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Abstract

We report the results of an X-ray scattering study that reveals oxidation kinetics and formation of a previously unreported

crystalline phase of SnO at the liquid–vapour interface of Sn. Our experiments reveal that the pure liquid Sn surface does not

react with molecular oxygen below an activation pressure of �5.0 · 10�6Torr. Above that pressure a rough solid Sn oxide

grows over the liquid metal surface. Once the activation pressure has been exceeded the oxidation proceeds at pressures below

the oxidation pressure threshold. The observed diffraction pattern associated with the surface oxidation does not match any

of the known Sn oxide phases. The data have an explicit signature of the face-centred cubic structure, however it requires

lattice parameters that are about 9% smaller than those reported for cubic structures of high-pressure phases of Sn oxides.
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1. Introduction

Chemical reactions at interfaces are of the fun-

damental and practical scientific interest. They
sometimes exhibit both unusual kinetics and new

phases that are unstable in the bulk [1–3]. There

are considerable differences between the ways

oxidation develops in various materials. One
ed.
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Fig. 1. Kinematics of the X-ray scattering used in the present

study.
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commonly cited example is the surface of solid

aluminum. Although the oxidation of Al is rather

rapid in the presence of even trace amounts of

molecular oxygen, the formation of a relatively

thin surface oxide layer effectively passivates the
bulk from further oxidation [4]. By contrast, oxi-

dation of metals like Fe proceeds well into the

bulk. In spite of the fact that the free surfaces of

liquid metals have recently attracted considerable

attention because of the atomic ordering at the li-

quid–vapor interface [5–7] there have been very

few studies of their reactive properties [8–11]. Oxi-

dation of such surfaces are of particular interest
because they lack the types of defects at which

homogeneous nucleation occurs on solid surfaces

namely steps, pits and dislocations [1]. In addition,

surface oxidation of liquid metals can drastically

change the surface tension which will have a pro-

found effect on the way the liquid metal wets differ-

ent surfaces [10]. This is important for practical

processes such as soldering, brazing, casting, etc.
The only two liquid metals for which the struc-

ture of the surface oxide has been studied by X-

ray scattering technique are In and Ga, which were

found to behave differently [8,9]. Oxidation of the

liquid Ga surface is similar to that of solid Al in

that it saturates at a 5Å (1Å = 10�10 m) depth to

form a uniform layer protecting the metal from fur-

ther oxidation [12]. By contrast, oxidation of liquid
In produces a rough oxide film from which there is

negligible X-ray reflectivity signal [8]. Grazing inci-

dence diffraction (GID) of the Ga surface oxide did

not reveal any Bragg peaks, indicating that this

oxide is amorphous. A direct comparison with In

is not possible since GID measurements were not

done for the surface oxide. In the present paper

we report both X-ray reflectivity and GID studies
of the oxide growth on the liquid Sn surface. In

addition to the static features of the structure, these

measurements also provide important information

on the oxidation kinetics of the liquid Sn surface.

2. Background

2.1. Surface scattering of X-rays

X-ray reflectivity and GID are widely used for

the determination of the structure of surfaces
and interfaces, while off-specular diffuse scattering

is used to probe surface homogeneity and rough-

ness [13,14]. The present study makes use of all

three techniques to characterize the oxidation of

the liquid Sn surface. The geometry for these
techniques is shown in the Fig. 1. X-rays of wave-

length k and wave-vector k = 2p/k are incident at

an angle a to the surface. For specular reflectivity

the detected wave-vector is in the plane of inci-

dence, DH = 0, at an angle b = a to the surface.

The scattering is measured as a function of wave-

vector transfer along the normal to the surface

qz = 2k sina. For GID, the incident angle is gener-
ally less than the critical angle, ac, for total exter-

nal reflection [14], and scattering is measured as

a function of both the surface-parallel, qxy ¼ k�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2a þ cos2b � 2 cos a cos b cosðDHÞ

p
and sur-

face normal, qz = k[sina + sinb], components of

the wave vector. Small angle off-specular diffuse

scattering is measured in the plane of incidence,

DH = 0, as a function of b for fixed a with qy =
k[cosa � cosb] and qz = k[sina + sinb].

