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X-ray study of the liquid potassium surface: Structure and capillary wave excitations
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We present x-ray reflectivity and diffuse scattering measurements from the liquid surface of pure potassium.
They strongly suggest the existence of atomic layering at the free surface of a pure liquid metal with low
surface tension. Prior to this study, layering was observed only for metals like Ga, In, and Hg, the surface
tensions of which are five- to sevenfold higher than that of potassium, and hence closer to inducing an ideal
“hard wall” boundary condition. The experimental result requires quantitative analysis of the contribution to
the surface scattering from thermally excited capillary waves. Our measurements confirm the predicted form
for the differential cross section for diffuse scatteridg/d~ 1/q§y‘ 7wheren= kBTq§/2wy, over a range of
nandqy, that is larger than any previous measurement. The partial measure of the surface structure factor that
we obtained agrees with computer simulations and theoretical predictions.
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[. INTRODUCTION this issue. Moreover, monovalent alkali metals are the best
available examples of an ideal nearly free-electron niétal,
In contrast to measurements of dielectric liquids, whichtherefore they are particularly well suited for studying sur-
show a monotonically varying density profile at the liquid- face induced layering in an ideal, simple liquid metal. The
vapor interface, liquid metals exhibit a phenomenon knowrsame properties which make alkali metals ideal for studies of
as surface-induced layerifid.This had been thought to oc- layering have also been the motivation for the numerous
cur because the Coulomb interactions between two constitiscomputer simulations of liquid Na, K, and €426
ents of the liquid metal, the free-electron Fermitasd the Until recently, experimental surface studies of the pure
classical gas of positively charged ions, suppress local sufiquid alkalis were thought to be impossible because of two
face fluctuations that would otherwise conceal the layeredundamental experimental problems. First, their high evapo-
atomic ordering that occurs at hard wdll©On the other ration rates which lead to high values of vapor pressire,
hand, recent molecular simulations by Velastal® argue  and high reactivit}® to water and oxygen implied that their
that surface layering should occur in any liquid for which thesurfaces could not be maintained atomically clean for ex-
ratio of melting temperatur€,, and critical temperatur&,, tended periods of time even under UHV conditions. There-
Tw/Te, is sufficiently small. Surface-induced layering for fore the first study of alkali-metal systems performed by our
liquid metals was theoretically predicted by Rigieal, ! later  group® employed a binary KNa alloy that preserves most of
confirmed by density-functional calculatidrfsand computer the characteristic features typical of a nearly free-electron
simulations® and more recently observed experimentally in ametal, but for which the vapor pressure and melting tempera-
number of pure liquid metallic systems such as’H@r®1n,°  ture were both lower than those of the pure metals. Contrary
as well as in binary alloy®! In fact, for Ga, Hg, and K to expectations, no measurable changes were detected in that
Twm/T.~0.13-0.15 and these observations are consistergtudy in the x-ray reflectivity of the alloy’s surface over pe-
with Velascoet al® From another point of view, all but one riods of many hours or after intentional exposure to large
of the metallic systems studied so far exhibit relatively highdoses of oxygen. This lack of surface contamination is be-
values of surface tension, a few hundred mN/m, leaving unlieved to be due to the high solubility of the oxides of these
answered the fundamental question of whether the surfacenetals in the bulk liquid®<°and to the low surface tension
induced layering is caused by the high surface tension, whicbf liquid alkali metals which does not promote segregation of
suppresses the long-wavelength capillary waves, or whethéhe oxide at the surface. The fact that the surface of the KNa
it is caused by the intrinsic metallic properties of the studiedalloy was found to remain atomically clean for extended pe-
systems. In the latter case surface-induced layering shouldods of time suggests that the same might be true for the
also be found in low-surface tension metals. Monovalent alpure metals. The second experimental problem is that the
kali metals have a surface tension comparable to that of wdarge capillary-wave-induced roughness due to the low sur-
ter (72 mN/m) and their study should therefore shed light onface tension renders the x-ray reflectivity peak weak and
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FIG. 1. Schematic description of the experimental setup.

