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X-ray reflectivity studies of liquid metal and alloy surfaces
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Surface-induced atomic layering at the liquid/vapor interface in liquid metals has been observed using x-ray
reflectivity on sputtered clean surfaces under ultrahigh vacuum conditions. A well-defined quasi-Bragg peak is
obtained for surfaces of elemental Ga and a Ga-In alloy at large wave vegtoPs3—2.5 A", These results
are an unambiguous indication of atomic layering with an interlayer spakciryr/q,=2.5-2.7 A. For liquid
Ga, the amplitude of the electron-density oscillations, which is significantly underestimated by existing theory
and molecular simulation, decays with a characteristic length of 6 A, which is twice that of Hg. Results on the
alloy show a clear enrichment of indium at the topmost surface layer, consistent with the Gibbs adsorption rule.
The enrichment consists of a single monolayer, with subsequent layers at the bulk eutectic composition. In
order to suppress mechanically excited surface waves, the measurements were performed on thin liquid metal
films (<0.5 mm deep which leads to a macroscopically curved surface due to the large surface tensions in
liquid metals. The experimental challenges posed by measurements on curved surfaces and the techniques that
were developed are discussed in def{@80163-18207)01324-9

[. INTRODUCTION ally over several atomic diameters, of a liquid metal is atomi-
cally stratified. Conversely, it is now well established

Liquid metal interfaces play an important role in many through computer simulatidhand theory®**that the liquid/
technologies, from basic metal production processes lik¥@pPor interface for simple dielectric liquids follows a simple,

smelting and refining processes, where nucleation of ga@onotonic profile. The prediction of layering at liquid metal

bubbles and slag/metal reactions are of crucial importance, to-/1aces Is thus a rather remarkable prediction, which distin
ishes metallic from dielectric liquid surfaces.

_— . : u
more sophisticated metal forming processes like zone melf Atomic layering at the surface of a liquid metal can be

ing, casting, and brazing. Each of these technologies argypained from consideration of the metal as a charged, in-
greatly influenced by the unusually high surface tensiongracting two-component liquid: a fluid of classical ions that
found in ||ql,||d metals which reflects the Ordering differenceSStrong|y Coup|e via a Coulombic interaction to the conduc-
between the surface and buikthe details of these differ- tion electron fluid of Fermi particles. According to Rice and
ences and, in particular, their temperature dependence negé-workers:® the combination of the density dependence of
the solid/liquid phase transition are still poorly understoodthe particle-particle(ion-ion) interactions, the strong Cou-
and are at the focus of an extensive research activity over tHemb interactions that try to maintain a local charge neutral-
past decadesFor example, effects like supercooling of a ity, and the quantum nature of the conduction electrons leads
liquid metal below its melting temperature and facet premeltto a situation where the “single-particle” energy density is
ing in a metallic crystal were explained in terms of astrongly inhomogeneous. This leads to a sharp transition re-
negativé or positivé surface entropy, respectively, where gion from the liquid to its vapor and a well-defined layer of
the reduced entropy in the first case is due to ordering in théns at the interface; this topmost layer of ions subsequently
liquid at the liquid/crystal interface, and the excess entropyintroduces layering to the underlying liquid ions, and the
in the second case is due to the reduced dimensionality at thsurface-induced” layering extends 2—4 atomic diameters
surface. Understanding both the phenomenology and micranto the bulk liquid metal. Although this idea is persuasive, it
scopic physics of surface-induced order is very muchhas proven to be difficult to quantitatively model the disor-
needed, and although there have been major efforts to undedered liquid metal surface, either in simulations or analytic
stand supercooling and premelting, structural data on the exheories, which is evidenced by the various approaches and
cess order at liquid metal surfaces remain almost nonexistpproximation different authors have employed over the
ent. years® Furthermore, until recently, surface-induced layering

Theory 1% and simulatioh1® have suggested that the in liquid metals has not been unambiguously demonstrated
density normal to the liquid/vapor interface, averaged laterexperimentally?®?!
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Although the interatomic interactions are significantly dif- example, Ga or Hg, the anticipated reflectivity is extremely
ferent for metallic and dielectric liquids, it is interesting to small and would be very difficult to measure.
note that simulations show the appearance of atomic layering Previous measurements by Bogibal*® and Kawamoto
at the interface between dielectric liquids and a hard Wall. et al** on liquid Ga extended tq,~0.6 A~ or to a length
Since surface tensions for liquid metals are much greatescale d~10 A. These measurements confirmed that the
than those for dielectric liquids, it is plausible that the differ- liquid/vapor interfacial region is relatively sharp, with no
ences between the two types of liquid surfaces can be exléviations from the average structure extending beyond 10
plained in terms of an “effective” hard wall that arises from A-_ Although the results of Bosiet al? could be modeled
the specific electron-electron and electron-ion interactions atith an atomically layered density profile, their coarse reso-
the surface. Regardless of the particular value of the macrdution allowed an equally good modeling by a monotonic
scopic surface tension that governs the excitation of longProfile, @s shown by the authors. For Ga, with an atomic

wavelength capillary waves, it seems likely that excitation OfdlarPe(;[etrdEZ.S A, I(hﬁn ?lhgnature ?fre:tofllfmcti\ll?tyermg |254ex-
short-wavelength capillary fluctuations on metallic surfaced) e_cle Inoa d?ji‘t’j}o?]eaGa re: dﬁpegiigize%'gg ang %hi. h
will be more costly in energy than on dielectric surfaces, and& ' ' y : ' . 9

L ; . vacuum (UHV) and surface cleaning techniques were not
consequently the liquid metal surface will behave like aemployed by Bosi@t al3! but have been utilized by Kawa-
smooth hard wall that introduces local layering to its topmost +io &t a2 and Regar'et al2! The experiments presented

layers. Although it is appealing to relate high surface t€nygre have relied on UHV conditions and measurements that
sions to an effective hard wall, exceptions, such as somgyiand out to 9,~3 A~! to unambiguously establish
alkali metals(e.g., C$, should not be overlooke'd. surface-induced atomic layering. This approach differs sub-

