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Thermal diffuse scattering from surface-melted Pb(110)
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We report a surface x-ray diffraction study of diffuse scattering from Pb(110). We reproduce the ob-
servations by Fuoss et al. [Phys. Rev. Lett. 60, 2046 (1988)]. However, a more extended examination of
the observed diffuse intensity demonstrates that it cannot be caused by scattering from a melted surface
film. We show that the intensity is due to thermal diffuse scattering.

Surface melting has been investigated by a variety of
experimental techniques for several metal surfaces,'™
especially for Pb(110).>"!! So far, only few surface x-ray
scattering studies have been reported: two diffraction ex-
periments'>!3 and a reflectivity experiment.'* In the
latter, the density profile of the quasiliquid film on
Pb(110) was investigated. Dosch et al.!’> measured the
(002) Bragg profile of Al(110) to study the surface disor-
dering. Fuoss, Norton, and Brennan!? observed diffuse
scattering on Pb(110), which was interpreted by the au-
thors as scattering from a two-dimensional liquid film of
Pb. As the diffuse intensity was observed at all investi-
gated temperatures, it was concluded that the onset tem-
perature for surface melting of Pb(110) is below room
temperature. This is in conflict with all other experimen-
tal observations, which have demonstrated that Pb(110) is
ordered up till at least 450 K.>~!! At higher tempera-
tures, above 500 K, a so-called quasiliquid film develops,
which diverges in thickness on approaching the bulk
melting temperature of lead (600.7 K).5 %!

In this report, we present a series of surface x-ray
diffraction measurements of Pb(110), in order to resolve
the discrepancy between the previous x-ray diffraction
study!? and the other experimental results. The experi-
ments were performed at the surface x-ray diffraction sta-
tion 9.4 of the wiggler beamline at the Synchrotron Radi-
ation Source in Daroesbury, using focused radiation with a
wavelength of 1.38A. The incoming beam was defined by
slits to be 0.4-mm horizontally (out-of-plane) and 2-mm
vertically (in-plane) and had a total estimated flux of
2X10'° photons per second. The angular acceptance of
the detector was constrained by slits to be 0. 14° along the
surface normal and 0.29° in the in-plane direction. The
setup has been described elsewhere.!>!® The sample
(12X 12 mm?) was spark cut from a high-purity lead sin-
gle crystal (99.9999%) and chemically etched in a mix-
ture of 80% acetic acid and 20% hydrogen peroxide to
remove the damaged surface layers. After etching, the
sample was mechanically polished using a colloidal silica
suspension, until a flat and mirrorlike surface was ob-
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tained. Finally the oxides were removed by acetic acid.
The cleaning of the sample in ultrahigh vacuum and the
temperature control have been described in detail in Ref.
5. The miscut angle of the sample was 0.1°%0. 1°, and the
in-plane mosaicity was 0.15° (full width at half max-
imum). In this report we will employ a rectangular coor-
dinate frame to describe the fcc(110) surface. Parallel to
the surface the unit vectors are a;=[001],; and
a,=1[110] ;- The unit vector perpendicular to the
surface is a;=21[110].,.. Reciprocal-space coordinates
are given in units of {b;} with a;-b;=278,;. The momen-
tum transfer, Q, is denoted by the Miller indices (hkl)
with Q=hb,+kb,+1b;.

Figure 1 shows a radial scan parallel to the surface
along the [12] direction as a function of the in-plane
momentum transfer, Q- The angle of incidence was
0.35°, which is below the critical angle (0.39°). Our re-
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FIG. 1. Radial scan along the [1 2] direction at room temper-
ature as a function of the total in-plane momentum transfer, Q.
The dashed line indicates the position of the (1 2 ) crystal trun-
cation rod.
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sults along the [12] direction are identical to those
presented in Fig. 1 of Ref. 12. At room temperature, we
also observe two peaks of diffuse intensity at a Q, of 2
and4 A" ! and a sharp feature at Qll =3.1A" (1ndlcat-
ed by the dashed line). The latter is an intersection of a
so-called crystal truncation rod (CTR), which arises from
the discontinuity of the crystal at the surface.!” At high
temperature, the CTR intensity disappears. Measure-
ments at different temperatures between room tempera-
ture and 600.3K (the bulk melting temperature of Pb is
600.7 K) revealed an increase of the diffuse intensity with
increasing temperature In Ref. 12, the two peaks at a Q||
of 2and 4 A™! were interpreted as diffuse scattering aris-
ing from a two-dimensional (2D) liquid Pb film on top of
a solid Pb substrate. In case of scattering from a 2D
liquid film, diffuse peaks may appear in rings in recipro-
cal space, at constant in-plane momentum transfer. If
one assumes that the diameter of a Pb atom is 3.5 A,
which is the bulk nearest-neighbor distance for Pb,
diffuse peaks are expected for any radial-scan direction at
values of @, equal to 2, 4 A 'etc. In Fig. 2, these rings
of constant in-plane momentum transfer have been indi-
cated by the dotted circles. Such liquid rings have been
observed for a single liquid Pb layer on a Ge(111) sub-
strate.!® However, Fig. 3 demonstrates that liquid
scattering is not the origin of the diffuse peaks on
Pb(110). Figure 3 shows radial scans along three different
[hk] directions. In the [15] and [1 12] direction, similar
peaks as those for the [12] direction appear, but at slight-
ly higher values for Q. Closer examination of the peak
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FIG. 2. Reciprocal-space map of the Pb(110) surface, plotted
for zero perpendicular momentum transfer (/ =0). The large
solid circles indicate the positions of bulk Bragg peaks. The
solid straight lines indicate the direction and the range of the
scans, which are plotted in Figs. 1 and 2. The dotted curves are
rings at a constant in-plane momentum transfer of 2 and 4 A ,
where contributions from a two-dimensional liquid Pb film are
expected. The dashed straight lines indicate the observed
streaks of diffuse intensity in between in-plane Bragg peaks.
The asterisks denote the positions of the peaks in Figs. 1 and 3.
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FIG. 3. Radial scans along different directions parallel to the
Pb(110) surface as a function of Q. The out-of-plane momen-
tum transfer was kept constant at 1=0.03. The arrows indicate
the positions where lines in the [1 1] direction, connecting in-
plane Bragg peaks, are intersected by the radial directions. The
intensity in the [1 2] scan is significantly lowered by a misalign-
ment of the sample. From a comparison with the measurements
at other temperatures, we estimate that the [1 2] intensity
should be multiplied by approximately a factor 4.

