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Microscopic surface structure of liquid alkali metals
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We report an x-ray scattering study of the microscopic structure of the surface of a liquid alkali metal. The
bulk liquid structure factor of the eutecticsfNags alloy is characteristic of an ideal mixture, and so shares the
properties of an elemental liquid alkali metal. Analysis of off-specular diffuse scattering and specular x-ray
reflectivity shows that the surface roughness of the K-Na alloy follows simple capillary wave behavior with a
surface structure factor indicative of surface-induced layering. Comparison of the low-angle tail gfttagK
surface structure factor with the one measured for liquid Ga and In previously suggests that layering is less
pronounced in alkali metals. Controlled exposure of the liquid joaHd G gas does not affect the surface
structure, indicating that oxide and hydride are not stable at the liquid surface under these experimental
conditions.

The structure of the free surface of a liquid meta\l) is  electron type liquid metal, with the surface structure of liquid
fundamentally different from that of a dielectric liquid, due Ga, which displays a considerable degree of covalency in the
to the strong coupling between conduction electrons and iobulk.* However, even though liquid In has less tendency to-
cores' At the liquid-vapor interface of a LM, the Coulomb ward covalent bonding than Ga, it is trivalent, and the most
interaction between the free electron Fermi gas and the clasimple models do not adequately describe its electronic
sical gas of charged ions acts like an effective hard wall andtructure or metallic propertié$ The liquid metals closest to
forces the ions into ordered layers parallel to the surface. Theearly-free-electron behavior are the monovalent alkali met-
existence of surface-induced layering in LM’s has been verials, which have a half-filled band and an almost spherical
fied unambiguously by experiment for liquid Hgza? and  Fermi surfacé® The metallic properties of alkali metals are
In.4 Layering is also present in liquid binary alloys, even explained by the most simple solid state models such as the
though it may be suppressed by surface segregatipthe  Drude theory:! The facts that the conduction band is prima-
formation of surface phasés. rily formed from s-electron states and that the electron-ion

Even though surface layering appears to occur in LM’s ininteraction can be modeled by a weak pseudopotential have
general, comparison of the detailed surface structure revealsd to numerous theoretical studies on the electronic struc-
qualitative differences between different LM"§.In fact, ture. At the free LM surface, virtually all theoretical studies
very little is understood about how the surface-induced lay-and computer simulations have been applied to liquid Na, K,
ering predicted for an ideal LM is affected by the details ofand Cs-'?
the more complicated electronic structure exhibited by the A particularly interesting question concerns the possible
polyvalent metals studied so far. One important goal thereeorrelation between surface tension and surface structure. In
fore is to study the surface structure of those LM’s that showgeneral, LM’s have surface tensions that are at least an order
the most ideal electronic structure in the bulk phase, chara@f magnitude higher than the surface tensions of all other
terized by itinerant conduction electrons which are onlytypes of liquids’ Liquid alkali metals are the only exception
weakly perturbed by a small ionic pseudopotential. Theseo this pattern. For example, Ga and Cs melt at about the
LM’s are referred to as nearly-free-electron type liquid same temperature but the surface tension of Ga is greater
metals’ In a previous study we have compared the surfaceéhan that of Cs by about an order of magnitude. If the high
structure of liquid In, which is considered to be a nearly-free-surface tension of liquid metals is related to surface-induced
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mm diameter, 1 mm depthn the UHV chamber was sput-
tered clean with Af ions. Sputtering removes the native Mo
oxide layer and facilitates the wetting of the sample pan by
the liquid alloy. After sputtering, the UHV valve to the res-
ervoir was opened and the liquid alloy metered into the
sample pan. As we will show below, our measurements un-
der these conditions are consistent with a surface free of
oxide on an atomic level.

