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Anomalous layering at the liquid Sn surface
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X-ray reflectivity measurements on the free surface of liquid Sn are presented. They exhibit the high-angle
peak, indicative of surface-induced layering, also found for other pure liquid nietg)s5a, and I However,
a low-angle shoulder, not hitherto observed for any pure liquid metal, is also found, indicating the presence of
a high-density surface layer. Fluorescence and resonant reflectivity measurements rule out the assignment of
this layer to surface segregation of impurities. The reflectivity is modeled well by a 10% contraction of the
spacing between the first and second atomic surface layers, relative to that of subsequent layers. Possible
reasons for this are discussed.
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I. INTRODUCTION the strong pairing. The relatively low melting temperature

Rice and co-workefspredicted that the atoms at the free Tm=232 °C and vanishingly low vapor pressurelgtrender
surface of a liquid metal should be stratified to a depth of 5Uch measurements possible. As shown below, the measured
few atomic diameters. This layering phenomenon was exX-ray reflectivity of the Sn surface indeed exhibits an anoma-
perimentally confirmed two decades later by x-ray reflectiv-lous feature that is not present for either Ga or In. Additional
ity measurements for three high-surface-tension metald Hgexperiments were carried out to rule out the possibility that
Ga? and Irf and the low-surface-tension metal’Kihe sig-  this anomalous feature is not intrinsic, but caused by chemi-
nature of layering in the x-ray reflectivity curve is the ap- cal impurities at the surface. The origin of this structure is
pearance of a quasi-Bragg peak at a wave vector transfégdentified as a~10% reduction in the first to second inter-
0,=2m/d, whered is the atomic spacing between the layers.layer distance.
The peak arises from constructive interference of waves dif-
fracted by the ordered surface layers. These measurements
are complicated by several technical issues, in particular the
need to use UHV conditions to preserve surface cleanliness The UHV chamber and the preparation procedures of the
for highly reactive liquid metals surfaces. liquid Sn sample have been described previofi$iPrior to

Both Ga and In were found to exhibit a simple layering placing an Sn sample inside the Mo sample pan, the surface
structure described in detail by Regah al® comprising of the pan was sputtered clean. In the sputtering process the
equal-density, periodically spaced atomic layers. Liquid Hgsample’s surface is bombarded by*Aons, which break up
(Refs. 2 and pshows a more complicated surface structure.and sputter away the oxidized material covering the surface.
However, unlike Ga and In, the high vapor pressure of Hgngots of solid Sn with purity of 99.9999% were placed in
did not allow its study under UHV conditions, and the pos-the Mo sample pan inside a UHV chamber evacuated to
sibility that the more complicated structure originates in10™° Torr and were then melted by a Boralectric heating el-
chemical interactions with foreign atoms at the surface canement mounted underneath the pan. After the molten Sn
not be definitively ruled out. For Ga, in particular, the decayfilled the pan, forming approximately 10-mm-thick liquid
length of the layering into the bulk was found to be slightly sample, it was cooled to the solid phase, followed by a
larger than that expected, and found, for other liquid metals24-h bakeout process. During such bakeout the walls of the
This was tentatively assigned to the enhanced Ga-Ga pairinthamber and its components are gradually heated up to
tendency reflected also in the appearance of a small shoul100—200 °C and then cooled down to room temperature.
der on the first, nearest-neighbor, peak of the bulk radiaFollowing this procedure the sample was melted again and
distribution functiof® and in the ordering of Ga at the the macroscopic native oxide, as well as any possible con-
liquid-solid interface® A similarly strong pairing tendency taminations, at the surface were removed by a mechanical
has been reported also for Sn, the subject of the presestraping of the liquid surface with Mo foil wiper. After this,
study?0-12 the residual microscopic surface oxide layer was removed by

The motivation of the present study was to investigatefurther sputtering by the Arion beam for several hours. If
whether atomic layering exists in liquid Sn and, if it does, tothere are impurities in the bulk with surface energies that are
find out whether or not the layering follows the classic be-lower than that of Sn, the Gibbs adsorption rule implies that
havior of Ga and In or do new effects appear—e.g., due tahey would segregate at the surface. We will demonstrate