Several different experimental probes have been emgantially from measurements on Bywhich are simplified
ployed in the past to study the liquid/vapor interface of met-py its relatively small reduction potential that consequently
als. Macroscopic experiments.g., surface tension, wetting, allows the surface to be kept oxide free by enclosing it in a
adsorption, etg.cannot provide direct microscopic informa- reducing atmosphere of Hgas. For most other metals this is
tion on the structure of the liquid surface. Scattering experinot possible, and surface studies will require UHV tech-
ments, however, can provide subnanometer resolution deteniques.
mination of the structure of the liquid/vapor transition zone. We begin in Sec. Il with a discussion of the sample prepa-
Early optical reflectance and ellipsometry experiments ormation procedure, UHV chamber and surface cleaning, liquid
liquid Hg (Ref. 22 showed the existence of a transition re- spectrometer, and the use of various x-ray techniques to
gion of subnanometer thickness but lacked the resolution tprobe curved surfaces. Since results from the elemental Ga
resolve its internal structure. More recent electron-diffractionsurface at room and elevated temperature have been dis-
measurements were also unable to distinguish between G@issed elsewhefé;* Sec. Il provides only a brief summary
monotonic and layered density profile model for the of the room-temperature results and a general discussion of
interface?® The surface rigidity and corrugation of several the atomic layering in Ga. Section IV is devoted to experi-
liquid metal$* was probed using scattering of inert gas at-mental results recorded on the Ga-In eutectic alloy, where
oms. Ga, In, and Bi were found to have a stiffer andsurface enrichment effects in the atomic layering can be
smoother surface than organic liquids, indicating a ratheflearly observed.
sharp transition zone from liquid to vapor.

With x-ray techniques, it is straightforward in principle to [l. EXPERIMENT
observe surface layering in liquid metals but technically very
challenging. To observe layering on a scale defined by th?,l
length d, the x-ray reflectivity measurements must be ex-
tended to wave-vector transfers beyapd- 2/d. If there is
layering, as has been observed at some liquid crystal surfac
with d on the order of a few nanometérsthere is a quasi-
Bragg peak in the specular reflectivity@t~2#/d, which is
due to the constructive interference of the reflected x rays To obtain a stable reflection of x rays, electrons, etc., from
from underlying layers. The fact that this peak is confined toa liquid surface, one must suppress the vibrations that arise
the specular condition allows the reflectivity technique tofrom the coupling to equipment vibration and noise. For a
distinguish surface structure from the bulk structure. The difshallow liquid Ga layer 0.3 mm thick, surface waves
ficulties associated with measurements on liquid metals ar@ith wavelengths significantly greater than 0.3 mm, or with
primarily due to the large, range 3 A1) that must be frequencies significantly less thanl kHz, are attenuated by
attained to establish atomic layering<2.5 A) and the con-  viscous drag at the liquid/substrate interfdcelhe UHV
sequently low x-ray reflectivity, of order 18 at this large chamber and associated goniometers are themselves
g, . It should be noted that x-ray measurements over a simimounted on an optical table whose resonant frequencies are
lar q, range on simple dielectric liquid surfacésg., water, well below 1 kHz. As a consequence, the table serves to
methanol, ethanol, efcare even more difficult and have not attenuate the short-wavelength acoustic disturbances and the
yet been achieved. The primary reason for this is that theiscous drag of the thin film attenuates the long-wavelength
mean-square amplitude of the thermal roughness due to capxcitations.
illary waves is comparable to the layer spactfic?® When For the case of liquid Ga and most other metals, the very
this is combined with the lower electron density than, forhigh surface tensions and any remnant oxide layer that exists

The experimental approach outlined here is based on
HV techniques and sputtering to ensure clean surfaces and
x-ray reflectivity data to wave vectors as large gs= 3.0
égl to obtain angstrom-scale resolution.

A. Thin liquid samples
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at the liquid/substrate interface often prevent wetting from @

occurring on nonreactive substrates. In most cases, when lig- Sv~Hh/(rsinc)
uid Ga is spread on a substrate, it dewets and forms spherical
droplets. A procedure was developtf to overcome this
problem by sputter cleaning the surface of a water-cooled,
1.25-in-diameter Mo substrate in a dc glow discharge of Ar
and then dropping the liquid G&9.99999% puritythrough

the discharge and onto the glowing Mo. The Ga does not
immediately wet the Mo surface but rather tends to form a 4.
large droplet, nearly covering the entire surface. With the use
of glass wipers, it is straightforward to physically sweep ex-
cess Ga from covered spots to the bare regions while main-
taining the glow discharge. This method leads to a thin Ga
layer <0.5 mm thick and contact angles as small~a%0°

(as judged by eyeThe glow discharge is then turned off and
the chamber vented. The samples are extracted from the
glass chamber and then frozen in a nitrogen environment. &

®)

B. Ultrahigh vacuum x-ray chamber

Before inserting a sample into the chamber, it is melted 9x
and the surface is carefully swept with a clean glass slide to
remove any macroscopic oxide particles. The liquid sample FIG. 1. (8) Schematic diagram of the curved liquid surface ki-
is transported into the x-ray UHV chamber by first placing it "ematics(curvature exaggerated for clanityrhe x-ray footprint on
into a load lock, and then transporting it to the UHV cham-the liquid surface strikes the surface where the local normal is at an
ber. Surface oxides that form during transport, when th@ng!ev to the vgrtical, Withr.the local radius of cgrvature. To
samples are exposed to air, are removed by sputtering WitPerf'le the reflection8 scans(in the plane of reflectloha_nd 20
focused 2-keV/Ar ion€® Due to the small sample size and Scanstnormal to the plane of reflectiorare used.(b) Reciprocal
large ion beam cross-sectional area, the surface could tfé’a.ce picture of the specular reflectivity and bulk scattering from a
sputtered clean without recourse, to a mechanical V\?ﬁ)es |qU|q metal. The broad ring represents the isotropic scattering from
noted by other@ the surface imp;urities that lie outside the t_he flrst peak in the bulk liquid structure factor. The p_lane_of reflec-