Experiments were carried out using the liquid surface
spectrometer at beamline X25 at the National Synchrotron
Light Source, operating with an x-ray wavelength
=0.65 A and a resolution akq,~0.05 A%, In the x-ray
reflectivity geometry, incident angle and reflected angle
B=« are varied simultaneously witf detected within the
plane of incidence. The background intensity, due mainly to
scattering from the bulk liquid, is subtracted from the specu-
lar signal by displacing the detector out of the reflection
plane by slightly more than one resolution width'® The
layering, it would be reasonable to expect that liquid alkalispecular reflectivity from the surfacB(q,), is a function of
metals should display weak or no layering at the surfacethe normal component,=(4m/\)sina, of the momentum
This is contradicted by computer simulations showing pro-transfer Eout— Einz (0,09,). R(q, vyields information
nounced layering for liquid C5. about surface roughness and surface-normal structure and

The alkali alloy K;;Nag3 is more suitable experimentally may be approximated 4s
for such a study than are the elemental liquid alkali metals.

Among these, Li deviates from nearly-free electron type

behaviort'*3 while the high equilibrium vapor pressures of R(qz)=Rf(qZ)|<I>(qZ)|2<
the other elemental alkali metals prevent the use of an ultra-

high vacuum(UHV) environment over a long period of time Where R¢(q_) is the Fresnel reflectivity of a flat, laterally
without noticeable evaporation of material. Experiments unhomogeneous surface. The surface structure fabftar,) is

der UHV conditions are mandated by the high reactivity ofthe Fourier transform of the gradient of the intrinsic surface-
liquid alkali metals toward water and oxyg&hWhen liquid ~ normal density profile. The power-law term withy

K and Na are alloyed in the eutectic compositi@7 at. % =(kBT/27Ty)q§ accounts for roughening of the intrinsic
K), however, a vapor pressure well below 10 Torr is ob-  density profile by capillary wave$CW's). Scattering of
tained. The low melting point of this alloy{12.6°C) is an  x-ray photons by CW’s outside the detector resolutipgy
additional advantage, since the thermal surface roughnessfigsults in a loss in observed intensity. The short-wavelength
considerably reducetiThis binary alloy appears to be well cutoff g,y is determined by the particle sizwith g ax
suited for emulation of the properties of an elemental liquid~ m/a. The observed reflectivity is reduced when either the
alkali metal. The total static structure fact8fq) of bulk  temperatureT is increased or the surface tensignis re-
liquid KgNagg, shown in Fig. 1, is characteristic of random duced.

mixing, without subpeak or asymmetry of the first péak. For off-specular diffuse scattering, the incoming angle
The first peak ofS(q) for the alloy lies between those of is kept constant while3 is varied, straddling the specular
pure K and Na, as expected for an ideal mixttfrddore  conditiona= 3. The bulk diffuse background has to be sub-
importantly, the electronic structure of the homovalent K-Natracted from the measured overall intensity. An accurate de-
alloys is as nearly-free-electron-like as the electronic strucscription of the theoretical diffuse scattering requires inclu-
ture of the pure component3Even if there were some ho- sion of the contribution of the surface background to the
mocoordination or surface enrichment of K driven by theoff-axis background:*® The line shape of the diffuse scatter-
lower surface tension of K as compared to Na, it would noting is determined principally by the power-law term in Eq.
be discernible in our structural measurements, since x-ragl). Analysis of diffuse scattering gives access to in-plane
scattering is sensitive to the distribution of the electron dencorrelations of the surface and surface inhomogeneities that
sity, which is virtually identical for K and Na (0.26A% and ~ might be presen Simultaneous analysis of reflectivity and
0.27e/A3, respectively. diffuse scattering allows for a consistent determination of