FIG. 2. Kinematics of the x-ray measurement.

inseparable from its diffuse wings. Thus a clear layering
peak in the measured reflectivity curve, such as found in the )
high-surface-tension liquid metal studie’'%'1°cannot be ~ ders of magnitude lower than vapor pressure of K.
observed here. We demonstrate here that this problem can be Méasurements were carried out using the liquid surface
resolved by a subtle application of diffuse scattering and reteflectometer at CMC-CAT beam-line at the Advanced Pho-
flectivity measurements. A significant aspect of this papefon Source, Argonne National Laboratory, operating at an
pertains therefore to the methods of measurement and anafy=ray wavelength of 1.531 A" The kinematics of the mea-
sis that are necessary in order to separate the effects due $grement is illustrated in Fig. 2. Two different surface-
the thermal capillary waves from those of the surface-Sensitive x-ray techniques were applied—specular x-ray re-
induced layering. Using these methods, the present studiectivity and x-ray diffuse scattering. In the specular x-ray
clearly demonstrates the existence of surface induced layefeflectivity geometry, the incident angieand the reflection

ing in liquid K, with properties similar to those of the high- angle 8=« are varied simultaneously while keepiny®
surface-tension liquid metals studied previodly%1° =0 constant. The signal is measured as a function of the

surface-normal momentum transfey=2#/\(sina+sinpB)
with the in-plane momentum transfegg, = 0.
Il. EXPERIMENTAL DETAILS In the x-ray diffuse scattering geometry, the detection

The sample preparation procedure and the experiment&nd!€A is varied within the plane of incidence® =0, while
setup were similar to our previous experiment on the KNgN€ incident anglea stays fixed. The observed scattering
alloy® The sample was prepared in an argon-filled glovetherefore follows a trajectory in theqt,q,) plane with
box (<2 ppm HO, <1ppm Q). The K with purity of dg,/dg,=tang andq,=0. The signals measured in the two
99.999%, which was contained in a glass ampoule wageometries are, however, related since the signal measured at
melted and then transferred into a sealed stainless-steel réd= @ in the diffuse measurement is the specular signal.
ervoir inside the glove box using a glass syringe. The reser- 1he gllfferenglal cross section of the diffuse scattering sig-
voir was sealed with a Teflon o ring and then mounted ontd'@l iS given by
a UHV chamber. After a 24-h bakeout of the entire chamber

to 150 °C, a base pressure of f0Torr has been established do Ao (Qc 4 KkgT ® , 1 1\7 !
inside the UHV chamber. The K in the reservoir was then dQ  sinal 2 167773/' ()] qxzy—n el @

heated above the melting temperatuig,=63°C and

dropped through a capillary into a Mo sample pan mountegvhere g, (Ref. 22 is the critical angle for total external
inside the UHV chamber by opening the valve V shown ONreflection of x rays,y is the surface tensiorqmaxmﬂ-/é‘: is
Fig. 1. Previous to filling the pan with liquid K, the pan was the value of the upper cutoff for capillary wave
cleaned by sputtering with Arions for several hours in  contributions?>? The value foré is empirically taken to be
order to remove the native Mo oxide. This latter procedurehe nearest-neighbor atomic distance in the B&f. The
significantly improves the wetting of the sample pan by lig-scattering line-shape exponents given by

uid K and therefore helps to achieve a larger area of macro-

scopically flat liquid surface than it has been possible for KaT

high surface tension metdlsThe sample pan was kept at a n= Lqﬁ. (2
constant temperature of 70 °C. Pure K has a vapor pressure 2my

of about 10° Torr at this temperature, which renders the I :
The principal goal of the present surface x-ray scattering

requested UHV conditions almost impossible. We circum- easurements is to determine the surface structure Yactor
vented this problem by a differential pumping setup, wherd"

we used a permanently attached ion pump. By constantly
pumping at the sample chamber, we were able to achieve a O(q,) = if dz<dP(Z)> exp(10,2) 3
base pressure of about 10Torr in the chamber, three or- 2 pa dz z
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which is given by the Fourier transform of tikey)-averaged  reasonably close t@|,,=7/a and the extracted structure
intrinsic density profile(p(z)) along the surface normalin  factor d(q,) is a reasonable measure of the local profile.

the absence of capillary wavésin this equationp., is the There are three practical considerations involved in these
bulk electron density. The fact that the peak of the differenneasurements. The first is that it is necessary to insure that
tial cross section at the specular condition is algebraic, rathghe measurement corresponding to the integral over the reso-
than a4 function, complicates the determination #i(d,)  |ytion does not include a diffuse scattering contribution from

from the measured intensity. This can be done, howeveg,,ces other than the surface. For flat surfaces, for which
when both specular reflectivity and diffuse scattering meaz, specular reflectivity can be described by unction at

surements are available. Oxy=0, this can be accomplished by subtracting the scatter-
ing measured at some finite value qf, from the signal
measured aty,,=0. For liquid surfaces this separation is