! . : - : .~ tion is the g,-q, plane, and the specular condition is when

local sputtered area readily migrate into the region being, _ -0 y
cleaned, are broken up, and ultimately completely sputtered ="
off the Ga surface. Additional information and details of the

UHV chamber and sample cleaning procedure have beef"c€ between the mpnochromator crystal and liquid sample
given elsewherd® is ~600 mm; approximately halfway between the two are

the incident slits, which were typically set at 0.07 mm verti-
cal by 1 mm horizontal. Immediately downstream of the in-
cident slits is an ion chamber that serves as a monitor of the
To obtain the high x-ray intensity required for these meax-ray flux incident on the sample. Given the beam diver-
surements, the wiggler beamline X-25 at the National Syngence and location of the incident slits, the beam height at
chrotron Light Source was usé8iAs a consequence of the the sample position is typicallii~0.1 mm. The scattering
high heat load 200 W/mn?) of the incident beam on the from the sample is recorded with a scintillator detector,
monochromatof! methods and techniques were developed~600 mm from the sample surface. The spectrometer reso-
in the construction and use of a white-beam liquidlution is determined by a combination of the size of the
reflectometef? We used a single-reflection, water-cooled illuminated spot on the sample and the detector slits, which
Ge(220) crystal to select the x-ray wavelength as well as towere typically set at 1 mm vertical by 4 mm horizontal.
deflect the beam downward to a desired angle of incidence
a with respect to the horizontal liquid surface. The x-ray
energy was set to 18 986 e £0.6532 A by rotating the
monochromator about a vertical axis and setting it to the Although relatively flat liquid metal samples have been
K-absorption edge of a Nb foil. An energy resolution of 1000btained, appreciable curvature still exists and complicates
eV was determined from the width of the absorption edge. the reflectivity method that has been applied successfully in
Several combinations of beam divergences and slit sethe past to uniformly flat liquid surfaces. A modified method,
tings were tested for these reflectivity studies, since, as wilkdapted to curved surfaces, was therefore developed and is
be discussed below, careful control of the beam footprint ortlescribed. Figure (&) illustrates the curved liquid surface
the surface is necessary to understand and characterize tki@ematics. The height of the incident beamhs which
influence of sample curvature. Generally, we found that anakes an anglex to the horizontal. Since the transverse
highly convergent beam, with as small a spot size at thevidth of the beam is small, the sample curvature normal to
sample as possible, works best. Upstream apertures wetlee reflection plane can be neglected. We first discuss the
used to limit the vertical and horizontal beam divergencekinematics of a single ray. Consider the ray that strikes the
which were set to 0.1 and 0.5 mrad, respectively. The dissample at the highest point where the local normal is vertical.

C. Liquid surface spectrometer

D. Reflectivity off curved surfaces
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By changing the sample vertical positia) the position
where the beam strikes the liquid surface moves off of the
top to a point where the local normal makes an angl to

the vertical(within the plane of incidenge The specularly
reflected x ray leaves this point making an angle
B=a+2v(s) to the horizontal and wave-vector transfer
g,~ (4m/\)sin(a+B)/2]. Throughout this work, the refer-
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ence frame is defined so thgt is normal to the curved 0.5
liquid surface. Thus, the orientation qf relative to the ver- o == Teess
tical, depends on the extent of curvature and the location of 6 18 20 22 24 26 28 30

the incident beam on the curved sample. Since the beam B (deg)
height at the sample positidnilluminates a footprint length
on the sample ofi/sin(«), the angle of the surface normal
will vary by sv~h/[rsin(a)], wherer is the local curvature.
Neglecting the small divergence and nonuniformity of the
incident beam, the full width at half maximum of the re-
flected beam will thus ba& g~h/[rsin(«)].

Consider an incident angle on the order of @bminal
q,=1 A~1) with the beam height at the sample position
adjusted to be typicallyp=0.1 mm(determined by the inci-
dent slit height, beam divergence, and distance from slits to -04 0
sample. Under these conditions the beam footprint on the 26 (deq)
curved surface extends2 mm in the plane of incidence.

For a drop with a local radius of curvature-~-200 mm, FIG. 2. (& B scan for a small incident angle
which is typical at the top of the Ga drops studied here, thda=2.3°, q,=0.782 A™) where there is little bulk scattering.
orientation of the surface normal then variesb®.5 mrad The dashed line is a fit to the diffuse scattering, and the solid line is
(0.55°) over the illuminated area. This is almost two ordershe superposition of a Gaussian function and a quadratic back-
of magnitude larger than the angular divergence of the inciground. (b) Corresponding scan through the plane of reflection
dent beam, and aside from setting a practical limitation orf{Scan @;  set at the specular conditipn

the experimental resolution, it presents other complications.

Since for an ideal flat surface the reflectivity varies asp(a) represents diffuse scattering from either bulk scattering
1/q; , even small errors in the sample height yield significantor the various x-ray windows of the reflectometer. The local
variations in reflected signal. radius of curvature is calculated to be-360 mm, which is

