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Collapsing of Thermally Induced Steps on the Pb(111) Surface

H. -N. Yang, T.-M. Lu, and G.-C. Wang
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(Received 19 September 1988)

Using high-resolution low-energy electron diAraction techniques we have observed an increase in step
density near 550 K in a stepped Pb(111) surface. At room temperature the Pb(111) surface contained
steps with an average terrace width of 63 A. At 580 K, after the surface reached its maximum rough-
ness, the steps suddenly collapsed and the surface appeared to be extremely Aat. A possible explanation
of the observed phenomenon is the occurrence of a surface melting phase transition which is induced by
the thermally excited high density of steps.

PACS numbers: 64.7G. DV, 61.14.Hg, 68.35.Rh, 82.65.Dp

Recently, the nature of melting that occurs in surfaces
below the bulk melting temperature has received increas-
ing interest both theoretically' and experimentally.
According to recent microscopic theories, ' surfaces can
begin to disorder as one approaches the bulk melting
temperature T, and the thickness of the disordered lay-
er diverges at T . This prediction was first confirmed by
Frenken and van der Veen in their observation of the
melting of the Pb(110) surface by using high-energy
ion-shadowing and -blocking techniques. Since then,
surface melting of Pb has further been studied by a num-
ber of researchers. All of these experiments con-
firmed the existence of the premelting of the Pb(110)
surface. However, there are serious disagreements as to
the temperature at which the surface begins to melt and
the exact portion of the surface being melted. Also, the
x-ray scattering experiment performed by Fuoss, Norton,
and Brennan indicated that even the closed-pack
Pb(111) surface displayed a weak disordering below the
bulk melting temperature which was not observed in the
works by Frenken and van der Veen, Pluis et al. , and
Prince, Breur, and Bonzel. Surface melting has also
been observed in the Al(110) surface.

Another important type of surface disordering that
can occur at a temperature below the bulk melting tem-
perature is the roughening of surface by creating a large
number of surface steps. This phenomenon was predict-
ed theoretically by Burton, Cabrera, and Frank, and
was recently observed numerous tiines at diA'erent sur-
faces. ' ' In addition to surface melting and surface
roughening phenomena, other forms of surface disorder-
ing can also occur. '

In this paper, we report a study of surface disordering
phenomena which occur below the bulk melting temper-
ature in a stepped Pb(111) surface using the high-
resolution low-energy electron diffraction (HRLEED)
technique. We found that the surface began to roughen
at about 550 K, and the step density increased with in-
creasing temperature. At —580 K, the rough surface
suddenly collapsed to form a very Bat surface. All of
these phenomena occurred below the bulk melting tem-
perature of 600.7 K.

The experiment was performed in a UHV chamber
equipped with a HRLEED system and a cylindrical mir-
ror Auger-electron spectrometer (AES). The detailed
operation of the HRLEED system has been described
previously. ' ' The instrument response function has a
very narrow width of 0.007 A '. This narrow width
(high angular resolution) allows us to measure accurate-
ly the surface defect density. The base pressure was
& 10 ' Torr. A pure single-crystal Pb sample with 6-

mm diameter and 3-mm thickness was spark cut from a
Pb ignot. Its x-ray Laue pattern indicated a typical fcc
(111) single-crystal structure. A mixture of glacial ace-
tic acid and a 30% hydrogen peroxide (2:1) was used to
etch and polish the damaged surface region and a
smooth, shiny surface was obtained. The surface tem-
perature was measured by a type-K thermocouple em-
bedded in the gap between the sample and the sample
holder. The thermocouple was calibrated (by melting a
similar sample) to provide a temperature reading within
+ 1 K accuracy. The sample was heated by a hot pan-
cake filament behind the sample. The Pb(111) surface
was cleaned in situ by cycles of argon-ion bombardment
and annealing (1 h at 570 K) until no impurity could be
detected by AES. In all of the temperature-dependent
measurements (both heating up and cooling down), at
least —,

' h elapsed so that the sample reached thermal
equilibrium before data were collected.

All of the angular distributions of the diffraction beam
intensity (angular profiles) measured in this experiment
were smooth. No splitting or shouldered structure was
observed in the diffraction angular profIles within the
range of the electron beam energy under consideration.
Figure 1(a) shows the measured full width at half max-
imum (FWHM) of the specular beam intensity profiles
along the [121] azimuthal direction as a function of the
primary electron energy, E, for substrate temperature
less than 550 K. The incident angle was 3.8 with
respect to the normal. The broadening of the angular
profile is a result of the interference between terraces of
different levels. The minima of FWHM were located
around E =36 eV, which corresponds to the condition of
an in-phase scattering of electrons from different ter-
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beam measured as functions of temperature with a primary
electron energy of 36 eV. Electrons are scattering in phase by
difterent levels of terraces.
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FIG. 1. The measured full width at half maximum
(FWHM) of the specularly diffracted beam from the Pb(111)
surface plotted as a function of the primary electron energy, E,
for substrate temperature (a) less than 550 K, (b) between 550
and 573 K, and (c) between 573 and 584 K. The incident
beam was 3.8 with respect to the normal.

races. ' The profiles broadened as one moved away from
the in-phase scattering condition. The intensity became
too weak to measure for E & 41 eV at elevated tempera-
tures where the surface phase changes occurred. At
E =40 eV, the electrons scattered nearly out of phase be-
tween terraces of diAerent levels and gave a large
broadening efrect. ' Since the angular profiles showed a

simple broadening eff'ect (no splitting), the terrace width

distribution must be rather random. ' The average ter-
race width was obtained by comparing quantitatively the
data shown in Fig. 1 and the calculated angular profiles
from a well developed diffraction theory. ' The average
terrace width was found to be 63 ~ 7 A. As seen in Fig.
1, no obvious deviation of the F%'HM or the beam shape
could be detected for substrate temperature ranging
from room temperature to 550 K. Since the beam shape
does not change, we conclude that there is no step
meandering effect below 550 K. ' Therefore, the low-

temperature stepped surface was a stable phase having
an average terrace width of 63 A.