The eutectic alloy was prepared by mixing liquid K and surface roughness and structure. As has been pointed out
Na in an inert atmosphere glove box<® ppm HO, recentlyl’ it is only for <2 that the reflected intensity
<1 ppm Q). The alloy was transferred into a stainlessdisplays the cusplike singularity centered at the specular con-
steel reservoir and sealed with a Teflorring. The design of  dition = 3. For =2, it is not possible to distinguish sur-
the reservoir is similar to the one used in recent Hgface scattering from bulk diffuse scattering since both are
experiment$. The reservoir is connected to a stainless steetlominated by correlations of the same length scale. The
UHV valve which is attached to a UHV flange. This assem-value ofq, at which » reaches the limit of 2 at room tem-
bly was connected to the UHV chamber, which was bakederature is about 1.7 A for KgNags.
out at 150°C until a vacuum in the 1 Torr range re- Diffuse scattering measurements from the surface of
sulted. After reaching this pressure, the Mo sample (2n Kg/Nags taken at different incoming angles [Fig. 2(a)]

S(a)

FIG. 1. (O) Static structure factor of liquid §&Nag; as a func-
tion of the in-plane momentum transfér—) bulk structure factors
of pure liquid K and Na from Ref. 14.
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FIG. 3. X-ray reflectivity from a clean liquid §Nas; surface at
room temperaturel{) and Kz;Nags following an exposure to 3000
L of oxygen (@) Also included for reference(—) calculated
Fresnel reflectivity from an ideal gNas; surface;(- - -) calculated
reflectivity Ry, from a Kg;Nagz surface roughened by capillary
waves at room temperature. Inset: Surface structure fabtgr,) |2
of liquid Kg/Nagz at room temperaturel{). For comparison the
surface structure factors for liquid G@losed trianglesand In
3 4 4 30 (closed boxesare includedq, is normalized to the position of the

f (deg) first peak in the bulks(q).
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FIG. 2. (a) Off-specular diffuse scattering from the surface of R, and the power-law CW term in Eql) to obtain a direct
liquid Ke7Nags for different incoming anglea:  (0)0.9° (multi-  measyre of the surface structure factb(q,). As can be
plied by 25 for clarity, (W) 1.2° (x5), (A) 177°% = geen the value ob(q,) rises above unity with increasing
c(j;ftsezéiattéﬁnog.?séimng)r{o sﬁ'r?:ce Ig/g'”lﬁéfiinge(?'(ﬁd d., as expected when constructive interference of x rays due
resolution of the present experimefty,~0.03 A-L. ( - - _') as. O surface layering is present. The low-angle tail of the sur-
suming the resolution attainable at a low-divergence x-ray source{,acg structure factor of iNags IS how compared W.Ith that of
Ag,~3x10°* A~L (Intensity x 100) iquid Ga and In reported previousfy. To normalizeq, to