A second difficulty is the subtraction of diffuse scattering gne of the flattest samples we have obtaiftggical values
from the bulk liquid. Figure () illustrates the significance range fromr ~100—350 mm Figure 2b) shows a @ scan
of the bulk scattering in reciprocal space. The shaded Conic%rough the same poir® as illustrated in Fig. @). In this

region centered on the, axis is the locus of points where case the only feature of the spectrum that is sensitive to the

specular reflection could be observed for a curved sampl : : C ;
illuminated with a finite footprint. The broad spherical shell, gample curvature s the peak height which, in absolute units,

whose intersection with the coordinate planes is shown in° identical to that of the§ scan of Fig. 2, as is indeed

thick black stripes, denotes the first peak in the bulk "quidobserved. Thg line shr_:tpe in Fighy corresponds.to Fhe ex-
structure facto5(q). For a given incident angle the specu- pected tWO_'SI't resoll_mqn _shape for the k_nown incident and
lar reflection is centered at @~ (4m/\)sin(e). To isolate  detector slits. For this incident angle, neither fenor 26
the specular reflection from the diffuse background, two dif-Scans record IS|gn|f|cant |nt.en§|ty from the diffuse scattering
ferent scans were used to profile the reflected beswra Fig.  @ssociated with the bulk liquid; however, at larger angles
1). The first type is 3 scan in which the detector height is When P approaches the point where the specular and bulk
scanned within the plane of incidence d20°), with the diffuse scattering cross, th® and 29 scans are essential for
incident anglex fixed. In this case, the scan is entirely in the Separation of their relative contributions to the measured in-
d,-q, plane, and the specular condition is met for a range otensity. This will be discussed below in connection with Fig.
B surroundingg,=0. For a flat sample this occurs when 4.
B=a. For a curved sample, specular reflection is observed To ensure that measurements were obtained on the top-
over the range defined h§=a+2v(r), wherev(r) varies most and therefore flattest region of the sample,Atscans
across the beam footprint. The other measurement i9 a 2were recorded for a series of sample height®r a given
scan, which is a scan through the plane of reflectierafid  «, thereby moving the beam footprint systematically across
B fixed). Neglecting sample curvature over the width of thethe Ga surface and sampling regions of different local cur-
beam, specular reflection for this scan is achieved avature. For each heiglstthe individualB scans have been fit
20=0, orq,=0. to a model consisting of a Gaussian p¥aiind quadratic

A B scan through poinP in Fig. 1(b) cuts through the background. The form for the Gaussian peak, which repre-
shaded region at an angle and gives rise to a spectrum likeents the intensity distribution of the specular reflection
that shown in Fig. @) for «=2.3°. The broken line in Fig. [l g.sca{8)], is thus modeled as
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FIG. 3. lllustration of the analysis g8 scans as a function of B (deg)
sample heights for «=3.1°, as discussed in texta) Gaussian
width of the central peakp(s); (b) position of reflectionBm.{(9) FIG. 4. (a) lllustration of the first method to isolate and quantify

compared to that expected for constant curvatdeshed ling and the reflectivity in the presence of significant bulk scattering. The
(c) integrated intensity compared to Fresnel thegsplid) and broad peak is the first peak in the bulk liquid structure factor, and
model (dashegl the smaller peak is from the reflection of x rays from the liquid
surface @=7.4°). The @ scans illustrate that fo=7.9° the
1(S)Q 2 scattering is isotropi¢bulk), and for3=7.4° the scattering is made
| pscal B) = (8)Qres ex;{ B [B— Bmaxs)] (1) up in part by a component confined to the plane of reflection. The
i \/qu(s) 2¢(S)2 vertical lines mark the position i where the 2 scans of the inset
were taken(b) lllustration of a second method to isolate and quan-
where ¢(s)=AB(s)/[2 /2In(2)] is the Gaussian width in fify the reflectivity in the presence of significant bulk scattering.
degrees ang,,,(s) is the peak position. In view of the fact The difference between the data measured in the plane of refl.ection
that the measured intensity distributidn, e, is actually a and that offse_t by 2= 7:0,350 and averaged leads tq awell-d_efmed
convolution of the differential scattering cross section with aP$aked function that is modeled here as a Gaussian function. The
resolution function, the reflectivity is obtained by either digj- 'erence is offsetin the intensity by EL0" " for clarity.
tally integrating the scan or otherwise performing a decon-
volution that would relate the reflectivity to the peak of cident intensity. It is assumed in this analysis that the reflec-
| g.scan- IN OUr case, the sample curvature leads to a widthivity is a slowly varying function over the width of thg
¢(s) that is much broader than the resolution, scan. The data in Fig.(8), obtained from the integrated area
Qo= (180/7) (D ger/Lge) (in degreeps with Ly4r~600 mm  of the Gaussian, agrees reasonably well with the calculated
the distance from the sample to detector. As a result, th€resnel reflectivity for the measured values@fand Bax
deconvolution can be performed trivially, with the measured(solid line); however, the dashed line with somewhat better
intensity related to the absolute reflectivitys), through agreement is obtained from the model reflectivitighs-
multiplication by ()., as shown in Eq(1). cussed beloy
Figure 3 illustrates the results of these fits for varying The analysis is more subtle at larger valuesggfsince
sample height and an incident angle=3.1°. The fact that diffuse scattering from the bulk liquid becomes appreciable
the Gaussian widthk) varies with sample height illustrates and even dominant. Figuréal shows the result of # scan
that the sample curvature is not constéat first order in  ata=7.4°, where the specular signal is superimposed on the
s). The local curvature (s), calculated fromAB and the peak from the bulk scattering, described by the liquid struc-
footprint length, is 350 mm at the top of this Ga drop andture factorS(q). SinceS(q) is isotropic, as illustrated by the
decreased to 225 mm for distances uptd cm from the heavy lines in Fig. (a), whereas the reflection signal is con-
center. To first order, the average radius of curvatyres  fined to the lineq=(0,0,q,), the obvious method to distin-
obtained from Fig. @) as the slopedBma/ds~1/(r .«), guish the specular reflection fro8{q) is to move the detec-
which leads tar .~ 350 mm at the drop of the top. There is tor off the specular condition, normal to the plane of
good agreement between the local radius of curvature angflection, by several resolution widths. In this case, the iso-
the average curvature. Although(s) and 8,,a(S) depend on tropic bulk scattering is essentially unchanged, whereas the
the curvature, its background-subtracted integral does noteflection strongly depends on the orientatiorgofhe inset
The reflectivity R for a given q,(«,s)=(4w/\)sif{a  to Fig. 4a) illustrates that it is straightforward to discern
+ Bmaxd{9)}2], is then the integral(s), normalized to the in- S(q) from the reflection by utilizing 2 scans. When the
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data at small incident angles where the footprint extends sig-
nificantly on the curved surface. In this case, the x-ray foot-
g print samples regions of curvature that, at one end of the
footprint, lead to incident angles close to the critical angle

3T T S i and at the other end may be 5-10 times the critical angle.
= exponential sine model

The constant curvature hypothesis is no longer valid, which
complicates the analysis. The low-angle method of Kawa-
motoet al3° was in fact used, but the best solution would be
to obtain a large, flat sample where careful low-angle mea-
0 05 1.0 15 20 25 3.0 surements can be directly obtained.

