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Depending on the preparation method, we find two different structures of the Pb=Ge�111� system at a
nominal coverage of 4

3 monolayer that exhibit different melting points. One is the well studied � phase
that melts at 270 �C, but the other is a new and metastable phase that melts at 330 �C. Using surface
x-ray diffraction the atomic structure of both phases is found to be surprisingly similar. The difference
in melting points can be explained by the distribution of the excess Pb present on the surface, which has
a direct effect on the vacancy density. We propose a modified phase diagram, in which the melting
temperature of the � phase depends strongly on coverage.
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FIG. 1. Schematic top view of the structural model for the �
phase. The
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unit cell is indicated by the dotted lines. One Pb
atom is positioned at the H3 site, and three Pb atoms are placed
as-deposited structure and the annealed structure. If at
least 4 ML of Pb is deposited, a
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phase forms (that we
on bridged positions between the T1 and T4 sites. The displace-
ment direction of the bridged atoms is shown with an arrow.
Phase transitions on surfaces have proven to be an area
where interesting phenomena take place. Owing to the
low dimensionality, the local structure, defects, and ther-
mal fluctuations are more important than in bulk material
[1,2]. One type of system that has been found to be
particularly rich is the metal-semiconductor interface,
of which a lot is known thanks to their importance in
electronics [3,4]. Prime examples are Pb and Sn mono-
layers on Si(111) and Ge(111). Despite (or because of)
many studies, various phases and phase transitions on
these systems have remained controversial, e.g., the low-
temperature and low-density phase transition from a
�
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�R30� to a 3� 3 reconstruction [5] that is
possibly driven by a charge-density wave, and the high-
temperature ‘‘melting’’ of the high-density �
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�R30� phase to a 1� 1 phase [1,6]. In the latter case
the different observations can be reconciled by assuming
that the ‘‘molten’’ surface layer has both liquid and solid
properties [7,8]. This high-temperature phase can addi-
tionally be considered a model system for a solid-liquid
interface in which the ordering in the liquid and the effect
of coverage and mismatch are more easily studied than in
thicker solid-liquid interfaces that are relevant for, e.g.,
crystal growth and lubrication [9].

In this Letter we focus on the Pb=Ge�111� system that
we find to be more subtle in its behavior than previously
thought. The phase diagram of this system as derived by
Ichikawa [10] and Grey et al. [6,11] shows two �
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in short) phases, a low-coverage phase at 1
3

monolayer (ML) known as the � phase and a dense �
phase at 4

3 ML. de Vries et al. [7] confirmed that the
saturation coverage of the � phase is 4

3 ML, with one Pb
atom located at an H3 site and the other three located on
off-center bridge positions between the T1 and T4 sites
(‘‘OCT1’’), see Fig. 1.

In the course of investigating the phase transition at a
coverage of 4

3 ML [12], we found a difference between the

3
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will call the �0 phase) that exhibits a phase transition to a
1� 1 phase at �330 �C. This is an irreversible transition,
and after cooling down the well-known � phase emerges
with a lower transition temperature of �270 �C. The
latter transition is reversible; thus the � phase is stable.
In this Letter we present the structural differences be-
tween the two phases and show that the vacancy density
plays a dominant role in the melting mechanism.

Surface x-ray diffraction was used to determine the
atomic structure of the two
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phases. The truncation of a
crystal at the surface gives rise to tails of diffuse scatter-
ing connecting the bulk Bragg peaks in the direction
perpendicular to the surface that are called crystal trun-
cation rods. The exact shape of the rods is determined by
the atomic structure of the surface [13]. The experiment
was performed at the DUBBLE beamline at the ESRF in
Grenoble [14]. The Ge(111) samples were cleaned by
repeated cycles of sputtering and annealing. All data
were measured at a wavelength of 1.13 Å, with a constant
incoming angle of 1� and varying exit angles.
2003 The American Physical Society 056104-1
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FIG. 2. Structure factor amplitudes along the �0 0� and �1 0�
crystal truncation rods for the annealed (open circles) and as-
deposited (filled circles) structures. The lines are the best fit
calculations. The peak near l � 3:4 in the as-deposited spec-
ular rod arises from bulk Pb.
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To denote the surface structure, we use a 1� 1 surface
unit cell for Ge(111) whose lattice vectors are expressed
in terms of the conventional cubic lattice by a1 � 1