It follows from Eq. (1) that the nominal specular reflec- complicated by the fact that the signal measured at fopije
tivity signal, observed atr=8 and A® =0, corresponds to includes scattering from the(ﬁy’” tails of the cross section.
the integral of the (ljxy)z"’ over the areaAqL‘i,S(qz) We circumvent this problem in the present study by compar-
=AQeX Aq;es which is the projection of the instrumental ing the difference between measurementggt=0 and at
resolution function on the horizontal plane of the liquid sur-someaq,,#0 with the same difference as predicted by the
face. Theg, dependence aAqy;{d,) is due to the increase theoretical differential cross sectiofEqg. (1)]. Thus we
of the projected width of the detector resolutiqu’yeﬁ present all data in this study as differences between a signal
= (2m/\)sin BAB on the plane of the surface gsncreases. Measured afe,3,0; and at{ @, 8,A 0 gfrse= 0.2°. For specu-
The integration results in the reflectivity scaling aslar reflectivity a=p; however, for off-specular diffuse mea-
(AqryeS/Qmax)"/ﬁ and sincey scales asﬁ, the net effect is a surementss# «. Diffuse sca_tterlng from all sources other
Debye-Waller-like decrease in the reflectivity@sincreases. than the surface are essentially constant over this range of

For example, if one defines a mean-square surface roughned@oiset- This is because these other sources of scattering,
by taking an average over a length scal¢Aq™®) L, this such as diffuse scattering from either the bulk liquid or from
roughness can be written%s y ’ the vapor above the surface, only depend on the absolute

value of the total momentum transfief and this is essen-
Uz(qz):(ka/ZW'y)In(qmax/Aq;/e ] (4) tially unchanged for small offsets O yfcet-
The second practical consequence of thqef;LV form is

From this one can show that the reflectivity is propor-that asz increases it becomes increasingly difficult to distin-
tional to a Debye-Waller factor e{qaqfoz(qz)]. The impor-  guish the singular specular peak from the off-specular
tant point to note is that for liquid surfaces the signal meapower-law wings. At»=2 this distinction is no longer
sured at the specular condition,,=0 depends on the possible’! even with infinitely sharp resolution. Unfortu-
resolution of the reflectometer. nately, for liquid K, n reaches the limit of 2 atq,

The validity of the simple capillary wave model in the =1.74 A~1, which is comparable tq,=1.6 A, where the
high g range remains controversial and untested. Althouglguasi-Bragg surface layering peak is expected to be ob-
the model assumes that the energy for surface excitations caerved. However, in the following paragraph we show that as
be described by the capillary forms y/q)z(y with a constant a result of resolution effects, the limit at which the specular
surface tensiory, over the entire range of length scales from cusp can no longer be distinguished from the background in
the macroscopic to a microscopic length of the ordeof practice is even lower.
= 7/Qmax, Whereé& is normally taken to be of the order of the ~ The impact of the finite resolution can be easily seen by
interatomic/molecular spacing this is certainly not strictly ~considering a simple example of a rectangular resolution
true for lengths that are shorter than a length that we mightunction of infinite length along the axis but with a very
designate ascor= 7/ o™ a. 2> Nevertheless, the basic small width along they axis. For small values of this is
physics is not changed if we replacg,. by the smaller often an_excellent approximation to the real resolution
Jeutoff SINCE the differences engineered by this are really justunctions?9 With this approximation, the integration over the
a matter of accounting, in the sense that it determines thex component yields a @~ ” dependence for the diffuse
relative contributions between the capillary wave and strucscattering, placing the value of where the specular ridge
ture factor terms given in Eq1). Nevertheless, this is not a disappears to bey=1 instead ofp=2. For K, this =1
serious objection to the present treatment, since the capillafymit is reached atj,= 1.2 A~*. The detector slit dimensions
wave model is certainly accurate for valuescgf, covered  which provide an optimal compromise between intensity and
by the present measurements. Even if the model were to faibsolution were discussed by one ofuand are (width)
for values ofgy,> gy, the shorter wavelength fluctuations ~ (height)x sine, wherea is the incident angle.
could be incorporated into the definition of a  The third practical problem in extending x-ray reflectivity
Jeutordependent structure factdr(qg,). On the other hand, measurements to largg, is the fast falloff of the reflected
the fact that the intensity of off-specular diffuse scatteringintensity. Much more serious is the Debye-Waller-like factor
predicted by Eq(1) has been shown to be in satisfactory that was discussed above. Since the surface tensfon K
guantitative agreement with measurements for a number dfl10 mN/m at 70 °Cis much lower than that of a metal like
liquids over a wide range af, andq, implies thatqcis ~ Ga(770 mN/m,}’ the factor of ex[)—azqi] with o>~ 1/y is

