re- viscous(y') parts connected via some relaxation timee-
ported earlier for the surface of alkarj@gl], a direct analogy sponsible for the relaxation of oscillatory shear stresses:

VI. DISPERSION EQUATION
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108 (2), whereas there is no simple theoretical dependence for the
T I" points. The plot demonstrates that the damping constants
10° _ ] deviate significantly frqm the sqlid IinEgiv_en by Eq.(3)], _
o but the peak frequencies remain essentially the same. It is

10* F instructive to comment briefly on the behavior of the plotted
3t lines. The transverse shear viscosity is assumed at first to be
N 107 ¢ ) positive and varied in the range 18<y'<10™* mN s/m but
£ 102} ys is fixed: y,=3x10"° mN/m for all the curves. In the
Pt range 10°<y <1Xx10 * mN s/m theT behavior is very
& 10' i similar to the curve denoted bl;: a maximum deviation
o Tys from the g2 law is observed for the wave numbegs<100
10 E cm 1, which are below the experimentally accessitlé=or
107! thoseq studied the slope of thE; curve does not agree with

the trends in the experimental daisee Fig. 2 For

1072 ¥'<6x10°® mN s/m thel behavior, depicted by th&,
3 4 curve, changes drastically: it deviates largely frof and
10 S S — diverges from the solid line for 180q<3000 cm %, but for
10’ 10° 10° -1 i i
(Cm_1) g<100 andg>9000 (cm *) the viscoelasticl' converges
q slowly to those of an ideal surface. It is interesting to note

that if both y, and y are negativel” remains positive up to

FIG. 7._ Dispersion relat_lon_EEq.(18)] for the pyrely transverse certain values ofy, and y' (shown with thel's curve. In
mode(capillary wave on a liquid surface possessing a normal shear articular,T" of capillary waves becomes negativecat 10
viscoelastic modulusg, and viscosityy’. The bulk properties were P ! piifary 9

—1 r_ —5 — —3
chosen as for pure mercury. For all the curves; 3X10™°> mN/m. Zm for Y _d 5>[;<)10 rEN s/m ar"\?é?’sf 5x10 mN/ml.J
The lines denoted by, I'y, I',, andI'; were calculated for the S mentioned above, the negative of waves cannot be

surface shear viscositieg =0, 5x10°5, 4x1075, and —5x10°5 admitted as a physical fact, hence the magnitudeg; @nd

; L . ; ;
(mN s/m respectively. The solutions faw, coincide for all values ¥ Providing negative damping should be considered as natu-
of the surface viscosity/'. ral limitations on the surface shear viscosity and surface elas-

tic modulus.

79I [25]. Then the complex shear modul(fsequency This I" behavior is too complicated to be explained with-
dependentacting normal to the surface plane is expressedUt estimating the magnitudes of the leading terms in the

via the equilibrium surface tensiop, an elastic moduluy, ~ dispersion equation, which is far from the subject of the
and the transverse shear viscosjty present study. Nevertheless, some simple interpretations of

the Maxwell formula[Eq. (17)] involving identification of
—lwysy' the relaxation time as~v'/ys can be useful. In the limit of
(17 very low frequency(wr<1) the surface elasticity vanishes,
and the damping of capillary waves is mainly due to the

In other words, the surface tension comprises two partsSurface and bulk viscosities. At a high frequency asymptote
steady and oscillatory. (w7>1), the surface behaves like a “solid” possessing only

We may find out the agreement between experimenta”)‘}he 9|a.StiCity. In this case, if/s is small enough to influence
detecteds, andI” and the solution of the dispersion equation wo. the frequency dependence of the surface complex modu-
for pure capillary waves propagating at the structured HJus vanishes, and the damping behavior resembles that of a
surface. Substituting Eq(17) into the dispersion equation Pure surface which is apparent from the curves 28000

= + —.
(@)= 1o R

(1), we find (cm™1). In the intermediate range af~7 %, the surface dis-
plays a viscoelastic response reflected in the gih).
) —iwysy' It is instructive to see how the experimentally obserVed
(io+299%p)?+ QSP( Yot m) can be described by the modified dispersion equation. Figure

8 shows the experimental data again, together with the best
=4(5lp)’q*V1+iwpl/(9°7y) (18 fit solution for the damping constant derived from E#8).
The experimental data for capillary wavewith that found
We are not aware of solution of the dispersion equati®), from the modified dispersion equatiofi’;) demonstrates
whereas it may highlight thg behavior of the capillary relatively good agreement at higf whereas at lovg the fit
damping. Before the direct comparison with experiment, it isis very poor. In order to see how the effect of high damping
worth establishing the solutions of E{.8) for some values could be accounted for by the transverse shear modulus
of the surface properties. alone, the experimental spectra were refitted by the usual
The results of numerical solution of the modified disper-model but with the constraing,=¢'=0. Despite the small
sion equation(18) are shown in Fig. 7 for differeny'/ys. deviations between the theoretical and experimental points
The specific choice ofy, is made to keep they, line unal-  the variances ony,, y', and » were enormous. One can
terable while studying the change Bffor different surface conclude that the fit with the present theoretical form fails to
viscosities varied in a wide range. Such a choice is dictatederive correct estimates of the surface parameters if only the
by the trends in the experimental data: the pointsugide-  transverse complex modulus is incorporated into the objec-
viate negligible from the theoretical line described by Eq.tive function.
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ticity in the case of a one-component liquid with structured
surface.