II. EXPERIMENT
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FIG. 1. Kinematics of the x-ray measuremeky. and k., are
the wave vectors of the incident and detected x rays, respectively.

below that even though Sn has a relatively high surface ten-

sion impurities are not present at the surface. FIG. 2. The measured x-ray specular reflectijppinty of the
surface of liquid Sn. The Fresnel reflectivitgolid line) of an ide-

ally flat and abrupt surface and the reflectivity of an ideal surface
. X-RAY REFLECTIVITY MEASUREMENTS r(l)ugh(;ned by thermally excited capillary wav@sshed ling are
also shown.
The measurements were carried out at the liquid surface
spectrometer facility of the ChemMat CARS beamline at théhermal capillary-wave contributions, which depend only on
Advanced Photon Source, Argonne National Laboratory, Althe known values of the resolution function, surface tension
gonne, IL. The kinematics of x-ray measurements describegnd temperature. The quasi-Bragg layering peak and the de-
in this work are illustrated in Fig. 1. X rays with @ wave yjation of the measuredR(q,) from the capillary-wave-
vectprk_m:ZTr/)\, where)\_:O.729_A is the x-ray wavelength, ,qgified Re(g, are unambiguous proof of the existence of
are incident on the horizontal liquid surface at an angle |54 syrycture at the surface. The quasi-Bragg peal,at
The detector selects, in general, a ray with an outgoing wave. 5 5 g-1 corresponds to an atomic layering of close-packed

vector k. The reflectivity R(q,) is the intensity ratio of = gpneres with thel~2.8 A spacing of the atomic diameter of
these two rays, when the specular conditionsg andA® g an additional new feature, a subtle but significant shoul-
=0 are fulfilled. In this case the surface-normal momentumyq, atq,~0.9 AL, is not discernible in this figure and is

transfer isq,=(2m/\)(sina+sing)=(4w/N)sina. The de-  reyealed only upon removal of the effects of the capillary

tector resolution due to a finite acceptance angle was defingglayes from the measured Fresnel-normalized reflectivity, as
by two pairs of slits mounted on the detector arm and duringye show below.

all specular reflectivity measurements was fixed at 3.9 mrad
vertically and 2.6 mrad horizontally. During the measure-

ments the temperature of the sample has been maintained at IV. SURFACE STRUCTURE FACTOR
240 °C, which is just above bulk melting temperature of Sn, . o .
232 °C. To obtain a quantitative measure of the intrinsic surface

The x-ray specular reflectivity shown with circles in Fig structure factor the effects of thermal capillary excitations
2 is the difference between the specular signal recorded wit ust be deconyolved from the reflectivity curve ShOYV” n
an Oxford scintillation detector at=8, A®=0 and the off- ig. 2. As mentioned above, the method for doing this has
specular background signal recordea at the saméut at be_en _descrlbed in detail in earlier papers on the S“”‘ac.e lay-
A®=+0.1°. The data are then normalized to the measure§' "9 " Ga: In,* K,® and water:* The principal result of this
incident intensity. This background subtraction procedure iéamalyss is that the measured reflectivity can be expressed as

particularly important because the bulk scattering function R(q,) = Re(a,)|®(qy)|?> X CW(qy,), (1)
peaks at approximately the sangg as the quasi-Bragg-

surface |ayering peak, since hoth peaks Correspond roughWhere cD(qZ) is the intrinsic structure factor of the surface
to the interatomic distance. As a result the background i@nd CWg,) accounts for the effects of the thermally excited
particularly strong at the, values corresponding to the lay- capillary waves oiiR(q,). The surface scattering cross section
ering peak. Since the measurd® # 0 intensity includes Yielding the CWq,) term depends ofi, q,, the surface ten-
contributions from the capillary-wave-induced diffuse sur-sion, and the geometric parameters defining the reflectome-
face scattering, all of the theoretical simulations discusseter’s resolution function. It is understood well enough to al-
below include a similar background subtraction procedurelow us to fully account analytically for the effects of
The Fresnel reflectivity curv®:(q,), due to an ideally flat capillary waves on the measurg(q,). This is demonstrated
and abrupt surface, is shown as a solid line in Fig. 2. Then Fig. 3 where we plot the background-subtracted and
dashed line idR:(q,) modified by the theoretically predicted incident-intensity-normalized intensity scattered by the sur-
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FIG. 3. Diffuse scattering off the liquid Sn surface measured at
a fixed angle of incidence=5.05° (open circleg The peak corre- FIG. 4. The structure factofsquaredl of the Sn surface
sponds to the specular condition @=0.48 A% The line is the as derived from the measured reflectivity|®(q,)|?
capillary wave theory predictions for surface tensiop =R(g,)/[Re(g,)CW(q,)] (open circlex The dashed line is the theo-
=560 mN/m. retically expected®(q,)|? of a simple layered density profile as