The reflectivity R(qz) is commonly expressed as

RðqzÞ
RfðqzÞ

¼ jUðqzÞj
2

exp½�rðqzÞ
2q2

z 
;

rðqzÞ
2 ¼ r2

int: þ rcwðqzÞ
2
;

ð1Þ

where Rf(qz) is the Fresnel reflectivity that can be

calculated from classical optics for a flat and struc-

tureless surface, U(qz) is the surface structure fac-

tor, and r(qz) is the effective surface roughness

consisting of the intrinsic roughness rint and the
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roughness that arises from thermally excited capil-

lary waves rcw(qz) [8,13,14]. The qz dependence of

rcw(qz) arises from the qz dependence of the reflec-

tometer resolution [8]. If either the structure factor

or the effective roughness is changed by the occur-
rence of a chemical reaction at the surface one

should expect changes in the reflected signal.

There is a number of theoretical treatments of

the small angle off-specular diffuse scattering for li-

quid surfaces [7,8,15]. From the general expression

for the scattering cross-section

dr
dX

¼ A0

8p sin a
q2
zRfðqzÞjUðqzÞj

2 g

q2�g
xy

1

qmax

� �n

ð2Þ

it can be seen that the scattering varies as 1/

(qxy)
2�g, where g = [(kBT)/(2pc)] Æ q2

z , c is the sur-
face tension, and the upper cutoff of the capillary

wave spectrum qmax � p/a, where a is of the order

of the atomic radius.

The theory for GID has been extensively re-

viewed [13,14,16]. For angles of incidence below

the critical angle, X-rays penetrate evanescently

from the surface into the bulk liquid and at suffi-

ciently small angles the penetration depth is a
few tens of angstroms. Thus, scattering observed

as a function of qxy measures the surface-parallel

structure within a thin surface layer only.
2.2. Oxidation

The formation of oxides on the liquid Sn surface

can either occur through a homogeneous oxide
nucleation at a clean part of the surface or inhomo-

geneously at nucleation centers preexisting at the

sample�s perimeter. For an oxide-free surface there

is a possibility that some threshold oxygen pressure

is necessary for homogeneous nucleation to occur

in measurable times. For example STM studies of

the initial stages of oxidation of the Si(1 1 1)-

(7 · 7) reconstructed surface by Leibsle et al. [17]
revealed that ‘‘. . . large defect-free areas on the sur-

face are fairly insensitive to oxygen exposure . . .’’
with negligible oxidation after an oxygen exposure

of 50 Langmuir (1 Langmuir = 10�6 Torr for 1s;

1Torr = 133.32Pa) [17]. They report that the

STM ‘‘images typically show no appreciable

changes except for a few atomic sites or patches
randomly distributed in an area of 500 · 500Å2.’’

On the other hand they observe that ‘‘if the starting

surface has a substantial number of defects . . . the

overall oxidation rate is significantly enhanced.’’ In

view of the absence of defects on the free liquid
metal surface a similar threshold effect on the

surface of liquid Sn is plausible.

None of the previous oxidation studies of the

liquid Ga or In surfaces have addressed the matter

of an oxidation threshold. On exposure of a clean

Ga surface to oxygen the first indication of oxides,

as monitored by scanning focused ion-beam

microscopy, appears to be the formation of
small-size islands which subsequently grow to

form irregular patches. These islands eventually

cover the entire surface [18]. The remarkable

feature of this oxide is the well-defined X-ray

reflectivity signature indicating a uniform layer

of �5Å thickness [9]. In contrast, the oxide form-

ing on the surface of liquid In is sufficiently rough

for X-ray reflectivity studies to be impractical [8].
3. Experimental details

The measurements presented here were carried

out at ChemMatCARS 15-ID-C experimental sta-

tion of the Advanced Photon Source at Argonne

National Lab at an X-ray wave-length of
1.1273Å (11.0KeV). A Sn sample of 99.9999% pur-