A solution of the dispersion equation feg0 is shown in
Fig. 8 with the line depicted aB,. The value of the trans-
verse shear viscosity was assumed equal to zero in order to
demonstrate the pure effect of the dilational modulus. In this
case the dispersion solutions display strong coupling be-
tween transverse and longitudinal modes. The mode mixing
predicted in[11] manifests itself in convergence of theof
capillary waves and" of dilational ones forg >1000 cm*.
For the range of] presently studied, the damping of capillary
waves does not display such a tendefatyleast if the phe-
nomenological model is used for interpretation of surface
wave behavior The best theoretical line describing experi-
mentalT" points is that ofe'=0 andy'=0. This line is also
shown in the plot. In this case the agreement with the experi-

wg, T (Hz)

10° > E— '3 mental data(especially at lowq) is rather poor. The main
10 4. 10 essence of the outlined analysis is that neither dilational elas-
qem’) ticity nor transverse shear alone can fully describe the dis-

) ] ) persion behavior of capillary waves on mercury in the ex-
FIG. 8. Dispersion relations for purely transverse wave Vsperimentally studied) range.

coupled longitudinal-transverse ones. Damping constants are as fol-

lows: I'; is the best-fit solution with the Maxwell model only VII. CONCLUSIONS
[1o=465 and y,=9x10"% (mN/m), and y'=1x1078]. I, is the . . .
capillary-dilational wave dampingy,=465 and ;=23 (mN/m), This work demonstrates that light scattering from ther-

and y' =€ =0. Classical damping for the free Hg surface is shownmally excited capillary waves can be successfully used to
with the solid line. The peak frequencieg coincide in all cases. investigate the surface properties of molten metals. If the
Experimentally observedy, andI" are shown with+ and X, re-  instrumental broadening is included in the data analysis, the
spectively. evaluation of light-scattering data gives unbiased estimates
for wg and T of the surface capillary waves.
In the first stage of analysis, the value of surface tension

We turn to the dilational modulus to seek an explanationderived from the observed peak frequencies at ten angles is
for the g behavior. Unfortunately the widely used phenom-found to be in good accord with classical data. Large anoma-
enological model does not explain the origin &f it is in- lies have been detected for the damping coefficient of the
troduced there either as the surface excess progerising capillary waves with respect to the assumption of a simple
from the difference between compressibility in the bulk andliquid influencing the wave damping only via the bulk vis-
liquid surface or as an equilibrium constant inherent in an cosity. Since strong precautions were taken against the oxi-
insoluble monolayer on top of a liquid. For pure liquids with- dation of Hg surface, the reported anomalies could not be
out surface structureg,=0, only the transverse oscillations caused by the surface oxide. Hence it is assumed that a
are sustained at the surface. In the frame of the convention&ighly correlated surface layer possessing viscoelasticity af-
model, considering soluble and insoluble films, the elasticityfects the surface waves.
appears as a result of the feedback reaction of the film on Four viscoelastic properties of the Hg surface were, for
compression. In the case of a highly correlated layer on tophe first time to our knowledge, extracted from the direct
of liquid metals, such a reaction is not obvious: the “corre-spectral analysis. The weighted average of the normal shear
lated” (or “double state’) atoms being compressed by the viscosity over the whole experimentally accessiglavas
longitudinal wave could easily diffuse to the bulk, and thenegative. This would lead to a destabilization of capillary
surface elasticity might not appear. On the other hand, thevaves, as can be recognized from numerical solutions of the
equilibrium concentration of the correlated atoms should belispersion equation. However, the wave destabilization can-
constant at a fixed temperature. This implies that temperatuneot be understood in the absence of either steady fluxes or
disturbances arising from compression of surface atomexternal temperature gradients. Thus the inadequacy of the
could be responsible for restoring the initial valuel@f In  theory introducing the surface viscosity in the hydrodynamic
this case the surface elasticity appears as a result of quidknit must be admitted.
(nearly adiabaticcompression in the surface plane instead of The effect of a complex transverse shear modulus intro-
slow isothermal compression introduced for the classicatiuced through the Maxwell relaxation model and substituted
case of films on a liquid surfacey has been treated ii0] into the Lamb-Levich dispersion equation has been studied
as an analog of the volume compressibility responsible fonumerically using values of the surface viscoelastic proper-
propagation of longitudinal sound waves. Such an approacties relevant to those found from a many-parametric fit. The
cannot be considered here due to the huge difference bgrincipal effect of introducing the complex shear modulus is
tween the phase velocity of capillary wavgpically a few  to increase the capillary wave damping. The experimental
m/s) and the speed of sound in mercud500 m/3. ¢ is  I'(q) behavior is described quite well by this complex shear
considered here only as a “phenomenological” property duemodulus only at highg, whereas at lowy the agreement is
to the lack of a precise theoretical definition of surface elaspoor.
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