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Capillary waves in slow motion
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Capillary wave dynamics on glycerol surfaces has been investigated by means of x-ray photon correlation
spectroscopy performed at grazing angles. The measurements show that thermally activated capillary wave
motion is slowed down exponentially when the sample is cooled below 273 K. This finding directly reflects the
freezing of the surface waves. The wave-number dependence of the measured time constants is in quantitative
agreement with theoretical predictions for overdamped capillary waves.
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It is well known that thermally activated capillary waves tions in free-standing smectic filnt&1° Here we report the
decorate the surfaces of liquité Many x-ray scattering ex- first successful application of XPCS to monitor lateral mo-
periments that show the unambiguous “fingerprints” of cap-tions at surfaces. XPCS was applied under grazing incident
illary waves on liquid surfaces, such as power-law tails in theand exit angles to measure the dynamics of capillary waves
diffuse scattering or the dependence of the measured rnf¥ the surface of the prototype glass-former glycerol.
roughness on the instrumental resolution due to quasi-long- The x-ray experiments were performed at the ID10A
range correlations, have been performed in the (sast, e.g., (Troika) beamline of the European Synchrotron Radiation
Refs. 3—7. These experiments, however, have tested thé&acility in Grenoble. The surfaces were illuminated with 8
statictime-averaged structure rather than the dynamics of thieV radiation(wavelength\ =1.548 A from a set of three
surface fluctuations. Direct measurements of capillary wavéindulators. The radiation was monochromatized by(&13)
fluctuations have been done extensively by dynamic lighgrystal with a wavelength bandpassi/\ ~10"* yielding
scattering® (DLS) (for a review, see the articles in Ref, 10 a longitudinal coherence length=\% AN of about 1um.
and references therginFor lateral length scales below A pinhole with a diameter of 12m was mounted 278 mm
100um DLS may suffer from bulk scattering effects, mak- upstream from the sample in order to obtain a collimated and
ing an unambiguous distinction between scattering stemmingpartially) coherent beam. Typical transverse coherence
from the surface and from the liquid underneath almost im{engths at the pinhole are 1@0n in the vertical and 1gm
possible. It will be shown here that the accessible laterain the horizontal direction. A guard slit in front of the sample
length scales can be extended by almost two orders of magvas used to suppress the Fraunhofer fringes from the first
nitude toward smaller length scales if x rays instead of lasepinhole. The data were collected with a scintillation counter
light are used as probe. For this purpose we have used tias a distance 2368 mm downstream from the sample. A col-
established fact that x-ray scattering becomes surface sendimating aperture with an adjustable size of 15-108 was
tive when applied under grazing incidence well below thechosen in front of the detector. The time-autocorrelation
critical angle of total external reflection. Thus, the resultanfunctions were recorded with a digital ALV5000/E cor-
scattering is intrinsically free from bulk contaminations. In relator. The setup is sketched in Fig. 1.
addition, x-ray scattering is unaffected by multiple scattering The glycerol(from Fluka No. 49770, purity always better
effects that may make the precise determination of the laterdhan 99.5%) was put into an evacuated inner sample cell.
wave vector difficult. The major drawback of x rays is the This cell was cooled by a constant flow of liquid nitrogen. A
fact that conventional sources are essentially incoherenfilm of approximately 4.5 mm thickness was filled into an
which renders the direct measurement of dynamics imposaluminum trough of 140 mm diameter. The size of the trough
sible. was chosen such that a large flat area of glycerol is obtained

With high-brilliance third generation sources it has be-in the middle that is unaffected by the meniscus at the bor-
come possible to obtain intense x-ray beams possessingder. Furthermore, the entire footprint of the impinging radia-
high degree of coherence. Such beams are produced by gé&n should fit onto the sample surface in order to maximize
lecting the coherent part of the impinging radiation from an
otherwise incoherent beam using micrometer-sized pinholes.