Ill. PRACTICAL CONSIDERATIONS
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i . . . FIG. 4. X-ray diffuse scattering scans taken with PSD, as a
FIG. 3. Comparison of x-ray diffuse scattering scans taken W|thfunction of wave-vector transfer componeny,. Specular condi-
point detector—filled squares, and position sensitive detectO{ion corresponds to values f, (bottom to top: 0.3, 0.4, 0.6, 0.8
(PSD—open circles. The specular condition correspondsgjo 1.0, and 1.1 A*. For comparison, the scans are normalized to unity

— -1 ; ; :
=03A""%. The resoll_Jtlon of the bicron detect(®.22 mm verti- at d,,=0. Lines represent theoretically simulated scans for given
cally and 2.5 mm horizontal)ywas chosen to match that of a PSD. values ofq,. The inset shows a similar scan taken at 1.2 Xor
Also shown is a line which represents theoretical modeling USingNhich the épecular peak is marginally observable

the capillary-wave theory for given resolution, temperat{7i@°C)
and surface tensio(L10 mN/m).
numerically integratingdo/d() in Eq. (1) over the known
orders of magnitude smaller than that of Ga at the saméesolution. The known values of the incident angletem-
values ofg,. Even at high-flux synchrotron facilities such as peratureT, surface tensiory, x-ray energy, and detector reso-
the Advanced Photon Source the low count rates of the rdution were used without any adjustable parameters. The es-
flectivity signal observed at,~1.0-1.1 A" are among the sentially perfect agreement between both experimental data
dominant limiting factors of they, range accessible in this sets and the theoretical simulations strongly supports the the-
experiment. oretical model for the effect of the thermally induced surface
excitation on the diffuse x-ray scattering from the surface.
Further diffuse scattering data were collected with the
PSD, which proved to be especially useful at higher values
To partially compensate for the low intensity the off- of q,, where the weaker scattering makes it increasingly
specular diffuse scattering measurements were carried ootore difficult to separate the specular signal from the power-
using a linear position sensitive detect®'SD), rather than a law wings asy approached 1. Figure 4 shows a set of diffuse
point detector. In Fig. 3 we show a diffuse scattering profilescattering scans measured with a PSD and the corresponding
as a function ofg,,. The specular condition corresponds to calculated theoretical predictions, for sevegalvalues(0.3,
d,=0.3 A~L. The profile exhibits a sharp peak whose width0.4, 0.6, 0.8, 1.0, and 1.1 A). Each curve represents a
is dominated by the instrumental resolution, however, thelifference between a diffuse measurement in the plane of
long tails are an intrinsic property of the capillary wave sur-incidence A®=0) and an average of two measurements
face roughness. We note that the data shown represents tteken by displacing the detector out of the plane of incidence
intensity difference for data obtained A® =0 andA® = by an angle ofA © = +0.2°. Theoretical simulations in-
+ A O et With either a position sensitive detectd®SD or  clude the same subtraction operation as well. All data sets are
with a point detector. An advantage of the PSD configuratiomormalized to unity at|,,=0 for easier comparison. Ag,
is that it permits the entire profile to be acquired simulta-gets larger, the ratio of specular signal to the diffuse wings
neously for a wide range of the output angifor a fixeda. decreases, and the specular peak eventually disappears under
We carefully checked for possible instrumental errors assothe off-specular diffuse wings. In the curve measuredgat (
ciated with the PSOsaturation or nonlinear effegtey com-  =1.2 A~1), shown in the inset of Fig. 4, the specular peak
paring data obtained with both the PSD and a point detectoall but disappears. The solid lines that represent numerical
As shown in Fig. 3, data obtained with both configurationsintegration of the capillary-wave theofjeq. (1)] show a
are indistinguishable. Further, this comparison allowed amemarkably good agreement with experimental data. The
accurate determination of the PSD spatial resolution, abouinly adjustable quantity in these theoretical curves is the
0.22 mm vertically. To provide for a reasonable comparisorform of ®(q,). As discussed below, one common form was
with the point detector, the vertical slit was set to match theused for all data sets.
resolution of the PSD. The solid line in Fig. 3 represents the This agreement provides additional support for the ab-
theoretical prediction for the different intensity, obtained bysence of surface contamination, since the presence of any