—--distorted crystal model

(b) ' ' ! ' lll. PURE GALLIUM

A compilation of the reflectivity data that have obtained
for several liquid Ga samples is illustrated in Figa)s For
clarity, the data have been normalized by the theoretical
— exponential sine model ] Fresnel reflectivity R;) of a perfectly sharp step-function
=~ distorted crystal model interface and show no appreciable deviation from Fresnel

theory except forg,>2.0 A~1, where a well-defined maxi-
] mum is evident. At large wave vectors where the bulk scat-
-5 0 5 10 15 20 tering is appreciable, there is good agreement of data col-
z () lected from both the8 and 29 scans. Aside from the known
bulk electron densityp.,, the ratioR/R; can be generally
FIG. 5. (a) Reflectivity for liquid gallium normalized by the described by as few as four parameters in real space which
Fresnel reflectivity:(], from integrating the8 scans,A, from a  describe the amplitude, decay length, and spacing of the
relative comparison with @ scans(b) Corresponding electron den- electron density oscillations into the bulk liquid, and the in-
sity profiles for liquid gallium at room temperature. terfacial roughness. These data have been the subject of a
previous publicatiod! and only a brief summary with fur-
detector is moved from the specular conditjpr 7.4° tothe  ther clarification of the mathematical details is presented
off-specular conditior3=7.9°, all of the measured intensity here. Although a number of density models can be con-
is due to the first peak in the bulk(q). Consequently, the structed with additional parameters that lead to even better
26 scan yields only a slightly curved background, with little, agreement with the data, without additional data at large
if any, surface scattering. Conversely, when the detector is i, , it is not possible to determine much more than the basic
the position to observe specular reflection, thé &an features of the layering profile.
(B=7.4°) results in a resolution limited peak above a simi-  For q, larger than 4-5 times the critical wave vector
larly curved background. By comparing the relative ampli-q., whereq,=0.0483 A~ for gallium, R/R; is related to
tude changes in the@scans while systematically varying the average electron density along the surface normal,
a ands, one can obtain quantitative information about the<p(z)>, by44

strength of the reflection as a function qf. Since this

method relies on the assumption that the local curvature does R(q,) 1 [ dp(2)) | 2
not vary over an appreciable rangesitichanges in footprint — —f d e'97dz . 2
location are less than 5 mmit has been used only in the Ri(d2) [P z

presence of strong bulk scattering where the first peak in. . . _ .
S(q) significantly overlaps the specular peak in fi&cans. Typically, the density profile is constructed from a physical

In this study, most of the reflectivity data were obtainedr_m_)Olel for(p(2)), inserted in Eq(2),_and fitted to the reflec-
by carrying outB scans through the specular condition and a ivity to extract the parameters which best describe the data.

displaced 2 as shown in Fig. ). At 26=+0.35° the de- | "© levels of modeling are discussed here. The first is a

tector does not accept any specular signal andatecan simple continuous model for the density, treating the density

measures only the bulk diffuse scattering, which is essen(_)scillations and the liquid-vapor transition width on a purely

tially constant for small variations in@ Consequently, the phenomenological level without reference to its atomistic na-

. : re. On a more fundamental level, a second model considers
independently measured data for the bulk scattering at smailﬁe atomic nature of matter, and is based on a detailed atomic
offset angles in 2 was used to carefully measure and sub- '

tract the bulk scattering background ingascan. Figure @) description of the layered atoms and the atomic form factor.

illustrates the results from @ scan, both in the plane of A.S'mp'e continuous m%d_el, similar to previous ones _used
for liquid crystal surface$ is based on an error-function

reflection and offset by 2= +=0.35°. The difference is the . . . :
surface signal, which we have modeled as a Gaussian peérp(terfaual profile(width o and offset byz,) modulated by

superimposed on a linear backgrodidFor this sample, an exponentially decaying sine wave:

ApB indicates thatr ~150 mm as compared to~350 mm (o2} 1

calculated for the Ga sample in Figlb$;, however, the inte- p(2)) Z— 7 . _y

grated intensities are in good agreemigfig. 5a)]. P 2 Ter o 0(2)Asin2mzid)e =,
Finally, it should be mentioned that it is difficult to obtain 3
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6(z) is the Heaviside step functiod, the interlayer spacing, the prominent layering peak at=2.4 A~* decreases dra-

¢ the exponential decay length, a#dan amplitude. It is matically upon heating from room temperature to 170°*C.

straightforward to compute the reflectivity for this model: ~The peak width, however, stays unchanged, indicating that
the layering decay length is temperature independent. The

R(q,) ) o?q%\  AmqiA Zq-rquC‘2 origin of the change can be fully accounted for by the tem-
€Xpl 19220~ —I , (4) perature dependence of capillary-wave-induced surface
Ri(z,) 4 &dD dD |
roughness.
with C=(1/62+4n?/d>—q?) and D=C?+4q2/£%. The The capillary contribution is determined by balancing the

best-fit profile is shown in Fig. & (solid ling, with  thermal energkgT with the surface tensiory and gravity.
d=256-0.01 A, ¢=58+04 A A=0.2000.02, The temperature dependence of the capillary width follows a
0=0.50+0.04 A, andz,=—0.24+0.06 A*® The electron- simple form,
density profile is illustrated in Fig. (6); density profiles
computed within the error bars of the parameters are indis- 2 _ 2, keT (kmaX)
o : . Oow=05F In ,
tinguishable in the figure. 27y