found previously for Ga and In. The solid line is a fit to a model,
discussed in the text, where the distance between the first and sec-
ond layers is reduced by 10% relative to that of the subsequent
layers.

face capillary waves measured as a functior8dbr a fixed
incidence anglex in the reflection plangA®=0°). The
agreement between the measured valpemts and the the-
oretical cross sectiofline) is very good over more than three
decades in intensity.

For this scan the incident beam is 10 high and the The ratio R(q,)/[Re(0,)CW(a,)]=|®(a,)[? derived from
detector is 0.5 mm high and 1 mm wide. Integration of thethe measured reflectivity, is plotted in Fig.(dpen circleg
intensity in this figure over thg range spanned by the reso- The dashed line is the theoretical reflectivity calculated using
lution function of the reflectivity measurements shown inthe surface structure factor obtained from the simple atomic
Fig. 2 yields a value identical with that obtained in the re-layering model that successfully described the intrinsic sur-
flectivity measurements atq,=0.48 A™t. This further face structure factor of the pure liquid Ga and In. As can be
strengthens our claim that the effects of the capillary-waveseen from the plot, this model does not describe the mea-
scattering on the reflectivity are well understood and can bgyred values well. In particular, it does not exhibit any fea-
separated out confidently from the measuRéd,). ~ yre corresponding to the weak but distinct shoulder ob-

.The_|terat|ve proqedure by wh|ch the .theoreu;al line iNngerved in the measured values a~0.9 AL As this
Fig. 3 is calculated is the following. We first obtain @ mea-ghqyider’s position is incommensurate with the large layer-
sure of the structure factor from a best fit of Ef) to the  jn4 heak at 2.2 AL it must indicate the existence of a sec-
reflectivity (Fig. 2) using values for CWg,) that are calcu- ond length scale, additional to the periodicity of the surface-

]Icated f;o[]n pubflished values ffor the_ sErface t(ansiofrj. Thishguced layering. It is highly unlikely that this second length
orm of the surface structure factor is then used to fit meag 1o 5:/0.9=6.96 A is associated withperiodic structure,
sured diffuse scattering curves similar to that shown in Fig

. . . in the same way that the 2.2"Apeak is associated with the
3, with the surface tension as the only adjustable paramet

Wh ded. th | b d usi h &urface-induced layering, since such two-periodicity struc-
en needed, the cycle can be repeated using now the Ny \youig be very difficult to rationalize physically. Simi-

surface tenhS|or_1 Valltf' Ibn ptr?(t:tlcc-f, h(f)wet\r/]er, afsmglte Cy_d?arly, the low-g, shoulder cannot be assigned to just a single-
was enough, since the best fit value for the surface tensio eriodicity layered structure with a top layer which is denser

¥=560 mN/m, was in good agreement With. the p“b“Sh‘? han the subsequent layers. While such a structure will yield
values. Thus, we assert that the form of the diffuse scattering subsidiary peak at low,, this peak would be commensu-
y4l

that gives rise to the value of CMy,) is fully determined, rate with the highs, one—i.e., appear at,=0.5x 2.2
and the only unknown quantity in E(L) is the surface struc-  _ 1 1 A-1 rather thanz the obser\’/ed0.9 Al Afjditionally,
ture factor. This quantity is the Fourier transform of the g, attempts to fit the data using alternative density
surface-normal derivative of the local electron dengitg) models—such as keeping the periodicity intact while modi-