positions in the radial scans reveals that the diffuse peaks
are all located on straight lines in between two in-plane
Bragg reflections, see Fig. 2. This is clearly demonstrated
by Fig. 4 where the open circles show a scan from the
(02) to the (11) bulk Bragg peak at 1=0.1. In between
those two reflections there is a continuous streak of
diffuse intensity. The radial scans along the [12], [15],
and [1 12] direction intersect this streak at the positions
indicated by arrows. This intersection causes the peaks
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FIG. 4. In-plane scan at 1 = 0.1 in between the (0 2) and (1 1)
Bragg peaks. The positions where the radial scans intersect this
streak of diffuse intensity are indicated by the arrows. The solid
curve represents the sum of the single phonon (dashed-dotted
curve) and the two-phonon (dashed) contribution to the thermal
diffuse scattering. The sum has been scaled to fit the data.
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~4.5 A™! are cause by crossing the line connecting the
(40) and (22) in-plane Bragg peaks.

We observed an increase of the diffuse intensity with
increasing penetration depth of the x rays, indicating that
the intensity does not arise from the surface, but from the
bulk of the sample. As the amount of diffuse intensity in
all directions increased also with increasing temperature,
we conclude that the observed scattering is thermal
diffuse scattering (TDS) from the bulk of the Pb sample.
Bulk TDS gives rise to a continuous distribution of
diffuse intensity, and is peaked at lines connecting Bragg
reflections. The dashed curve and the dash-dotted curve
in Fig. 4 represent the calculated first- and second-order
contribution, respectively, to the TDS of Pb. The disper-
sion curves were obtained from Ref. 19. We have calcu-
lated the second-order contribution using the approxima-
tion of Walker.”® Higher-order contributions can be
neglected.?! The sum of the first- and second-order con-
tributions is given by the solid curve. This sum was
scaled to fit the data. The shape of the calculation is seen
to fit the data quite well, confirming that the intensity can
indeed be attributed to TDS.

Up to the highest measurement temperature of 600.3
K, we observe no sign of liquid scattering, although it
was shown in Refs. 5, 8, and 11 that at this temperature
approximately 10 ML of Pb atoms have lost their crystal-
line order. We can roughly estimate the intensity expect-
ed for 1 ML of liquid Pb (1) by comparing our experimen-
tal configuration with the one of Grey et al.!® who ob-
served liquid rings from approximately 1 ML of liquid
Pb, and (2) by calculating the intensity from the theory of
scattering from a liquid.?> This leads to expected count-
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rates between 0.2 and 1 count per second per ML. At
580 K, one expects a quasiliquid layer with a thickness of
3 ML} i.e., 0.6-3 counts per second in Fig. 3. This is on
the edge of being observable. The fact that even at 600.3
K we don’t see liquid rings seems to indicate that the sys-
tem is not behaving in the way one would expect. Maybe
the large thermal vibration amplitude at the surface leads
to a reduced (spherical) correlation between adatoms and,
thus, to a reduced intensity in the liquid rings. On the
other hand, a large fraction of the total intensity may
remain at the bulk Bragg positions due to the periodic
potential of the underlying substrate. The fact that 2D
liquid rings have to date only been observed in the case of
an isolated layer on top of a well-ordered substrate,!®
seems to indicate that the substrate region below the
quasiliquid layer plays an important role.

In summary, we have shown that the observed diffuse
intensity from Pb(110) is not caused by the melted film on
this surface, as was claimed previously,'? but is due to
bulk thermal diffuse scattering instead. With this inter-
pretation, the observations using surface x-ray diffraction
no longer indicate a larger amount of disorder at room
temperature than was found using other techniques.
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