ity was placed in a molybdenum pan (diameter

�60mm) and heated under UHV conditions to

240 �C just above the Sn melting point Tm =

232 �C. The vacuum in the baked out chamber

was in the 10�10 Torr range and the oxygen partial

pressure was below 10�11 Torr. Visible patches of

native oxide present in the original sample were re-
moved by a combination of mechanical scraping

and sputtering with Ar+ ions. The cleaning process

was monitored visually with CCD camera and by

X-ray reflectivity measurements. X-ray reflectivity

from the Sn surface initially covered with rough na-

tive oxide is too weak to measure above the critical

angle. An oxide-free region of at least �50mm

diameter was obtained after sputtering for approx-
imately 48h. The radius of the surface curvature at

the center of the cleaned sample was determined to

be �15m by measurements of the reflection angle b
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for a fixed nominal incidence angle a at different

points on the surface [19].

In a separate publication [5] we report X-ray

studies of the oxide-free liquid Sn surface that

was achieved following this cleaning process. The
reflectivity, R(qz) was measured before the oxida-

tion to a maximum of qz � 2.6 Å�1 [5]. The surface

layering that was observed is similar to that previ-

ously reported for the surfaces of liquid Hg, In, Ga

and K [6–8,15]. A surface layering anomaly ob-

served for liquid Sn, as well as measurements car-

ried out to establish the atomic purity of the liquid

Sn surface are discussed in that publication [5].
The study of atomically clean liquid Sn surface

was followed by controlled oxidation of the

cleaned Sn sample through introduction of ultra-

high purity research grade oxygen gas (99.9999%

purity, Matheson Tri-Gas Inc.) through a leak

valve. The oxidation was done in several steps by

exposing the UHV chamber to selected oxygen

pressures for fixed time intervals. After obtaining
the desired dosages the oxygen was pumped out

of the chamber and measurements were carried

out in an oxygen-free environment.
4. Results and discussion

4.1. Oxidation kinetics

The steps of oxygen exposure are listed in Table

1. The complete specular X-ray reflectivity scan
Table 1

The sequence of oxidation and measurements on the liquid Sn surfac

Step number O2 pressure

(Torr)

#0 Complete reflectivity UHV, no oxygen

#1 Dynamic measurement at qz = 0.5Å�1 (#1.1)5·10�7

(#1.2)1·10�6

(#1.3)5·10�6

#2 Dynamic measurement at qz = 0.5Å�1 2.0·10�5

#3 Complete reflectivity UHV, no oxygen

#4 Dynamic measurement at qz = 0.5Å�1 (#4.1) 1·10�6

(#4.2) 1·10�6

#5 Dynamic measurement at qz = 0.5Å�1 3·10�6

#6 Dynamic measurement at qz = 0.5Å�1 6.2·10�6

#7 Dynamic measurement at qz = 0.5Å�1 1.2·10�5

#8 Complete reflectivity UHV, no oxygen
was taken prior to oxidation, then measured again

after the sum of exposures in steps #1 and #2 de-

scribed in Table 1, and finally after the complete

oxidation of the sample, when the surface visually

appeared to be heavily oxidized. These results are
shown in Fig. 2. The inset of Fig. 2 displays the

same data normalized by the Fresnel reflectivity,

Rf(qz), for pure Sn. In addition to these reflectivity

scans the reflected signal at the point correspond-

ing to the specular condition at qz = 0.5Å�1 was

continuously monitored during the entire oxida-

tion process even when the Sn surface was heavily

oxidized and the specular signal was smeared out.
Fig. 2 depicts the reflectivity from the clean and

oxidized surface of liquid Sn. The inset shows that

for qz < 1Å�1 the specular X-ray reflectivity re-

corded from the oxidized sample at step #3 has

essentially the same shape as that of the unoxi-

dized clean Sn surface. The region of sample�s sur-

face that is probed by these two measurements is

the area illuminated by the incident beam on the
sample surface, so-called ‘‘footprint’’. Its length is

equal to (beam height)/sin (a). This value decreases

with increasing qz from 2.2mm for qz � 0.1 Å�1 to

0.22mm when qz � 1Å�1. Reflectivities measured

at several different positions on the sample surface

were found to be virtually identical with that

shown in Fig. 2. Therefore, we conclude that the

oxidation effect at step #2 is to homogeneously re-
duce the reflectivity for qz < 1Å�1 by a factor of