IV. MEASUREMENTS
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FIG. 5. Effects of varying the horizontal resolution function on  FIG. 6. Fresnel-normalized reflectivity sigridlR(q,) for lig-
the diffuse scattering data. Diffuse scans taken with PSD, peak pa#d K (circles compared to capillary wave predictiodashed
sition corresponding ta,=0.4 A~1, as a function of angular de- line). The inset shows the capillary wave factgfor liquid K as a
viation from specular conditiona(— 8) with fixed vertical resolu-  function ofq,.
tion (0.22 mm), while horizontal resolution was changéabttom to
top: 2, 4, 8 mn). Figure 7 shows the form factdpb(q,), obtained by divid-
ing the data in Fig. 6 by the integral of the Debye-Waller
kind of inhomogeneous film at the surface would manifestfaCtor [segt eq.gl)t]hover ]Ehe re?olupon ;ungnon. In orde;to
itself in extra x-ray diffuse signal which could not be ex- compare it with the surtace structure factors measured pre-
: . : viously for other liquid metals, we have normalizggby the
plained by capillary wave theory alone. Figure 5 shows the . ) .
value ofqgy..c—the value ofg, at which the layering peak is

effect of varying the shape of the detector resolution on theobserved or is expected to be observed. In fact we are com-

diffuse scattering data. Changing the horizontal size of the aring the electron density structure factors of the different

slit in front of the PSD has little effect on either the measured” . . .
metals. Alternatively we might have compared the atomic

intensity of the specular peak, because of the intrinsic pmp_ensitieS' however. none of the atomic form factors varv b
erty of the singularity, or on the diffuse scattering at small ' ' y by

Odxy, because it is sharply peaked aroung=0. However, 0 . ‘ ' .

far away from the specular condition, the signal is directly 100 - — %o

proportional to the area of the resolution function, and scales ) S % ]

with the size of the slits. sl I 0
The excellent agreement between the experimental mea ? Ot

surements and the theoretical simulations strongly support: g“’ i ] ?F

our conclusion that by the methods above one can accour gl ° Z Q
. r _ , in
properly and accurately for both the capillary-wave-induced . , oce
diffuse scattering in, and the resolution effects on, the mea->> | G ,ﬂi{{t.f. @L
L 1 L]

sured data. We have therefore employed these results to ani 4 | e aandl . -
lyze the specular reflectivity data, to find out whether o 02 04 65 08 10 12 ,_S[I;%,]
surface-induced layering exists at the surface of K. Specula I %/ Yo Py 3
reflectivity measurements were made by scannirrgB at 2F Qﬂ‘? -
both AO=0 and A®=* A0 - The B resolution,AB | 0 0e0®
=0.2°, was set by fixing the height of the detector slit at 2.5 e ose™
mm, located 714 mm away from the center of the sample. 0 : : : : : : : :

Lo . X , 0 0.3 0.6 0.8
Likewise, the horizontal resolution was defined by a 2.5- q /q
mm-wide slit located at the same position. The ratio of the 2/ lpeak
difference between the specular signal measureti@t 0 FIG. 7. Surface structure factob(q,) for liquid Ga (open

and atA® =+ A0 g t0 the theoretical Fresnel reflectivity gircleq, liquid In (open squarés and liquid K (filled circles ob-
from the K ||qU|_d'Vap0r interface is shown in Fig. 6. AS (ained from x-ray reflectivity data by deconvolving resolution,
expected, there is a Debye-Waller-type effect that causes thgesnel reflectivity, and capillary wave contributions, shown here as
data to fall below unity with increasing,. However, the 3 function 0fg,/dpeas heredpeacis the value ofg, at which the
measured curvgpoints decreases slower than the theoreticallayering peak is observe@.4 A~* for Ga and 2.2 A* for In) or is
prediction (dashed ling for the Debye-Waller-like factor in  expected to be observéi.6 A! for K). The inset shows the same
Eg. (1) convolved with the resolution function. three sets of data extended to a greater range.
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more than a few percent over the measured rangg oThe  our confirmation of the capillary model for diffuse scattering
surface structure factor of the pure K is found here to risdrom K is essential.
clearly above unity and shows a similar functional behavior The most significant limitation to the present measure-
to that of the pure Ga and In, metals for which the surfacement came about as a result of the fact that due to the ther-
induced layering has been well documerft@dThe inset mally excited capillary wave Debye-Waller-like effect, the
shows the same plot comparing the surface structure factotargest value ofg, at which the specular peak can be ob-
extracted from the specular reflectivity measurements of purserved is smaller than 1.6 A at which®(q,) is expected to
Ga, pure In, and pure K over an extendgd gy range. have a peak. This limitation can be expressed in terms of the
Even though experimental and intrinsic limitatiofssich as capillary model of Eq(1) since asp— 2 the specular peak
the “7 effect” discussed aboyeprevents us from resolving no longer exists. Another way to see the same thing is that
the layering peak in its entirety, it seems clear that liquid Kthe scattering at the peak df(q,) will be difficult to ob-
exhibits surface layering similar to that observed in otherserve when the producztz(qpeagqﬁeagl. In essence, this
metals. These experimental results are supported by congondition occurs when the effective surface roughness ap-
puter simulations predicting a surface-induced layering inproaches that of the surface layer spacing. Although the pre-
pure potassiurt’ cise value ofa(gpea) depends on the resolution, for the
resolutions used to study Kr,z(qpeagqseak= 13.8. Neverthe-