2 	101
,
a2 � 1

2 	110
, and a3 � 	111
. The cubic coordinates are
in units of the germanium lattice constant (5.66 Å at
300 K). The corresponding reciprocal lattice vectors bi
are defined by ai � bj � 2�	ij. The momentum transfer
Q is denoted by the diffraction indices hkl in reciprocal
space: Q � hb1 � kb2 � lb3. The indices �hk� refer to
the in-plane component of the momentum transfer and �l�
to the perpendicular component.

After cleaning, Pb was deposited using a Knudsen
effusion cell while monitoring a
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reflection in
order to control the total amount of deposited lead [7].
We used low deposition rates in the range from
0:02–0:04 ML=min. During deposition the sample tem-
perature was 230 �C. To prepare the ‘‘as-deposited’’ �0

structure, somewhat more than 4
3 ML of Pb is deposited.

After slowly cooling the surface to room temperature a
full data set is measured. To prepare the � phase the
temperature is raised above the (irreversible) transition
temperature of 330 �C. Subsequently, the surface is
cooled to room temperature, where a second data set is
measured. A data set consists of a specular rod, crystal
truncation rods and an extensive in-plane data set. All
measured intensities were converted into structure
factors by applying a standard procedure [15]. Model
calculations and fitting were done using the ROD pro-
gram [16].

Despite the large difference in transition temperatures
for the two structures, the measured data show a large
resemblance. Figure 2 shows the measured data for the
�0 0� and �1 1� rods. The main difference can be found in
the �0 0� rod near l � 3:4, where the �0 structure shows a
fairly sharp peak. The position of this peak corresponds
to the (111) Pb Bragg peak at this wavelength. This
indicates the excess Pb to be ordered in (111)-oriented
islands. From the width of the peak the thickness of the
islands is determined to be 20 ML. The � phase does not
show this peak, showing that the excess Pb is reorganized
upon the anneal.

The �0 phase shows an irreversible phase transition at a
high temperature. Preparations with different initial Pb
coverages and different heating rates reproducibly
yielded a phase transition temperature of �330 �C. The
melting behavior of the transition was monitored by
measuring the �23 ;

2
3 ; 0:3� reflection. No large changes in

structure factor were observed until the transition tem-
perature, at which the reflection completely disappeared.
Also the width of the peak, a measure of the domain size,
remained small. It is important to note that the �0 phase is
stable for at least several hours when heated to tempera-
tures close to its own transition point, i.e., well above
the transition temperature of the � phase. In contrast, the
� phase shows a lower transition temperature, with a
different melting behavior. Above the melting point,
056104-2
the �23 ;
2
3 ; 0:3� reflection significantly broadens, show-

ing critical scattering, while the intensity gradually
drops [12].

To determine the structural difference between the two
structures, both data sets are fitted starting from the
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structure as determined by de Vries et al. [7] (Fig. 1). The
parameters used for fitting are the surface fraction, height
of the H3 atom, height and in-plane displacement of the
OCT1 atoms, and anisotropic Debye-Waller parameters of
the Pb atoms. With this model both structures could be
fitted very well; see Fig. 2. Table I shows the best-fit
parameters. The difference in the �1 1� rod near l � 2
turns out to be mainly due to the difference in vacancy
density.

The � structure is equivalent to the structure at
1.25 ML measured by de Vries et al., and the atomic
positions of the Pb atoms are in excellent agreement
(Table I). The main difference is the coverage (1.28 vs
1.19 ML). The difference in Debye-Waller parameters is
caused by the difference in experimental temperatures.
The structural similarity is expected, because in both
cases the reconstruction was formed by cooling down
the disordered 1� 1 phase.