(Ref. 13: fying electron densities of the top several layers—did not
1 d(p(2)) . produce a satisfactory fit to the experimental reflectivity data.
®(q,) = f dZT exp(iq2), (2 Thus, we conclude that an appropriate model needs to in-

clude a second, noncommensurate and nonperiodic length
wherep,, is the electron density of the bulk akd-) denotes  scale. The solid line shown in Fig. 4 is a fit of the measured
averaging over the surface-paral(@ly) directions. data by a model constructed along these lines. As can be
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FIG. 6. Experimental setup used in the GI-XRF measurements:
E the synchrotron beaia) is Bragg reflected from a monochromator
(b) which directs it downwards at the liqguid Sn sample located
7 inside a UHV chamberc). The specularly reflected beasolid
line) is blocked by a beam stop on the exit wind@dy to minimize
7 the background. The fluorescence from the sample’s su¢éateed
2 ' 0 2 ' ,ff ! 5 ' 8 ' 10 lines) is detected off specularly by an energy-dispersive detgejor
z [A] located as close to the chamber as possible to maximize its solid
angle of acceptance.
FIG. 5. Models for the intrinsic surface-normal electron density

profiles of Sn for a simple, equally spaced layering madeshed  jsely what happens, for example, in the liquid binary alloys
line), and for a model including a contraction of the spacing be-g i (Refs. 13 and 1pand Ga-Pb(Ref. 17, where a
tween the first and second layers by 1086lid line). The models (densé monolayer of the lower-surface-energy speciBs
yield the reflectivitieg shown by the same lines in Fig. 2. The insetpb) is found to Gibbs adsorb at the free surface of the alloy.
is a blow up of the first layer region. We now show experimental evidence that this is not the case
here.

seen, a good agreement is achieved with the measured val- Consideration of the Gibbs rufeshows that relatively
ues. We now proceed to discuss the details of this model. |ow concentrations of three metals Bi=378 mN/m, p,

The simple density model that has been used to represeat 49e/A3, Pb(y=458 mN/m,p,=2.63e/A3), and Tl(y
the reflectivity of Ga(Ref. 3 and In(Ref. 4 consists of & =464 mN/m, p,=2.79e/A3) could have produced surface
convolution of an intrinsic density profile and a Debye- gjeciron densities sufficient to cause the lgwshoulder
Waller-like factor, which accounts for the smearing of this ¢,g\wn in Fig. 4. In order to address this possibility we per-
profile by the thermally excited capillary waves. The intrin- ¢5rmed two independent experiments, grazing incidence
sic profile is modeled by a semi-infinite series of eq“"""yx-ray fluorescencéGl-XRF) and resonant x-ray reflectivity,
spaced Gaussians, each representing a single atomic layghih of which are sensitive to the presence of submonolayer
The Gaussians have equal integrated aeas equal areal g aniities of impurities at the surface. None of the two mea-
electron densitybut their widths increase with depth below g rements found evidence for contamination of the liquid Sn
the surface. Thi;,_ in turn, results in a gradual decrea}se With rface by a foreign species. Therefore, this supports the
depth of the individual peaks and valleys of the density proqnciusion that the anomalous density feature observed here

file, and an eventual evolution of the density towards th&g iy fact an intrinsic property of the liquid Sn surface.
constant average density of the bulk liquid. The decay length

of the surface layering is typically of the order of just a few

atomic spacingd? The density profile of this model is A. Grazing incidence fluorescence scattering
shown in a dashed line in Fig. 5 and yields the dashed line in . . .
Fig. 4. The solid line that runs through the measured values The _exp_erlmental setup used n the_se measurements s
in Fig. 4 is calculated from a slightly modified model, shown Shown in F'g_' 6. The sa_mple was |I.|urr.1|nated by x rays of
in a solid line in Fig. 5. The only difference between this wavelength)\—o.zlz A (E_ZQ'S_ ke, |nc_|dent ata grazing
model and the original one is that the distance between th ngle.c.)fa:0.03 - Since th's‘. is approximately one-third Of.
first and second layers, 2.55 A, is smallerb¢0% than the € critical angle of Sn at this energy, the refracted wave is
2.8-A spacing of the subsequent layers. The average densiﬁ}’%nescent' Its pengtr;’:\tlog de_pth below the surface_ IS given
over the first two layers is thus larger than that of the bulk Py~ 7=1/Im{(4m/ NV a”~ agy—ikul 2], where the critical
and a second, nonperiodic, length scale is introduced. Thangle for Sn isac;=0.09° and the linear absorption coeffi-
good agreement of this minimally modified model with the Cient is ©=3.26x107° A% For these values the incident
measured data, demonstrated in in Fig. 4, strongly supporf2éam probes only the uppermast30 A of the sample. Due

