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Capillary-wave roughening of surface-induced layering in liquid gallium
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The temperature dependence of surface-induced atomic layering in liquid gallium has been investigated with
x-ray reflectivity. The prominent layering peakagyt= 2.4 A~* decreases dramatically upon heating from 22 to
170 °C, but its width stays, unexpectedly, unchanged. The decrease is traced to the temperature dependence of
capillary-wave induced surface roughness. The constant width indicates a temperature-independent layering
decay length. The measured layering amplitudes are found to be significantly underestimated by existing
theory and molecular simulationsS0163-182@06)02337-5

The complex two-fluid nature and strong Coulombic in-  Such measurements should also provide new insight into
teractions in liquid metals were long predicted by théoty the capillary-wave theory of liquid interfaces. According to
and simulatiof™’ to give rise to an atomic layering at the this theory, the interface between a liquid and its vapor is
free surface. This important central prediction was verifiedroughened by thermal capillary waves and this gives rise to a
very recently by our x-ray reflectivity measurements on lig-characteristic interfacial width of the density profile. For
uid mercury and gallium? For Hg, a layering decay length simple liquid$?>~® and liquid alkane$® the dependence of
of ~3-3.5 A was found to coincide with the bulk atomic the measured width on temperature and spectrometer resolu-
correlation length, indicating a possible common origin fortion and the angular distribution of the capillary-wave in-
both effects. In Ga, however, the layering decay length wasluced diffuse scattering were shown experimentally to agree
found, surprisingly, to be twice the bulk correlation length, well with those predicted by this theory. While our room
indicating possible additional ordering mechanisms. A gentemperature measurements for Hg and Ga lead to widths
eral prediction of statistical mechanics is that quasi-two-which are consistent with capillary-wave theory as well, a
dimensional surfaces should exhibit less tendency to ordesefinitive attribution of the width to capillary waves will
than the corresponding three-dimensional bulk. Hence exequire measurements at more then a single temperature.
amples of surfaces with a large degree of excess surfadeurthermore it is not known whether, and how, surface order
order are rarely observed. such as the observed layering influences the capillary-wave

The most prominent example of surface-induced orderingpectrum and its manifestation in the surface width.
are liquid crystals, where smectic surface layers, often ex- Here we report x-ray reflectivity measurements from the
tending hundreds of angstroms into the bulk, coexist withGa surface between room temperature and 170 °C. The high
either a nematic or an isotropic bulk!! Here the layering surface tension, small atomic size, conveniémear-room
decay length increases as the transition to the bulk smectimelting temperature, exceptionally large liquid range and
phase is approached, and in some cases it diverges. Thery low vapor pressure render Ga an almost ideal sample
unique layering and mesophases are generally attributed for studying the issues discussed above by x-ray reflectom-
the anisotropy of the liquid crystal molecules, the lengths ofetry, since they allow for measurements over a wide range of
which are typically many times their molecular diameters. Intemperatures and reflectivity wave vectgy. Our results
gallium, the molecules are isotropic and the statistical physshow unambiguously that the layering decay lengtmdse-
ics of the surface, and its manifestation in the temperatur@endentof temperature, and that the capillary-wave theory
dependence of the layering, are therefore likely to be fundapredictions are followed, unmodified by the order, and valid
mentally different. Our previous Ga surface layering mea<for our sample at all temperatures measured. This is in con-
surements were only done at room temperature, where theast to recent results on oxidized Ga surfaces, where capil-
sample is supercooled by about 8 °C. Temperature depetary waves are suppressed, over a similar temperature range
dence measurements of the surface profile in liquid galliumas reported here, by a unifar6 A gallium-oxide layer’
are therefore highly desirable to determine the behavior oBeing able to separate out the temperature-dependent capil-
the layering decay length and the possible influence of sulary wave effects, that are not included in the theory of the
percooling on the layering. local order at one point on the surface, allows us also a direct
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5 : : : , , : of ~3—4 atomic diameters and a temperature-dependent den-
— . ) sity variation amplitude. The surface roughness, included in
1.00 o lomp o 22 °C every model as a Debye-Waller-like factor, shows also a
s ' o 66 °C model-independent behavior by yielding an identical tem-
o ! s 86 °C . .
S T v 124 °C perature dependence for all models. Since this fully accounts
5| ’ w2 } 0 160 °C| for the amplitude variation, we conclude that all temperature
5 effects are introduced via the roughness. In turn, the tem-

perature variation of the roughness is found to agree with
that predicted by capillary-wave theory.