Both experiments and calculations have been carried out thatx_mybeam
demonstrate and explain the coherence properties of such
beams(see, e.g. Refs. 11-13n addition, photon correla- Pinhole ‘ (*'//
tion spectroscopy with coherent x rap6PCS has been suc-

cessfully applied to study the dynamics in several colloidal i
and micelle system¥ 1" The advantage of XPCS over DLS

is that nontransparent samples can be investigated and largel
wave-vector transfers may be achieved. Recently, XPCS has
also been applied to study the dynamics of vertical fluctua- FIG. 1. Sketch of the setup for a surface XPCS experiment.
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the reflected intensity and to avoid parasitic scattering from 1.6
the sample container. The inner cell was evacuated to abot
10 mbar and isolated against possible temperature variation 1.5-
introduced from the outside by a vacuump<(10 °mbar)
that was maintained during the experiments. The temperatur 1.4f®
stability of this setup was better than 0.02 K over several
hours. A second outer cell was directly attached to the evacu 5
ated flight path on the detector side. The sample was cooleE,
down to the desired temperature with a cooling rate of ap-=, ,|
proximately 1 K/min. Each time the data collection was
started one hour after reaching the respective temperature.
The glycerol surfaces were illuminated under the grazing
incident angle ofy;=0.075° well below the critical angle of

total reflectiona,=0.170° for 8 keV radiation. Thus, the k

penetration deptih =\/(27«.) of the radiation was always

restricted to the topmost 80 A of the sample. X-ray reflec- %9 7 10° 10 10 10°
tivity and diffuse scattering experiments are sensitive to the 7(ms)

electron density contrast. This contrast is very large at the o ) ) )
surface compared with the liquid material underneath. FIG. 2. Intensity-intensity correl'atlon functiog,(7) from a
Hence, for incident angles below the critical angle the scatdYcerol surface all =253 K (open circles The length scale that

tering is dominated by contributions stemming from the survas probed ixq=56 um. The correlation function of the monitor

face rather than from the bulk. For largey the situation signal is given by the open triangles. The solid line is a fit according

. . 0 g,(7)=geexp(—7m)+1 from which the two parameterg,
may become more Compllc_ated_. _In _addlt_lon, at very Smalfcontraslandro (time constant of overdamped capillary wayase
incident angles absorption is minimized in the sample an

the 12.um-sized beam is spread over an area of about 9 mm.
Both effects prevent the sample from being radiation damzng 3 contrast ofj,=0.405. The maximum value for the

aged. o ) contrast in our measurements wgs= 0.695.

The scattered radiation was detected under different exit Figure 3 shows the observed time constantss a func-
anglesa; within the scattering plane. Hence the lateral andijon, of the lateral length scale, for different temperatures
perpendicular components of the wave-vector ransigr, T, A |inear relationship betweer, andx, is evident for all
and q, are given byqg,=(2m/\)(Cosa;—cosa) and d, T The slope of the curves depends almost exponentially on
=(2m/\)(sinestsing). From the g, value the lateral  the temperature. This is shown in Fig. 4 where the measured
length scalex, that is probed may be easily obtainedXy  ratio 7,/x, is plotted versud on a logarithmic scale. Figure
=2m/qy. In our study length scales in the region/8n 4 directly reflects the slowing down of the motion on the
<Xp<150 um were tested. _ _ glycerol surfaces with decreasing temperature.

Dynamics can be measured in a photon correlation spec-"Figures 3 and 4 can be understood quantitatively by the

troscopy experiment by evaluating the normalized timeapjllary wave theory for viscous liquids published by
correlation function g,(7)={(I(t+ 7)1 (t))/(1(t))? where

btained.

I(t) is the observed intensity in a detect8iwe found that 70 . . : : ; .

all of our data can be perfectly described by the exponential

form 60l _
92(7) =goexp( — /7o) + 1, ) Sor 1

with 0=<go=<1 and a time constant,. The constanty, de- %[

pends on the degree of coherence of the incident beam an:E:o
the degree of ensemble averaging for the incident and scai 30
tered beams.
Figure 2 shows a correlation functi@p(r) that has been 20f
obtained for a lateral length scalexqf=56 um and an open-
ing of 30 umx30 um of the exit aperture in front of the 1o T=258K
detector. The temperature of the glycerol surface as T=265.5K
=253 K. For comparison the time-correlation function of the 80— f——88———8 T=273K

monitor signal is also plotted in Fig. 2. Oscillations at shorter 0 20 40 io(um) 80 100 120
times than those shown in Fig. 2 are due to the incident 0
beam. Betweerr=0.1 ms andr=100 ms a well-defined FIG. 3. Measured time constantgvs the lateral length scalg