�0.45. The simplest explanation that would ac-

count for this is that the oxidation proceeds by for-
e

Time of exposure

(minutes)

Exposure/total exposure

(Langmuirs)

>24h –

2 60/60

16.5 990/1050

46 13,800/14,850

2.6 3120/17,970

– –

10.6 636/18,606

9.5 570/19,176

8 1440/20,616

52.5 19,530/40,146

38.6 27,792/67,938

– –



Fig. 2. X-ray reflectivity of the clean liquid Sn surface (d) (step

#0); the surface after an oxygen dose of 3.1 · 103 L at an

oxygen partial pressure 2 · 10�5Torr (,) (step #3) and after

the complete oxidation of the surface (h) (step #8). The inset

shows the measured reflectivities normalized by the Fresnel

reflectivity.
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mation of oxide patches which coexist with clean

Sn surface patches in a way similar to that ob-
served for liquid Ga [20]. With this interpretation

at step #3 about 55% of the surface would be

coated by a non-reflecting oxide layer, while the

remaining 45% would be clean liquid Sn patches.

Small angle off-specular diffuse scattering data

are presented in Fig. 3 for the clean Sn surface
Fig. 3. Off-specular diffuse scattering scans from the clean

liquid Sn surface () (step #0) and after an exposure to the

oxygen dose of 3.1 · 103 L at an oxygen partial pressure

2 · 10�5 Torr (.) (step #3). Scans are recorded at qz = 1.0Å�1.
and for the partially oxidized surface at step #3.

The measured points for the clean liquid surface

(open circles) agree well with the 1/(qxy)
2�g depen-

dence (line) predicted by Eq. (2) for a liquid sur-

face [5]. The shape of the scan for the partially
oxidized surface differs from that of the clean sur-

face only over the small region in the vicinity of

the specular peak, qxy � 0 (i.e. b � a). This re-

quires a slight revision of the interpretation of

the oxidation effect, since if 55% of the surface

had been covered by non-reflecting patches, as

suggested above, the jqxyj > 0 wings of the diffuse

scattering curve would have to be also lower than
those of the clean surface. The present observa-

tion that the intensity of the diffuse wings for

the oxidized sample is the same as that of the

clean surface can be explained by assuming that

the oxide patches cover a much smaller fraction

of the surface than the 55% mentioned above,

but they distort the liquid surface locally. For

the diffuse scattering the detector slit is only
1mm high, corresponding to angular resolution

of 0.09�, while for the specular reflectivity it was

4 times larger. Local deviations of the surface

from the horizontal by 0.2� for �50% of the sur-

face would be sufficient to reduce the measured

intensity of the sharp specular peak without hav-

ing a measurable effect on the measured values of

the broadly distributed off-specular diffuse scatter-
ing. By this interpretation the fraction of the sur-

face that is actually oxidized must be less than

�55%.

Fig. 2 also shows that the reflected signal from

the completely oxidized sample (step #8) decreases

rapidly with increasing qz and becomes unmeasur-

ably small at qz ffi 0.3 Å�1. Between steps #5 and

#8 the sharp specular peak at b = a, DH = 0 has
disappeared. This occurs because the oxidation in-

duces a surface roughness that smears out the

specular peak beyond the resolution of the reflec-

tometer. This evolution of the surface oxide is con-

sistent with the previous results for oxidized

surface of liquid In [8]. In fact this behavior indi-

cates that the mean square roughness of the oxide

grown at the Sn surface at this step is greater than
5Å. In the following, we will continue to refer to

the signal as reflectivity despite the loss of a dis-

tinct specular peak.
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Regardless of whether or not exactly 55% of the

surface is oxidized after the total exposure of

3.1 · 103 L at 2 · 10�5 Torr following the steps #1

and #2, it is reasonable to suggest that the specular

reflectivity at some fixed qz is proportional to the
fraction of the surface that is not coated with

oxide. The data in Fig. 4 show the signal at

qz = 0.5Å�1 as a function of time corresponding

to the entries in the Table 1. The inset of Fig. 4

shows the slopes 1
R=Rf

d
dt ½lnðR=RfÞ
, which we desig-

nate as our ‘‘oxidation rate’’, as a function of the

oxygen pressure. This ‘‘oxidation rate’’ clearly

shows a monotonic dependence on the oxygen
pressure, as well as a clear oxidation threshold

pressure of �5 · 10�6 Torr.