our interpretation of the surface structure on liquid Sn.  to the high surface tension, the surface of the liquid Sn
sample is curved, which has to be taken into account as well:

for an incident beam heighi and a convex sample with a
radius of curvature =10 m the angle of incidence varies
Up to this point we have not considered the possibilityover the illuminated area by-H/(ar). In these measure-
that the dense surface layer may be a layer of atoms of mentsH was set to 5um, so that for a nominal angle of
different metal adsorbed onto the Sn surface. This is preincidence ay=0.03° the local incidence angle varies by

V. CASE FOR EXCLUSION OF SURFACE IMPURITIES
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L spectrum obtained after subtracting from the raw spectrum
1 the background spectrum recorded when the sample is
i moved out of the beam. The only remaining prominent peak
is the Sn fluorescence observed at 25.2 keV. No other char-
acteristic lines are discernible above the noise level. The ra-
tio of the Sn K fluorescence to the noise level in the
10-15 keV energy region, where thefluorescence lines of
the Ph, Bi, or Tl are expected, 18200. Factoring in the ratio
of the K-fluorescence vyield of S(0.84) to theL-fluorescence
yield of Pb, Bi, or TI(~0.4) indicates that the presence of as
little as 10% of a full monolayer of these metataut of the
= ~10 atomic layers of Sn illuminated by the evanescent
wave) should be detectable in this experiment. Since an im-
purity coverage of the surface required to generate the
: , : ~0.9 A™! reflectivity peak is significantly higher than that,
0 10 20 30 40 0 the absence of an impurity signal in Fig. 7 rules out with a
Energy [keV] high degree of confidence the possibility that a Gibbs-
FIG. 7. Raw(line) and background-subtracte@pen circles adsorbed layer of impurities is the originator of the 0.9-A
measured fluorescence from the surface of liquid Sn. Thdeature.
sharp lines are due to th& emissions lines(Ref. 20 of
Fe(E=6.4 keV), Nb(E=16.6 keV}, Mo (E=17.5ke}}, and B. Resonant x-ray reflectivity
Sn(E=25.2 keVj.

N by HO0

e ¢
Sl e I
e O —.—afei%e |

Intensity [counts/sec]

The effective electron density of an x-ray-scattering atom
slightly less than £0.03°. Over this range €« <0.06°, the is proportional to the scatter_ing form fa_cttbfq)+f’(q,E).
penetration lengthr varies from 21 A to 28 A. Thus, for our Heref(@—Z for q—0 andZ is the atomic number. When
nominal incident angle ofx~0.03° any detected fluores- (he X-ray energy is tuned through an absorption edge of a
cence signal comes mostly from the top 8—10 atomic layersScattering atom, the magnitude of the real parf'otinder-
Depending on the signal-to-noise ratio and other factorsg0€s & sharp decrease, prgtzjucmg a change in the scattering
such as the relative fluorescence yield, with this geometry iPOWer of that specific atorft:**Thus, by measuring the scat-
is possible to detect trace amounts of selected materials #1Ng on and off edge it is possible to isolate the scattering

submonolayer accuracies, as we show below. Note that at o@H€ {0 the specific atom. We have used this method, called
incident energy, 29.5 keV, which is well above the Bn resonantior anomaloug scattering, in the reflectivity mode