Similar results are obtained with the distorted crystalline . L I N .
model®234 This model assumes basically a Iayeryordere ith oy an intrinsic contributiot®°The logarithmic term in
structure, where the surface layers become increasingly d?gq' (7) arises fror_n integration of the i dependence_m the
ordered with distance from the surface plane., the root- hermal expectation value of the mean-square amplitude of a

; ; ; ; thermal capillary wave of wave vectér For infinitely sharp
mean displacement of the layersincreases with depth into ; i
P y P angular resolutiom 8 and an ideal flat surface, the short-

the bulk liquid asoj =075, +jo” with o a measure of the 44 |ong wavelength cutoffs,,,, andk,, respectively, are
increasing root-mean displacement as the density approaChﬁétermined by the molecular sizik,,=m/d=1.26 A1)
max .

the bulk liquid ando, a displacement common to each and : : o
. . ) gravity Kmin>vApg/y with Ap the mass density differ-
layen. With the spacingl between layers fixed, the electron ence between the liquid and vapdrowever, for the present

density profile is X-ray measurements carried out on a curved sample, the
smallest wave vectors that can be measured are limited by
®fed2) (5) sample curvatures,,,,=ABq,/2. SinceA B is determined by
’ the local radius of curvature ~150 mm), the beam height
at the sample positionh(~-0.1 mm, and incident anglex,
whereng, is the number density of atoms in bulk liquid Ga this leads tok,,,=2a/(r\)=0.0064 A~1, independent of
and the Gaussian constructed layered profile is convoluteg,  From the Ga surface tensifrand the experimental reso-
(i.e., ®) with the Ga atomic density distributiofig{z). The  |ution, we calculate the capillary wave contribution with

Y

kmin

Nl 1 [—(z—jd)?
(p(2))= ngo ;jexr{—rz(r_

J

reflectivity is 00=0.37+0.027 A, and the other parametedsanda_, are
2 2 unchanged. The reflectivity data are well described over the

R(9) |f(9)a.d? e 927w © entire measured temperature ran@ge., up to 170 °@3*
Re(d,) Z | |1_eiqzd—q§?/2|2’ These results indicate that even on an atomic length scale the

liquid metal surface is extremely flat with a measurable

with Z the atomic number andi(q,) the Ga atomic form roughness that is fully accounted for by the broadening ex-
factor. Figure ®) shows the best fitdashed ling of this  pected from capillary wave theory.
model: d=2.51+0.01 A, 0,=079-001 A, and Finally, we note that our results are in qualitative agree-
o=0.39+0.01 A% ment with computer simulations which predict a similarly

Analysis with either model leads to similar electron den-layered profile that extends 3—4 atomic diameters into the
sity profiles[Fig. 5(b)] and essentially the same results. Thebulk.* However, the measured layering amplitudes are sig-
interlayer spacingl is ~10% less than the near-neighbor nificantly underestimated by existing theory and simulation.
spacing in the bulk liquid, which is expected from the stack-Comparison of the results with theory, and in particular with
ing of neighboring |ayers1 and is consistent with near-the S|mu|at|0ns done for gal“um and Oth.er ||qu.|d meta|S, IS
neighbor distances in crystalline Ga. The layering extends afomplicated by the fact that molecular simulations are per-
exponential decay length o6 A into the bulk liquid which ~ formed on relatively small model_ systems that necessarily
corresponds to-3 atomic diameters. This is approximately cut off the long-wavelength capillary waves. In order to
twice the decay length that has been measured for liquid Hf'ake the comparison with any particular simulation, we
at room temperaturé. Although the origin of the difference have used the measured parametdrs§, o) that best fit the
is not understood, it may be a result of a reduced orderingsa data along with a long-wavelength cutégf;, given by
tendency of Hg, manifested by the higher vapor pressure and/L wherel is the length scale of the particular simulation.
lower surface tension, or an increased ordering at the liquidvhen the comparison is made in this way, the amplitudes of
Ga surface that is manifested in the relatively high degree othe resultant surface oscillations from our measurement are
covalent bonding which is observed in bulk liquid ¢a*  significantly larger than that obtained by thedry or

For the distorted crystal model, the electron density prosimulations!=¢ for any liquid metal investigated, except
file can be interpreted as a local structure that is broadenedg.? The simulations for gallium itself underestimate the
by thermally induced capillary waves, denoted by the commeasured amplitudes by a factor ot'2Although the ampli-
mon displacement,,. Recent experiments on the tempera-tudes of the predicted surface oscillations for liquid Hg are
ture dependence of the layering for liquid Ga indicate thattomparable to what we observe for Ga, they are not consis-
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tent with the measured amplitudes for Hg, which are 50%

smaller than that for Ga. Further details are given in Ref. 34. 12: 9 - .
1072 | ——Fresnel, Ga—In eutectic J
IV. LIQUID Ga-In EUTECTIC o3 o gg:m :ﬂ§§§§:§ gg °8 |
We have also applied these x-ray techniques to investigate g 1074k .
atomic layering and surface enrichment at the surface of a 2 0L i
liquid metal alloy. Measurements were obtained on the liquid & -
Ga-In alloy at the eutectic compositi¢h6.5 at. % In; melt- 10 ] )
ing point at 15.7 °Q@. Other groups have also utilized x-ray 1077 b \D\Q"‘l-ﬂ\g_@mmnu iy
scattering and reflectivity methods in the study of very dilute 1078} B SN
concentrations of Bi in liquid G&>°! Gibbs”?> showed that 107 - - =
any component that lowers the surface energy will necessar- 4 A '
ily segregate to the surface. For an ideal binary mixture, () s8°C )
where the chemical interaction between atoms is weak and 3 ‘”;§°?,,°e,’(‘,t;§,"°" gradient ]
there is little heat of mixing, the surface enrichment is typi- o~ T e
cally from the component with the lowest surface tension. 2 . T
One would thus anticipate a surface enrichment of In for o s elys
Ga-In alloy, owing to the~30% smaller surface tension of 1 s e 1
In than Ga(at the melting points The surface composition
of In atomsxg, can be computed from the Gibbs adsorption 0 - . :