the atomic sizeq, has been divided by}'®* of the first

show that the liquid alloy has a uniform surface roughenednaximum of S(q).'® For KgNag, qF¥~1.7 At
by capillary waves. The solid lines through the data are calwhereas for Ga and 1g)'®*~2.4 A~1. It is evident that the
culated from CW theorypower-law term in Eq(1)] with the  surface structure factor indicative of surface-normal layering
surface roughness entirely due to thermally activated surfacgoes not increase as quickly forgfag; as for Ga or In.
waves. This model has no adjustable parameters, and thessuming that the same layering model that successfully de-
surface tension of 0.110.003 N/m is consistent with mac- scribes the surface of G&ef. 3 and In(Ref. 4) also applies
roscopic measurementsThe agreement between the datato Kg/Nags, the measurement indicates that either the surface
and CW theory is excellent. The only limitation is in the layering of the alloy is significantly weaker than that of both
low-angle region &¢=0.9° andB<«), where the footprint Ga or In, or the length over which the layering decays into
of the incoming beam is larger than the flat part of thethe bulk is significantly shorter. One can speculate that there
sample. Apart from this deviation, the sample shows no exmight be a correlation between these layering length scales
cess scattering which would be expected from an inhomogeand the surface tension. This would mean that weak or
neous surfac&!® The absence of excess diffuse scatteringquickly decaying layering is expected for LM’s with excep-
indicates that the alloy surface is free of microscopic patchetionally low surface tension. Clearly, data extending well
or islands of possible contaminants such as oxide or hydridéoeyondg,=1 A~ are needed to support this conclusion.
As a result of this excellent agreement between CW Several factors contribute to the difficulty of extending
theory and the measured diffuse scattering, the reflectivityeflectivity measurements to values @f large enough to
from the alloy surface shown in Fig.(8pen squargsan be  cover the expected position of the layering peak. The re-
compared to the calculated reflectivity from g,Kag; sur-  flected intensity falls over almost ten orders of magnitude,
face which is roughened by CW but displays no structurewhile the background from the bulk structure factor in-
[i.e.,, ®(q,)=1]. The dashed line in Fig. 3 displays this the- creases, as this value @f, is approached. We must also
oretical prediction and it is obvious that the data rise aboveonsider that the exponentapproaches its limiting value of
it, consistent with the low-angle behavior of surface-induced for q,—1.7 A1 so that the specular cusp becomes broad-
layering observed previousf# This point is emphasized ened and ultimately lost in the diffuse background. Because
further in the inset where the measure(ly,) is divided by  of these effects, simply increasing the photon flux is not
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sufficient to improve the measurement substantially. A bettelow surface tension of liquid alkali metals precludes segre-
approach is to significantly improve the resolution. This isgation of oxide from the bulk. By contrast, high surface ten-
illustrated in Fig. 2b), where the calculated diffuse scatter- sion LM’s such as Ga or Hg lower their high overall surface
ing for a=4.5° (corresponding taj,=1.5 A_l) is shown energy by segregation of a contaminant film. These results
for the current experimental resolutigsolid line) and for a  are also in agreement with photoelectron spectroscopy ex-
resolution sharper by a factor of 208ashed ling Although ~ Periments requiring a similarly clean liquid alkali metal
the intensity is much reduced in the latter case, the peak [gUrface’ - ) _ )
much better defined. Reflectivity measurements conducted at [N Summary, we have shown that it is possible to investi-
low divergence synchrotron x-ray sources that are presentl ate the surface structure of an atomically clean liquid alkali

becoming available may make such extensions of dhe etal under UHV conditions. Exposing the sample to up to

. 6000 L of H, or O, has no effect on the atomic surface
range possible. . h ionally | f . Kali
To explore the effect of possible contaminants on the Surg,tructure since the exceptionally low surface tension of axal

X T metals precludes contaminant segregation. From the diffuse
face structure, we deliberately exposed the liquid alloy sur-

scattering we extract the surface roughness, which agrees
face to controlled amounts of pure oxygen and hydrogen gagye|| with capillary wave theory, and with the macroscopic

measurgdzo in units of monolayer surface coveragertace tension reported in the literature. Ehelependence
(langmuip.” The liquid alkali surface has been exposed 10yt the surface structure factor determined from reflectivity is

up to 3000 L oxygen and up to 6000 L hydrogen. As anqngjstent with constructive interference of x rays due to
exampleR(q,) at the maximum exposure of,@s Shown as g itace-normal layering. This surface-induced layering in
filled circles in F|g. 3 In_no case was a_measurable effect Oquid K/Nag; appears to be much weaker than that found in
R(q,) observed, indicating no change in the surface-normahigh surface tension LM’s such as In or Ga.

structure. This insensitivity of the liquid gNag; surface to

small amounts of oxygen is in striking contrast to similar ~ This work was supported by the U.S. DOE Grant No.
experiments on liquid Gé&Ref. 20 and Hg(Ref. 2) where  DE-FG02-88-ER45379 and the U.S.-Israel Binational Sci-
the formation of a thin homogeneous oxide film has beerence Foundation, Jerusalem. Brookhaven National Labora-
observed upon exposure of the liquid surface to as little asory is supported by U.S. DOE Contract No. DE-AC02-
200 L of oxygen. This difference is due to the fact that the98CH10886.
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