correlation function is visible. A fit of Eq(1) to the data as given by the detector positions for various temperatliréor
(solid line in Fig. 2 yields the time constant;=17.9 ms the sake of clarity not all data are shown.
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"5 This experiment Sincey(T) changes by less than a factor of 2 in the tempera-
— Table values ture range of our experimeii234 K<T=<273 K) the expo-
nential increase of the ratig(T)/y(T) with decreasing tem-
perature is caused by the strong temperature dependence of
the viscosity. The line in Fig. 4 is calculated wig{(T) val-
ues published in the literatiffeand y(T) values obtained
from reflectivity dat?* The good agreement between the
XPCS results and the literature values confirms our assump-
tion of overdamped capillary waves on glycerol surfaces.
Although our probed lateral length scales are still quite large
we note that the dynamics of capillary waves on viscous
liquids has not been measured before over such a large range
to our knowledge. We extend the results published so far by
. almost two orders of magnitude toward smaller length scales.
10,50 240 750 260 770 In ao_ldltl_on, a large temperature range was coverd in order to
T(K) monitor in situ the freezing of the surface waves. Figures 3
and 4 directly reflect that the quasi-long-ranged surface mo-
addi_tional data(open circl_eii The solid line was calculr?lted with E:%ned:(?afg %\;e;(;ig]npdesd ;? ?2';2’6\:\;?::?; Sstoafrtistg f&?ei.Z: ,O?a?
published data for the viscosity(T) and surface tensior(T) . . .
according to 7o/xo="15(T)/¥(T). This curve has been above t?se calorimetric glc_':lss transition temperatdrg
smoothed for clarity. =186 K For T=198 K, still well aboveTg, the surface
motion was so slow that no time constant could be detected
Levich?® and later by Jekle and Kawasakt for the simple ~ for any length scale. This means that the surface was already
case of sinusoidal surface waves. The first rigorous treatmesstatic on a time scale of hours as suggested by(&q.
for thermally excited waves was given by Bouchiat and In summary, we have presented a measurement of capil-
Meunier?? Their result is similar to that given by Levich for lary wave motion by x-ray scattering. XPCS was applied
the parameter space that is addressed in the present work.uhder grazing angles to detect overdamped capillary waves
discussion of the dispersion relation for capillary waves oron glycerol surfaces in the most direct and unambiguous
the surface of a viscous liquid yields manner. The damping due to the high viscosity of glycerol is
2 responsible for the relatively slow motion that could be de-
I'=2vq 2) tected in our measurements. Our results suggest that the sur-
as damping constant for propagating waves with frequencjace fluctuations of viscous liquids freeze on a time scale of
wo(9) =q%%/y/p, wherev andp are the kinematic viscosity hours far above the calorimetric glass transition temperature.
and the density of the liquid, respectively. Here, the tinyHowever, it is important to note that this finding can be
effect of gravity has already been neglected. For highly vistotally explained by the fact that long-range correlations are
cous liquids such as glycerol the damping of the surfacgrobed at a liquid/gas interface. Equatigh has been con-
waves is so large that all propagating modes become urfirmed by our measurements by using thelk viscosity
stable. Thus, for high viscosities so-called overdamped capy(T). This means that the calorimetric glass transition tem-

10

e

tolxo(ms/pm)

FIG. 4. Ratiory/Xxq as obtained from the slopes in Fig. 3 and

illary waves are expected with a damping t8fth?? peratureTs at the surface, which reflects the microscopic
motion of the liquid in the bulk, isot altered at glycerol

[ ¥(T) 3 surfaces. This finding is of decisive importance for the future

—43 p(T)’ interpretation of glass transition data, since it has been

speculated recently that; may be different at the surface

where the dynamic viscosity(T) and the surface tension - 4in the bulk of viscous polymeric liquid&?’

v(T) are temperature dependent quantities. Equd8pmay
be translated vid'= 1/, and q=27/X, into a linear equa- This work was supported by the Deutsche Forschungsge-
tion for the relaxation timey and the probed length scatg ~ meinschaft by Project Nos. Pr325/9-1,2,3. Stimulating dis-
cussions with S. K. Sinha, O. H. Seeck, and J. WexigD/
A (4 APS Argonne National Laboratory and J. Jekle
() (Universita Tubingen are gratefully acknowledged.
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