0 0.5 1.0 2.0 25 3.0

rule, where the surface energies between the two components . 1(';_,)
are balanced: z
FIG. 6. (a) Measured reflectivity curve for the liquid Ga-In eu-
, 8 tectic alloy at room temperature and 86¢&l data fromg scang.
The Fresnel reflectivity is denoted by a solid lirfp) Reflectivity

. . data normalized by the Fresnel theory. The data have been fit to the
with ; andA; the surface tension and molecular areas of thgy, models discussed in the text, and there is good agreement with

components, respectively, ang the In concentration in the 5 gensity profile that is layered, with the topmost layer In atoms and
bulk. For the Ga-In eutectic composition, the prediction forthe subsequent layers at the Ga-In bulk composition. The fit to the
the surface concentration is80 at. % In. It is well known  data worsens if additional In layers are includedy., withN=2 or

that there exists a large positive heat of mixing in the liquidN=3 In layers, so that these are clearly inappropriate.

and solid Ga-In system, and consequently @j.underesti-

mates the extent of the In enrichmétion scattering and ¢, data (<1.5 A~1) are consistently greater than tRe by

Auger spectroscopy results support this view indicating that- 259, which is an indication that a more dense layer exists

the surface of the eutectic alloy is at least 94 at. %°In. on the surface. The models discussed previously cannot fit
X-ray reflectivity results are consistent with these obserthe data; neither the exponentially decaying sine model nor

vations of an enrichment of In atoms at the surface. Figurghe distorted crystal model, as constructed, can produce a

6(a) illustrates the reflectivity results for the Ga-In eutectic reflectivity that fits the peak af,~2.3 A~* and still produce

alloy at room and at an elevated temperature, along with thg reflectivity greater thermR; for q,<1.5 A~!. However,

Fresnel theory for the eutectic composition. The Fresnel resimple modifications to the distorted crystal model, where

flectivity is computed using a density for the eutectic that issegregation of In to the surface can be modeled as an excess

a linear function of the composition, which is a commondensity, lead to excellent agreement with the data as shown

assumptiort. We have used a number density for liquid Gain Fig. &b).

of ngz=0.0527 atom/R, which is the value at the melting  We have pursued two surface segregation models: one

point. Since In melts at 156 °C, it is not clear what value towith a finite number of In-enriched layers at the surface and

use for the In density, so we have varied the In numbethe other with a surface enrichment defined by an exponen-

density in the fitting procedures and find that=0.0376 tial concentration gradient. To make the discussion clear, we

atom/A® works well. This is the average of the values com-develop each of the models in detail. For an alloy, the den-

puted for liquid In at its melting point0.0369 atom/&) and  sity profile can be constructed in terms of the contribution of

for crystalline In(0.0383 atom/&). These values lead to a each element to each of the layers:

critical wave vector for the eutectic of,=0.0487 A1, Al- .

though the density of some liquid alloys shows a deviation d 1 . :

from the linear relationship, it is usually no more than (p(2))= EZ’O —[NedDfed2)+nin(i)fin(2)]

+4%?1 Such small deviations chang® only marginally :

and do not affect the conclusions drawn here. se {—(z—jd)z

X —

RT

n | X+Ss
= —In
7In Aln

Xp

RT (1—xs

+-—1In
’)/Ga AGa 1_ Xb

The peak in the reflectivity, neay,~2.3 A1, is an un- 202 | ©)
ambiguous indication of atomic layering at the liquid/vapor !
interface with an interlayer spacirdy~2.7 A. For the data with d ando; defined similarly as for pure Ga arigi(z) and

collected at room temperature, however, there is an imporfg(z) the electron density distributions for atomic In and

tant difference from that recorded for elemental Ga. The lowGa, respectively. The number densities in each layer are
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low g, data, one cannot rule out more elaborate surface en-
richment models. For example, it is possible to fit the data
over the measuregl, range to a model wittN=35 In layers.
These models are not physically justified, however, since it is
well known from Auger and ion scattering datahat the
enrichment does not extend more than a few layers into the
—25 °C pure Ga bL_JIk liquid. Thus, the profiles that fit the reflectivity _data_
—— 95 °C eutectic i with more than 3—4 In layers can be excluded, but this still
----- 86 °C eutectic needs to be pursued with collection of lay-data on flat
samples.
At higher temperaturesT(=86 °C), there is a large de-
-5 0 5 10 15 crease in the amplitude of tHRYR; ratio, especially near the
z (R) peak position, with essentially no change in the full width at
half maximum. The constant width indicates that the layering
FIG. 7. Models of the electron density profile for the liquid decay length is not significantly affected by temperature and
gallium-indium eutectic at room temperature and 87 °C comparedn€ peak height reduction is found to agree with the predic-

to that for pure gallium. For a given temperature, the two modeldion of capillary wave theory. The same behavior was ob-
discussed in the text lead to eutectic density profiles that are indisserved for pure Ga as wéll.The best-fit results at this tem-

tinguishable in the figure. An enrichment effect in the topmost layerperature lead ttN=1, d=2.60=0.01 A, ¢,=0.93+0.01
is clearly noticeable. A, 0=0.40+0.01 A, andx,=0.91+0.17. The results indi-
cate that for the measured range there is no temperature de-
given bynn(j) =xjn;, andng4j) =(1—Xx;)ng,, with x; the  pendence of the In enrichment, modeled here as the number
concentration of In in th¢th layer. Of course it is possible to of In enriched surface layers. Figure 7 illustrates the subtle
construct more elaborate models that include additional padifference between the two profiles, where the layering at
rameters and are specific to each atom type. The rathdrigher temperatures is broadened by the additional displace-
simple form of the data, the similarity of the diameters forment from capillary waves, but itg range remains un-
Ga and In(differ only by ~15%), and the good fits that can changed.
be accomplished with the present models suggest, however, A second model was investigated, also a modification to
that more complicated variations of the present model are ndhe distorted crystal model, that led to essentially the same
necessary here. results. The In surface enrichment is modeled as a concen-
As a first example, suppose the thiplayers consist of an tration gradient that starts with a topmost layer of In atoms
In-enriched liquid of uniform compositiorg, with the un-  that decays to the eutectic composition in the bulk over a
derlying layers held at the bulk eutectic compositigg, In length scale defined bg. That is, the concentration in layer
this scenario, we have j is given by

Xs, j=0,1,2,... ,N—1 = —jdrgcq —
xi= s_] ' (10 Xj=Xp+e 19 (1—xp). (11
Xp=0.165, j=N.