Before the threshold oxygen pressure was ap-

plied there was no variation in the reflectivity

at qz = 0.5Å�1 during the oxygen exposure at

5 · 10�6 Torr (step #1.3) for 46min. It is conceiv-

able that during this oxygen exposure the surface

area of the sample (0.4 · 4mm2) probed by X-rays
Fig. 4. Fresnel-normalized X-ray reflected intensity at

qz = 0.5Å�1 during the oxidation process as a function of time.

The inset shows the relative rate of change of the reflected

intensity, 1
R=Rf

d
dt ½lnðR=Rf Þ
, which qualitatively reflects the oxi-

dation rate. Circles in the inset denote stable logarithmic rates

and triangles represent the rates which are changing with time.

Large filled circles in the figure (#0, #3, #8) denote points

where complete reflectivity measurements were taken. Other

regions are: #1—oxygen pressures below 5.0 · 10�6 Torr; #2—

2.0 · 10�5Torr; #4—1.0 · 10�6Torr; #5—3.0 · 10�6Torr;

#6—6.2 · 10�6Torr; #7—1.0 · 10�5Torr; thick solid lines

denote regions where oxygen was not applied, but measure-

ments were continued.
was swept clean of homogeneously nucleated oxi-

des, for example, by the Marangoni effect. On

the other hand there are good reasons to rule out

the effects ‘‘hiding’’ an oxide growth below the

threshold oxygen pressure. The first is that in addi-
tion to the scans shown in Fig. 2 a number of

specular reflectivity scans were measured in the

vicinity of the critical angle at oxygen pressures

< 2.0 · 10�5 Torr. At this incidence angle the sam-

ple surface area illuminated by the incident X-ray

beam is of the order of 5 · 4mm2 that is about

12 times larger than the area probed at qz =

0.5Å�1. None of the reflectivities showed any indi-
cation of transient signals that could be interpreted

as coming from oxide patches flowing through the

illuminated region. The second reason is that upon

raising the oxygen pressure to 2.0 · 10�5 Torr the

reflected signal at qz = 0.5Å�1 decreased by a fac-

tor of 2 in about 2min (compare with 46min at

5 · 10�6 Torr). As can be seen from Fig. 2 this

reduction is homogeneous across the illuminated
area and it does not seem likely that this sudden

reduction was caused by an inhomogeneous oxida-

tion front sweeping across the illuminated area.

After oxidizing the sample at step #2 the oxy-

gen was pumped out of the chamber and the reflec-

tivity scan (presented in the Fig. 2) was taken at

pressure in 10�10 Torr range. It should be men-

tioned that in the oxygen free environment the oxi-
dized surface was stable over the long period of

time (over 4h). Then the oxygen pressure was

raised again to 1.0 · 10�6 Torr (step #4) that is be-

low the threshold. As shown in the Fig. 4, the rate

at which the reflected intensity changes in step #4

is non-zero though it is roughly an order of magni-

tude less than the rate at 2.0 · 10�5 Torr. At this

point the surface is partially oxidized and the ob-
served rate for further oxidation is likely to arise

from some average between oxidation that is in-

duced by the ‘‘old’’ oxide residing at the perimeter

and ‘‘new’’ oxide due to homogeneous nucleation

at the clean surface. Since the rate for homoge-

neous nucleation of the clean portion of the sur-

face at the oxygen pressure below the threshold

is certainly going to be a small fraction of the rate
associated with oxidation due to existing surface

oxides, it is hard to avoid the conclusion that there

is a sharp non-linear change in the rate of homoge-



Fig. 5. Grazing incidence diffraction (GID) scans of the clean

liquid Sn surface and the surface after exposure to a total

oxygen dose of 3.1 · 103 L as described in step #3 of Table 1.