To make this discussion more quantitative, we note that
for wave vectorgy, larger than 4-5 times the critical wave
vector, the reflectivity is related to the average electron den-
sity along the surface normdlp(z)), by

Ra) |1 [ d(p(2))
Ri(a) "~ |p-

dz

FIG. 1. Measured reflectivity curves for liquid Ga at various with p. th? known bulk electron density ari} the theoret-
temperatures, normalized to the Fresnel Law of Optics. The fits t&al reflectivity for a p?rfeC“y f!at surface CaIcuIateq from the
the data are from the three-parameter layered capillary-wave mod&ieSnel Law of Optics. A simple layered density model,
discussed in the text. For clarity, error bars are not shown for thesB@sed on Gaussian functions, has been applied tRef) §
data, but typical error bars are included on the data in the inset. Th@nd Ga(Ref. 9 and is modified here to include the effects
inset shows that similaR/R; data are collected when varying the from thermally induced capillary waves. This “distorted
temperature with either lamp illumination or resistive heatercrystalline model” is composed of equally-spaced atomic
(T=160 °0. layers where the density distribution along the surface nor-

] ) ] mal of each layer is broadened by mean square displace-

comparison of the measurements with theory. We find thagnents(MSD) that increase with distance into the bulk liquid.
existing theories significantly underestimate the degree ofhjs leads to an oscillatory profile close to the surface and a
ordering as reflected in the amplitude of the layering in theyniform density beneath it. To account for the temperature
local density profile for liquid metals. _ dependent capillary-induced surface roughness, the atomic

X-ray reflectivity measurements were carried out at thegjstribution of the distorted crystalline model is convoluted
wiggler beamline X-25 at the NSLS using a toroidal mirror yjth exp(— o 2z%), whereo is the contribution to the MSD
and a liquid reflectometer with a water-cooled(&29) crys-  due to capillary waves. Since this procedure smears the
tal monochromator set to reflect rt=0.6532 A. Details of  \hole profile uniformly, the convoluted profile has a smaller
the sample preparation, surface cleaning, data collection angyering amplitude, but no change in the decay length. The
analysis procedures have been presented elsedfiefie  simplest way of including the temperature dependence in the

Ga Samp|e was heated either by illumination through a VieWmode| iS, thUS, to represent the MSD of thin |ayer as
port in the UHV chamber using a powerful halogen lamp or