_ _ o The reflectivity for this model is readily determined from Eq.
Itis stralghtforwc'_:lrd to compute the_z refl_ect|V|ty from Eq8) (2), again assumingrfzaﬁwﬂoz. Figure Gb) shows the
?‘”d(lo) in the kinematical approximatiofEq. (2)], assum- fits of this model to the eutectic data, which is indistinguish-
ing as for pure Ga that the depth dependence of the meanyq fom the fit to the previous modétg. (10)]. The best fit
square d|§pla(:2em?n_t2 of _the layers follows a §|mple formto the data giveg=0.89+0.92 A, with the other parameters
namely, oj =07, +jo°. Figure @b) shows the fit of this 4 5 within the error bars of the previous fit. At 86
model to the eutectic data recorded at room temperaturéc - gimilar results to the previous model are obtained as
leading toN=1 layer,d=2.59+0.01 A, 0=0.44+0.01 A,  \yell, with £=1.7=1.2 A, and are indistinguishable in Figs. 6
0ow=0.83+0.01 A, andx,=0.97-0.11+0.03. The fitwors- and 7.
ens considerably with additional In-enriched layéesg., The models lead to the same basic conclusion: only the
N=2 or N=3); these can be clearly ruled out, as shown intopmost layer is In rich and the underlying layers are at the
Fig. 6(b), since they lead to oscillations at sm@jlwhich are  bulk eutectic composition, leading to a rather sharp compo-
not evident in the data. Figure 7 shows the density profilesition change between the=0 and j=1 layers. For the
generated from these fits, where there is a density excess aoncentration gradient model in particular, the decay length
the topmost layer from the In enrichment. It should be menis so short that by th¢=1 layer, the concentration is ap-
tioned that the value foxg can be varied so that the surface proximately 21 at. % In, very close to the 16.5 at. % In bulk
is entirely In or~86 at. % In with little change in the quality composition. At higher temperatures, we observe that the
of the fits. This is due to the similarity between the In and Galocal layering profile is basically unchanged as in the case of
electron densities, which differ by only 10%. Anomalous pure Ga, with capillary waves uniformly smearing the pro-
reflectivity experiments, which employ the large variation offile. Finally, it should be noted that if one models the surface
the dispersion correction ti{q) with energy near an absorp- excess as that arising from a monolayer of Ga instead of In,
tion edge, may presumably allow a more accurate determithen the fit is considerably worse. In this scenario, since the
nation of the surface composition. Finally, without additional Ga electron density is smaller at the surface than the density
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of the eutectic bulk, th&/R; for q,<1.5 A lis less than 1, metals. Unfortunately, an extension of these measurements

not greater, as exhibited by the data. to higher melting point metalge.g., Au, Pt or those with a
relatively small surface tensiotfe.g., C3$, may not be
V. CONCLUSIONS straightforward. The capillary wave contribution in these

) o ) _ cases will be much greater than for Ga or the Ga-In eutectic.
In this work, x-ray reflectivity has been used to investi- |t js not clear if the capillary widths will dominate and com-

gate atomic layering at the free surfaces of liquid Ga and ofjetely smear the layering profiles for these metals or if the
the Ga-In eutectic alloy. For both systems, a peak in thgntrinsic profile will compensate and lead to a strong layering
reflectivity at largeq, has been observed, which is a clear 35 we observe for Ga at room temperature.
signature of surfz_;\ce-induced atomic layering. For these mea- The methods developed and presented here are applicable
surements, special efforts have been made through the usef any surface that exhibits a relatively small radius of cur-
UHV conditions and sputtering to ensure clean surfaces. Wature. With careful tracking of the reflected x-ray beam, as
find that the layering extends 3—4 atomic diameters into  the beam footprint samples different regions of the surface, it
the bulk liquid. In a separate publication we have shown thajs possible to determine the local and average radii of curva-
this penetration into the bulk is insensitive to temperafdre. tyre in addition to the local structural characteristics of the
Structural data on the Ga-In eutectic alloy indicate quitesyrface probed by the x rays. In general, the methods utilized
clearly an In surface enrichment effect that is restricted to thyere can also be extended to other types of measurements

top monolayer, with the remaining layers at essentially thge g., electron-based methodsf curved surfaces like liquid
bulk eutectic composition. metals.

Our results lead to a number of interesting questions that
need to be investigated further. For example, it is not clear
why the measured amplitudes of the layering oscillations are
so much greater than that predicted in analytical thedfy
and simulations!~*3*>1%There are a number of discrepan-  The authors thank E. H. Kawamoto, N. Maskil, and S.
cies between different published theoretical density profilesl.ee for the primary construction of the sample preparation
both in the amplitude of the oscillations and in the extent ofchamber, UHV chamber, and liquid reflectometer, and G.
the layering into the bulk liguid, and the present experimen-Swislow for assistance with SPEC and monochromator con-
tal results should help guide future theoretical efforts. In adtrol. This work has been supported by the U.S. Department
dition it is not clear that the observed layering is ubiquitousof Energy Grant No. DE-FG02-88-ER45379, the National
to all liguid metals and we have already seen basic differScience Foundation Grant No. DMR-94-00396, and the
ences between the surface profiles of liquid Hg and both purt.S.-Israel Binational Science Foundation, Jerusalem.
Ga and the Ga-In eutectic. It is therefore important to extendBrookhaven National Laboratory is supported by U.S. DOE
the present meager body of measurements to other liqui@ontract No. DE-ACO2-76CHO00016.
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