The difference plot highlights the surface oxide diffraction

pattern showing two peaks at qxy = 2.442Å�1 and 2.827Å�1.

Positions of the diffraction lines of known SnO and SnO2

structures are shown in the figure along with their crystal

models.
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neous oxidation between 1.0 · 10�6 Torr and

2.0 · 10�5 Torr (see inset of Fig. 4). In fact, assum-

ing that the rate of change of 1
R=Rf

d
dt ½lnðR=RfÞ
 is a

monotonic function of the oxidation rate, the data

shown in the Fig. 4 implies that the non-linear
change in oxidation rate occurs between step #5,

where the pressure is 3.0 · 10�6 Torr, and step #6

where the pressure is 6.2 · 10�6 Torr. Thus, it

seems most likely that the threshold for homoge-

neous oxidation falls within this pressure range.

It has to be also mentioned that the oxidation

threshold discussed above was observed at temper-

ature 240 �C and can have a different value at dif-
ferent surface temperature. In general one has to

expect that the oxidation threshold pressure will

decrease with increasing the temperature; however,

the opposite effect has also been reported in some

cases [21].

4.2. Oxide structure

The structure of the Sn surface oxide was

probed by GID measurements. The results for

the liquid Sn surface before oxidation and after

an exposure of 4000L (during step #3) are pre-

sented in Fig. 5 together with a plot of the differ-

ence between the two. In addition, simulated

diffraction patterns of known Sn oxide structures

are presented in Fig. 5 below the experimental
data. The broad peak around qxy = 2.234Å�1 cor-

responds to the bulk liquid structure of Sn and is

in good agreement with published data [22]. The

two sharp oxide peaks appear at qxy = 2.442Å�1

and 2.827Å�1. No other peaks were observed in

the accessible range 0 6 qxy 6 3.2 Å�1. The posi-

tions of the observed peaks change with qxy (in

the experiment b was varied at a fixed a) and fol-
low the powder diffraction pattern cone as shown

in Fig. 6. This result indicates that the new peaks

appeared as a result of the Sn surface oxidation

formation of a three dimensional powder crystal

structure.

The possibility that these GID line originate in

a contaminant, e.g. an oxide of a different metal or

a salt of Sn other than an oxide, is highly unlikely
considering the null result of an exhaustive search

for such contaminants carried out for the unoxi-

dized liquid Sn surface [5], as mentioned above,
and the high purity of the oxygen used. Thus,

one has to conclude that the GID lines belong to

a Sn oxide grown at the liquid Sn surface, and that

this oxide has a structure which is different from

that of the known bulk Sn oxides at ambient

conditions.

The two most likely surface oxides expected for
Sn are SnO and SnO2, which are the only bulk oxi-

des of Sn observed at ambient conditions. At

ambient pressure and temperature both of these

have a tetragonal structure but the dioxide has a

more isotropic structure with alternating atomic



Fig. 6. GID peak position dependence as a function of qz.

Simulation of the powder diffraction pattern cone is shown as a

solid line.
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planes of Sn and O. The monoxide has a layered

structure with the atomic planes of the same spe-

cies adjacent each other. The crystalline structures

of SnO and SnO2 belong to space groups P4/nmm

(romarchite) and P42/mnm (rutile), respectively

[23]. The expected Bragg peak positions in Fig. 5

clearly do not correlate with the crystalline struc-

ture of the surface oxide of liquid Sn. Moreover,
it is not possible to match these structures to that

of Sn surface oxide by lattice parameter adjust-

ment within a reasonable range (variations of up

to 20% from nominal values).

There are reported high-pressure modifications

of the Sn oxides� structure [24–26]. Two of them

are cubic structures belonging to Pa�3 (primitive

cubic) and Fm�3m (fluorite type, rock salt) space
groups. The transition to these structures occurs

at pressures above 21 GPa. The diffraction pat-

terns of these structures are presented in Fig. 5.