by a resistive heater installed inside the chamber under the 5 )
sample holder. Identical results were obtained by both meth- op=No*+oc=no"+ oot 5 In|  —
ods. The temperature was measured using a thermocouple o mn
placed beneath the sample holder and calibrated withiwwheren=0, 1, 2...,0 is a measure of the increasing root-
+3 °C using a similar thermocouple placed in the liquid Ga.mean displacement as the density approaches the bulk liquid
Figure 1 shows the basic results of the x-ray speculaandoy is an intrinsic contribution which, along with the final
reflectivity experiments, where the measured reflectivity isterm, makes up the contribution from the thermal capillary-
normalized to the Fresnel theory. As noted previodsty, Wwave displacemerif:?
peak is observed af,~2.4 A1, indicating atomic layering In general the capillary contribution is determined by bal-
with a layer spacingl~2#/q,=2.6 A, and its correspond- ancing the thermal energikgT, with the surface tensiony
ing peak width is consistent with atomic layering extendingand gravity. The logarithmic term in E2) arises from the
an exponential decay length 6f3—4 atomic diameters into 1/k? dependence of the contribution of surface tension to the
the bulk. The striking feature is that, in contrast to the effectenergy of a surface capillary wave with wave vedtoiThe
of temperature on surface layering for liquid crystalé  short and long wavelength cutoff&,,., and ki, respec-
where the decrease in the peak height is invariably accontively, are determined by the molecular sizel
panied by an increase in the peak width, the temperaturékmyq,=m/d=1.26 A1) and gravity(kmin=VApg/y with Ap
increase in our case reduces the peak height but leaves itse mass density difference between the liquid and vapor
width unchanged. This suggests that with increasing temHowever, for the present x-ray measurements carried out on
perature the layering decay length is unchanged, and the ama-curved sample, the longest coherence length that can be
plitude of the density variations are simply reduced. Al-measured is 4/(q,ARB), with AB determined by the local
though various models can and have been constructed tadius of curvaturg R~150=30 mm for the Ga samples
describe the profile and quantify its variation with tempera-measured hejeand the beam height at the sample position
ture, the model-independent features that must always bé~0.1 mm), leading tok,,,=2h/(R\)=0.0064 A 118
present are a temperature independent layering decay lendilith a uniform layer spacing the reflectivity is
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FIG. 2. Electron density profiles for the Ga liquid/vapor inter- 0.75 L L . ! . L
face at 22 and 167 °C generated from the three-parameter layered 50 100 150 200
capillary-wave model discussed in the text. Also included is the T (°C)

electron density profile from our fits extrapolated to a temperature

of 500 °C, which shows the diminution of the layering at the higher £, 3. (a) The variation of theR/R; peak(q,=2.4 A1) with

temperatures. The inset shows the intrinsic gallium layering pmﬁ'eiemperature. The solid line is from the layered capillary-wave

prior to including the temperature dependence of the capillary widthyodel with the parameters from the fit of Fig. 1, and the dashed line

(i.e., 0c=0y). is with 0p=0. (b) The variation ofo. with temperature as computed
from the data in(a) using Eq.(3) with q,=2.4 A1 and the model

R(Az) _ _2,2/f(a2)9.d 2 CPoiad_ q]-2 in the text. The solid line is the variation expected from capillary-
R¢(q,) - 2 7 |e e _1| ’ 3 wave theory. Note the excellent agreement.
wheref(q,) is the atomic scattering factor. (o.=00) and is shown as the inset to Fig. 2. The layering is

Over the temperature range measured, there is excellemery prominent indeed, with the height of the first layer at
agreement between this simple three-parameter model argl8, as compared with 5.8 for a crystalline layer at room
the measured reflectivity. Figure 1 shows the model fit to theemperature calculated from the Debye-Waller factor for
Ga data. The fact that all five data sets can be fit with thesolid Ga and the atomic scattering factor.
same three parameteds= 2.504+ 0.006 A, 0p=0.37+0.027 To further describe the variation iR/R; with tempera-

A, and=0.393+0.005 A, strongly supports the conclusion ture, we show in Fig. @) the amplitude of theR/R; peak

that all temperature variation is indeed due to capillary(q,=2.4 A™?) as a function of temperature. As with the spec-
waves, not to variations in the local surface layering. Thetra fit in Fig. 1, there is excellent agreement between the
temperature dependence of the surface tengimnincluded peak amplitude and that predicted from the three-parameter
from Ref. 21, although it does not vary by more than 2%layered capillary-wave model discussed previou&plid
over this temperature range. line). The importance of including an intrinsic widt, to