edge, thek lines of Sn are all excited. However, theedges to probe the liquid surface of Sn for the presence of foreign
of Bi, Pb, and Tl are all>29.5 keV, so that only the lines ~ &0MS. This is done by comparing the x-ray reflectivities of
of these elements are excited. the liquid surface measured with the x-ray energy tuned on
Fluorescent x-ray emission from the illuminated portion@nd off theK edge of Sr29.20 keV. If the low-q, feature at
of the sample was detected by an energy dispersive intrinsig:~0-9 A™ is due a thin surface layer of foreign atoms, the
Ge detectoarea~9 mn?) that was mounted about 30 cm effective electron density of Sn at the edge will change,
away from the center of the sample, 15 cm above it, andvhile that _of the foreign atoms will not. Thus, the density
displaced azimuthally by about 30° from the incidence planecontrast will change and so will the prominence of the low-
The experimental setup for this geometry is shown in Fig. 69 feature. If, however, the low, shoulder is due to an in-
The signal was recorded using a multichannel analyzer. ATinsic Sn structure, the electron densitifferencebetween
lead shield was mounted on the output window as shown iftigh-density surface layer and the bulk will remain un-
the Fig. 6 to eliminate scattering from the specularly re-changed and so will the low; shoulder. _
flected beam into the detector by the exit window or outside "€ 29.20 keV edge of Sn was identified by a transmis-
air. Unfortunately, there was no simple way to shield theSion measurement through a Sn foil, shown in Fign)8as
detector from scattering or fluorescence originating in theVell as by the reflectivity from the liquid Sn surface at a
entrance window of the UHV chamber. In order to accountfixedd,=0.3 A%, shown in Fig. &). Since the surface struc-
for this background scattering, a differential measuremenfure factor®(q,) depends on the electron density contrast
has been performed. The signal detected with the sampfRetween surface and bulk, the only energy dependence of
displaced 3 mm below the incident beam was subtracte®(d,) away from both structural peakst q,=0.9 A™* and
from the signal that was measured for the beam striking thé,=2.3 A™") is due to the energy variation of the critical
sample. The fluorescence data are shown in Fig. 7. The sol\ave vectorq.. This leads to §Z+f'(E)]* energy depen-
line is the as-measured raw fluorescence spectrum. It consigiénce of the reflectivity at a fixeg,. The minimum value of
of fluorescence from both the sample and the entrance win- (E), estimated from Fig. @), is consistent with the theo-
dow, elastic scattering from the incident beéime strongest retically predicted value calculated by theFFIT? program,
peak at~29.15 keV}, and Sn fluorescenc@t 25.2 ke\j.  taking the smearing due to the lifetime widths of thendL
There are a number of lower-energy peaks originating in théevels into consideration. The observed change in reflectivity
UHV chamber’s components. The open circles show theat the minimum relative to that 50 eV away is measured to
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surfacel® shown in the inset to Fig. 9. In this model, the
surface layer’s electron densi is larger than that of the

é bulk, B, yielding|®(q,)|?~ (2A/B-1)? at the peak. To obtain

< the measured peak dfb(qg,)|?’=1.4, we have to assume

o= A/B=1.1. We note that only a handful of elements would be
08r ] consistent with a model where this 10% increase in density
10 ' ‘ ‘ ] originates in a surface layer of impurity atoms. Eliminating

the elements which have a higher surface tension than that of

S 081 1 Sn (y=560 mN/m, which will not Gibbs segregate at the
£ 061 ] surface, the only reasonably likely remaining candidates are
é 04l | Bi, Pb, and TI. If we assume that the surface layer is a mono-
= layer of any one of these elements, the effect of the reso-
0.2t ' ' - ] nance is that the effective electron density of the Sn would
2916 2918 29.20 29.22 29.24 be reduced by about 7%, as mentioned above. The measured

Energy [keV] R(0,)/[Re(d,)CW(a,)]1=|®(q,)|*> would therefore increase at

FIG. 8. (Top) Relative energy variation of the reflectivity off the the SnK edge to(2x1.1/0.93~ 3?=1.86. The fact that this
liquid Sn surface at a fixed,=0.3 A™L. The line is the theoretical do€s not occur proves, again, that the increased density at the
prediction of the change in the reflectivity due to the variation of thesurface is an intrinsic surface effect, due entirely to a struc-
dispersion correctiof (E) of the scattering factor near the edge, as ture comprising Sn atoms only.
calculated by thererrIT program(Ref. 23. The open circles are the A second quantitative argument is the full modeling of the
measured valuegBottom) Measured energy variation of the inten- reflectivity, rather than considering only the maximum of the
sity transmitted through an Sn fojpoints. The K edge of Sn at  0.9-A™ peak. The solid line in Fig. 9 is the same fit shown in
E=29.20 keV shows up clearly in both measurements. Fig. 5 to the model where the density of each atomic layer is

kept at the Sn density value, while the spacing between the
be about 15%, which corresponds, in turn, to a 7% reductiofiirst and second atomic layers is reduced from the 2.80 A of
in the effective electron density of Sn. subsequent layers to 2.55 A. The agreement of all measured