These patterns also do not match the peaks exper-

imentally observed for the surface Sn oxide; how-

ever, the most significant observation is that the

ratio of positions of the two diffraction peaks of

the surface oxide is
ffiffiffi
3

p
=2, which is precisely the

ratio of the two lowest order peaks for the high-

pressure phases. In fact, to the best of our knowl-

edge the face-centered cubic (fcc) lattice is the only

one for which the two smallest reciprocal lattice

distances are in this ratio. Thus it is not likely that
the observed surface oxide is anything other than

the fcc structure. The problem with this is that in

order to produce the observed surface oxide peaks

the lattice parameter must have a value of 4.455Å

which represents a 9% reduction from the pub-
lished values of 4.87Å and 4.925Å for the high-

pressure structures Pa�3 and Fm�3m, respectively.

Assuming that all of the appropriate fcc lattice

positions are occupied by Sn atoms, the calculated

density of the lattice is between 1.5 and 1.8 times

higher than the densities of the known oxides

[26]. At first glance it seems rather implausible;

however, the Sn–O closest neighbor distance of
this form of the surface oxide is 1.83Å for the

Pa�3 structure and 2.23Å for the rock salt structure.

The latter precisely matches the molecular Sn–O

bond length of the romarchite SnO structure

(2.20Å). On the other hand, since the former is

smaller than the molecular Sn–O covalent bond

length of 1.95Å, the rock salt structure may be

more realistic. Moreover, the rock salt structure
along the [1 1 1] crystallographic direction consists

of alternating planes of Sn and O atoms with a

spacing between two closest Sn planes of 2.57Å

which matches the spacing found between upper-

most surface layers of the clean liquid Sn surface

of 2.55Å [5]. A second argument in favor of the

rock salt structure is that the (200) to (111)

GID peak intensity ratio of the rock salt structure,
0.7, is significantly closer to the experimentally ob-

served ratio, 0.8, than the ratio of peaks of the Pa�3
structure 0.57. Thus, although the density of the

fcc form of the Sn-oxide is high, the lattice spac-

ings themselves are not unphysical.

Without measurements of higher order Bragg

peaks our interpretation of a high density fcc sur-

face oxide can be considered somewhat specula-
tive. On the other hand, in view of the fact that

the only two small angle Bragg peak positions ap-

pear in exactly the ratio for the fcc lattices it is very

difficult to think of an alternative lattice.
5. Summary

In the present study we found that the surface

of liquid Sn is resistant to oxidation until a thresh-

old oxidation pressure is reached. The oxida-
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tion begins within the pressure interval of

3.0 · 10�6 Torr and 6.2 · 10�6 Torr. Above this

threshold oxidation pressure a uniform growth of

oxide islands on the liquid Sn surface is detected.

The islands� surface is very rough and the presence
of oxide patches is manifested in a uniform reduc-

tion of the specular signal reflected by clean Sn

surface.

The diffraction pattern associated with the sur-

face oxide does not match any of the known Sn

oxide phases. On the other hand, the appearance

of only two Bragg peaks whose scattering vectors

are in the ratio of
ffiffiffi
3

p
=2, and with the observed

intensities is an unambiguous signature of the fcc

structure. It is troublesome that the calculated

density for this fcc phase is 50–80% higher than

that of the published Sn oxide phases; however,

we have not been able to construct an alternative

identification. It would be very useful to extend

the GID measurement to search for higher wave-

vector Bragg peaks.
These observations raise the question of

whether the structures that form in a chemical

reaction at the surfaces of a liquid metal are funda-

mentally different from those that form in a bulk

chemical reaction, or at the surface of a crystal.

For example, we do yet not know the structure

of oxides that form on the various facets of a Sn

crystal. Are any of them similar to the surface
oxide that forms on liquid Sn? Secondly, is the

anomalous surface oxide on liquid Sn an indicator

that anomalous oxides will also form on the sur-

faces of other liquid metals? We know that the sur-

face oxide on liquid Ga is amorphous but we do

not know if the rough oxide that forms on the sur-

face of liquid In is crystalline or not. This is clearly

an area that requires further study. From a theo-
retical perspective there is a compelling need to

ask why this particular cubic phase is favored by

the surface over the ‘‘normal’’ structures of the

oxides.
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