The corresponding electron density profiles at the lowesthe profile is also clearly demonstrated by the broken line
and highest recorded temperatures are shown in Fig. 2yhich illustrates that without this additional displacement,
which illustrates that the layering decay length does nothe capillary width would be insufficient to account for the
change with temperature whereas the amplitudes of the layull interfacial width, and the predicte®&/R; peak ampli-
ers do. The decrease of the amplitudes with increasing temudes would be significantly greater. The origin @f is
perature results from averaging the intrinsic oscillationsikely from the finite atomic size; however, contributions due
with fixed decay length, over an increasingly broader rough+o local deviations of the atomic centers from the ideal flat
ness width. Note that in spite of this thermal smearing weplane assumed in the existing modEQ. (2)] are also pos-
still observe appreciable layering even-at50 °C above the sible. These could conceivably result from the same noniso-
Ga melting point. To permit quantitative measurements atropic nearest-neighbor atomic distributions that give rise to
even higher temperatures, flatter samples are required. Thie shoulder in the structure factor for bulk liquid &aFi-
present curved Ga sample leads to a degradation of theally, Fig. 3b) shows the variation of. with temperature.
signal-to-noise ratio that is equivalent to a coarse detectoThe o are calculated directly from thB/R; peak ampli-
resolution for a flat sample; it increases the detected intensityudes in Fig. 8) using Eq.(3) and the best-fit values af
from bulk diffuse scattering relative to the specular peak. Foand o from Fig. 1. In comparison, the solid line is the cap-
our model, extrapolation of the current measurements tdlary width, with o, also from the best fit of the data shown
~500 °C leads to a layering modulation amplitude that isin Fig. 1. The temperature dependence relies solely on the
only 1% of the average density, as compared to 25% at rooroapillary-wave contribution, and there is good agreement.
temperature. At this level, even for a flat sample, the reflec- These results show quite conclusively that over the mea-
tivity peak would be extremely difficult to detect experimen- sured temperature range the variation of the density profile
tally. At the other extreme, for th€—0 limit, the intrinsic  with temperature is due exclusively to the corresponding
gallium layering profile is unmodified by capillary waves temperature dependence of the capillary waves, and, in con-
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trast to liquid crystals, no variation in the intrinsic layering amplitude of the first layer in the experimentally measured
occurs. Note that in spite of this excellent agreement wittHg profile is only about 50% of that of Ga, and since this
capillary-wave theory, the present temperature range angheans it is also 50% of the simulation for Hg, it follows that
coarse resolution are insufficient to distinguish between varithe simulations and measurements for Hg are not mutually
ous capillary-wave modefs:2° consistent.

A quantitative comparison of our results with theory, and  Clearly, there is need for further theoretical study, simu-
in particular with the extensive simulations done for variousjations, and experimental measurements. In particular, ex-
liquid metals, is complicated by the fact that molecular simu~enging the present meager body of measurements to other
lations are done on relatively small model systems that neqjqig metals is crucial for determining the fundamental lay-
essarily cut off the long wavelength capillary waves. With gring features common to all liquid metals. An extension of
one exception, that of liquid Hythe amplitudes of the sur- hese measurements to higher melting point méaly, Au,
face oscillations obtained from our measurements on liquithy o those with a relatively small surface tensieng., C$

Ga are larger than those obtained by any thEdnor  may not be, however, straightforward. The capillary-wave
simulation'™" However, to make the comparison MOre conripytion in these cases will be much greater than for Ga,
meaningful we have convoluted the Ga intrinsic profile, signjficantly damping any intrinsic density oscillations. It is
shown as the inset in Fig. 2, with a capillary wave roughnesg,o; clear if the capillary widths will dominate and com-
in which the long-wavelength cutoi,, is given by /L, pietely smear the layering profiles for these metals, as pro-

where L is the length scale of the particular simulation. jected for Ga at 500 °CFig. 2), or if the intrinsic profile wil
When the comparison is made in this way the amplitudes ofsmpensate and lead to a strong layering as we observe for
the resultant surface oscillations from our measurement arg 5 at room temperature.

even larger. In fact, this is even true for the oigalthough

unpublishedi simulation that we are aware of on liquid Ga. This work has been supported by grants from the U.S.
Although the amplitude of the predicted surface oscillationsDepartment of Energy, No. DE-FG02-88-ER45379 and the
for liquid Hg are comparable to what we observe for Ga andNational Science Foundation, No. DMR-94-00396 and No.
present an exception to our claim that all simulations underbMR-95-23440. Brookhaven National Laboratory is sup-
estimate the amplitude of the surface layering, the quantitaported by DOE Contract No. DE-ACO2-76CH00016. M.D.

tive significance of this is not clear. For example, the pealkacknowledges support by the Bar-llan Research Authority.
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