As we increased the substrate temperature beyond 550
K, there was an obvious additional broadening of the an-

gular profiles near the out-of-phase scattering condition,
as shown in Fig. 1(b). The broadening reached its max-
imum value when the substrate temperature was 573 K.
At this temperature, the average terrace width was es-
timated to be 34~4 A.. The step density had become a
factor of 2 more than that of the low-temperature phase.

More interestingly, as we further increased the sub-
strate temperature, a sudden and rapid reduction of the
FWH M was observed. As shown in Fig. 1 (c), the
FWHM of the profile shrank almost to its minimum
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FIG. 3. The peak intensity and the FWHM of the specular
beam measured as functions of temperature with a primary
electron energy of 40 eV. Here electrons are scattered nearly
out of phase by diAerent levels of terraces.

value when the substrate temperature approached 582 K.
At the nearly out-of-phase condition, the profile mea-
sured at 582 K was even narrower than that measured at
room temperature before the surface underwent the
roughening phase transition. Also, at 582 K, there was
no significant difference in the measured FWHM at the
in-phase and that of the out-of-phase scattering condi-
tions. This is interpreted as the diffraction of electrons
from a Aat surface containing very few or no steps. Fig-
ures 2 and 3 are more detailed plots of both the peak in-
tensity and the FWHM of the specular beam as func-
tions of the substrate temperature for E =36 and 40 eV,
respectively. The peak intensity was an integration of
about 0.0003 A ', i.e., 0.02% of the Brillouin zone
which was typically much smaller than the FWHM
(—0.01 A at the in-phase scattering condition) of the
profile itself. All of the measured peak intensities and
FWHM's were reversible in temperature. Some of the
data obtained when the surface was cooled from the col-
lapsed phase are shown in Figs. 2 and 3.

From the above data, we conclude that, at 582 K, all
of the thermally induced steps, together with the low-
temperature stable steps, collapsed to form a very Hat

surface which contained practically no steps. A plausible
interpretation of the observed collapsing of surface steps
would be the existence of a surface melting phase transi-
tion which is induced by the high density of thermally
excited steps. The rough surface generated may serve as
a precursor state for the subsequent melting transition.
However, we should point out that we have as yet no
definitive proof that the collapsed phase does contain a
molten layer of Pb at the surface. For example, a sur-
face containing a Hat and immobile (amorphous) layer
of Pb atoms would give the same diffraction characteris-
tics.

At the in-phase scattering condition (Fig. 2), the peak
intensity shows an obvious deviation from the Debye-
Waller behavior at around 550 K, indicating a softening
of the surface atomic vibrations. The intensity still per-
sists for substrate temperature higher than 582 K, indi-
cating that the Hat, disordered phase contains a layer of
surface atoms with a thickness less than the mean free
path of the electron at that energy which is about 10 A.
There is an apparent broadening of the profile after the
collapsing of the steps (substrate temperature ) 580 K)
at this in-phase scattering condition. One possible con-
tribution to this broadening may come from nonsteplike
defects such as dislocations at the "liquid"-solid inter-
face.

At the nearly out-of-phase scattering condition (Fig.
3), the broadening reaches its maximum value at 573 K
and suddenly drops to a very low value (lower than that
obtained at room temperature) at 582 K. The peak in-

tensity drops as the surface becomes rough (a result of
out-of-phase interference between terraces of different
levels), and recovers somewhat after the collapsing of
steps.

Our results cannot be compared directly with those re-
ported previously by other authors on the study of the
ordering of the Pb(111) surface. Unlike the previous ex-
perimental work, the step density of our sample at low
temperature has been well characterized. Steps may be
critical in controlling the surface disordering phenomena,
both roughening and melting. Fuoss, Norton, and Bren-
nan reported the observation of an initial liquid for-
mation at —220 K or ( —,

' T~ on both Pb(110) and
Pb(111) surfaces using a x-ray scattering technique. On
the Pb(110) surface, roughening was observed together
with the melting. They have conjectured that ". . . steps
may be the source of the initial liquid fraction on these
surfaces. . . ." On the Pb(111) surface, only very small
and gradual disordering (melting) was observed, and the
disordered portion was less than 2 monolayer at 1

below the bulk melting temperature. Frenken and van
der Veen, Pluis et al. , and Prince, Breuer, and Bonzel
did not observe anomalous behavior of the Pb(111) sur-
face below the bulk melting temperature.

It would be interesting to see if the observed precursor
state of roughening occurs before the surface melting (or
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other kinds of surface disordering) transition in other
metal surfaces.
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