In Fig. 9 we show the lowg, normalized reflectivity data reflectivities, in particular that measured at the edge
R(a,)/[Re(0,) CW(q,)]=|®(q,)|?, measured at thi edge of angles, with this model is excellent. The dashed line is the
Sn (29.20 keV, just above the edgé29.22 keVf and far  reflectivity calculated assuming an additional surface mono-
below the edgg17 keV). The fact that the three data sets layer of a different species having a density higher than that
coincide proves unambiguously that the 0.9 Aeflectivity ~ Of Sn. As can be seen, for the on-edge measurement, this line
feature does not arise from the contrast between Sn andigexpected to lie considerably higher than off edge. It clearly
different element. A more quantitative analysis can be don&loes not agree with the on-edge measured degangles.

in two ways. First, we assume a simple box model for the The results of the two measurements presented in this
section rule out the possibility that the dense surface layer

ol —— T T ] found in the reflectivity measurements is due to surface seg-

regation of impurity atoms. Thus, they strongly supports our
& B ] claim that the high-density layer present at the surface is an
18 % . intrinsic property of Sn itself.

VI. CONCLUSION

We have found that the surface of liquid Sn exhibits
atomic layering, similar to that found in other metallic sys-
tems. However, the surface structure factor exhibits an addi-
tional low-g, shoulder, which has not been observed for any
of the pure metals studied to date. The possibility that this
structure is due to a layer of surface-adsorbed contaminants
has been addressed by two experiments, both of which con-
firm that the observed reflectivity feature is an intrinsic prop-

FIG. 9. The structure factaisquared of the Sn surface as de- erty of liquid Sn. Thg §tr0ngest argument comes from the
rived from the measured reflectivity, 6E=29.20 keV, triangles ~ '€sonant x-ray reflectivity measurement which finds no de-
above(E=29.22 keV, circles and beloME=17 keV, squareshe  tectable difference between reflectivities measured on and off
K edge. The solid line is a fit to the density model featuring reducedhe SnK edge, while model calculations predict a significant
interatomic spacing for the top layer by approximately 10%. Thechange for a layer of foreign surface atoms. Our analysis
dashed line is calculated for a model with a high-density surfacehows that the anomalous feature at lgws consistent with
monolayer of an atomic species other than Sn. The inset shows tt&e modified atomic layering density model where the spacing
density profile of such a layer. For a discussion see the text. between the first and second atomic layers is reduced by
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10% relative to the subsequent ones, thereby increasing thibe density of the liquid S6970 kg/n?) is in between the
average density at the surface. densities of the solidw-Sn (5750 kg/n?), also known as
The physical reasons for the existence of this denser layegray tin” and forming a cubic atomic structure, and the solid
at the surface of liquid Sn are not clear, since the studies 0g.sn (7310 kg/n#), known as “white tin” and forming a
other liquid metals and alloys exhibit no evidence for such Qetragonal atomic structure. It is possible that while the

feature. It should be noted that the observed spacing redugjjgner. densityg phase is no longer stable in the bulk beyond
tion is similar to the well-known surface relaxation phenom-the melting point, it prevails in some form at the surface

ena found in many crystalline monatomic metals. Surfacq o e the packing restrictions are relaxed due to a smaller

relaxation typically manifests itself in a reduction of the lat- ber of nearest neiahbors

tice spacing between the surface atomic layer and first sugtumber o '9 '

surface atomic layer commonly of the order 5%—1%%,

which is C(_)mparable to the spacir_lg r_eduction found in this ACKNOWLEDGEMENTS
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