V. DISCUSSION less, in this paper we demonstrated by careful measurement
In this paper we have expressed the x-ray scattering fro n?f thg diﬁqse scatter'ing with a ngmber of diffgrer_ﬂ resolution
the liquid surface, both specular and diffuse, in terms of theconflguratlons that it was possible to quantitatively extract

product of a thermal fluctuation term and a surface structuré’alues ofd(g;) for K over a significant range df; . These

term [Eq. (3)]. This is analogous to the usual treatment 0fmeasurements establish that over the measured range the

. . . .~ q,-normalized surface structure factor for pure liquid K is
Bragg scafttenng from three-dimensional crystals for WhIChnearly identical to that found in Ga and In, with a well de-
thedmtenhs Ity 1s ezpres;ed zs a pr?ldu? of a struct;lj relfact(?lrned rise above unity as the peakdp is ap;’:)roached from
and a phonon-induced Debye-Waller factor. For the liqui . L e
surface we have assumed that the thermal fluctuations couﬁf{lﬂ?\’\t’bzﬂ; s;]rcogg]lgrsllij ggizsiet?;;thfsl?%e“zg 'B K\/';;iig
be described by capillary waves over all length scales ex-." s -. 4 ' p y
. . . et al” Finally, we note that the present method could also be
tending from a distancé~ 7/ q,,,, that is of the order of the . L . .
applied to nonmetallic liquids having similar surface

atomic or molecular size, to a macroscopic distance that i§ . 5_37 Y :
. . "~ Yensions’® The unresolved and intriguing question of
determined by the reciprocal of the reflectometer resolution

- ; ) L whether the local surface layering in metallic systems is dif-
T.he gr.av!tatlonally determined cap|!lary length is Ignoerferent from that of nonmetal>llic qu%ids when theysurface ten-
since it is many orders of magnitude longer than the; . o . . .
. . : sions involved are similar will have to await future studies.
resolution-determined length. In fact the capillary wave
model is strictly true only for long wavelengths and the as-
sumption that it can be invoked for lengths as smalk &s
only justified empirically.81%11%However, the good agree-
ment between the measured diffuse scattering and that pre- This work has been supported by the U.S. Department of
dicted by Eq(1), found for a number of liquids including the Energy Grant No. DE-FG02-88-ER45379, the National Sci-
present one provides a rather general justification for adoptence Foundation Grant No. DMR-01-12494, and the U.S.-
ing this limit.>*~%* Israel Binational Science Foundation, Jerusalem. Work at the
In the present study we generalized the methods that wereMC Beamlines is supported in part by the Office of Basic
previously used for liquid surfaces by simultaneously carry-Energy Sciences of the U.S. Dept. of Energy and by the
ing out detailed measurements along and transverse to thational Science Foundation Division of Materials Research.
specular axis. As in these earlier studies we have been able tgse of the Advanced Photon Source is supported by the Of-
verify the 1q§; 7 behavior of the capillary wave form of the fice of Basic Energy Sciences of the U.S. Department of
surface fluctuations to values 0f=0.82 and to obtain a Energy under Contract No. W-31-109-Eng-38. P.H. acknowl-
measure of the surface structure factor. Aside from recertdges support from the Deutsche Forschungsgemeinschaft.
work by Mitrinovic, Williams, and Schlossm&twhich were  The help of Arthur Kahaian and Christopher Johné8MT
carried out ton=0.62, the largest values afattained in any  Division, Argonne National Laboratoyyn preparing the lig-
of the previous studies on liquids were less than half of ouwnid alkali-metal sample, as well as beamline assistance from
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