The �0 structure is slightly, but significantly, different
from the � structure in both the coverage and the height
of the Pb atoms. The Pb atom at the H3 position is 0.2 Å
lower than the bridge atoms in the �0 phase, compared
to 0.08 Å higher in the � phase. Earlier discrepancies in
the literature for the height determination [4,7,17] may
056104-2
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FIG. 3. The excess lead is equally distributed on the surface
in small islands for the �0 phase. After annealing, the Pb is
redistributed in larger islands and most terraces have no access
to bulk Pb.

TABLE I. Best fit parameters.

Parameter �0 phase � phase 1.25 ML [7]

Surface fraction 1.00(1) 0.96(1) 0.89
Height H3 (Å) 2.63(9) 2.83(5) 2.88

Height OCT1 (Å) 2.83(6) 2.75(2) 2.76
OCT1 (Å) 0.36(1) 0.36(1) 0.39

DWk (OCT1) 3.4(5) 3.6(3) 6.3
DWk (H3) 5.2(8) 3.6(3) 6.3
Coverage 1.33(2) 1.28(1) 1.19

�2 2.22 1.74
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therefore be partly explained by the different preparation
methods.

The structural differences between the two phases
are small, and the most convincing argument that we
have two different structures is the large and reproducible
difference in the transition temperature and behavior. An
important question is now what causes this large differ-
ence in transition temperature and melting behavior?

It seems unlikely that this difference is caused by the
small height differences between the two structures,
knowing that a Debye-Waller parameter of 3.4 corre-
sponds to a mean-square displacement of 0:04 �A2. A
more important factor may be the lower coverage of the
� phase that can provide an explanation within the con-
cept of vacancy-induced melting [18]. For example, the
melting temperature of N2 adlayers on graphite is reduced
for coverages below the saturation coverage because the
presence of vacancies facilitates melting [19].

The same mechanism might explain the different melt-
ing temperatures for the two
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structures. However, the
analogy between the Pb=Ge system and the N2-graphite
system is not perfect. The total amount of Pb available
is > 4

3 ML, and the melting transition of the �0 phase is
irreversible. Another point that needs an explanation is
the high energy barrier between the two structures, i.e.,
the high-temperature necessary for the transition be-
tween the two structures.

In order to arrive at a consistent picture that combines
all our observations, we need to include the distribution of
the excess Pb on the surface. In the �0 phase, we found
from the specular rod that the surface is covered by Pb
islands with a thickness of approximately 20 ML. Since
there is an excess Pb of about 0.3 ML, approximately 1.5%
of the surface is covered by these islands. While we have
no direct observation, by considering similar systems
[20] we may assume that the Pb will form many small
islands, which will preferably be located at the step edges.
Each terrace is thus in contact with at least one of these Pb
islands. This situation is sketched in Fig. 3. In order for
the �0 phase to melt, vacancies need to be generated. The
Pb islands, however, act as a source of Pb atoms, and none
of the
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domains can create the vacancies that are
necessary for melting. When the bulk melting point of
056104-3
Pb is reached, the small islands melt and merge into a
much smaller number of large islands; see Fig. 3 (bottom).
Most terraces are no longer in contact with bulk Pb, and
they will melt [21]. Our absolute temperature calibration
is not very precise, but the melting point of the �0 phase is
fully consistent with the bulk melting point of Pb of
327.5 �C. The fact that the fractional-order reflections
show no broadening during the melting of the �0 phase
is added proof for this model. The rearrangement of the
Pb is irreversible, which explains the irreversible transi-
tion of the �0 phase. The apparent high energy barrier
between the � and �0 phase is, in fact, the difference
between the melting temperature of the � phase and the
bulk melting point of Pb.

After the excess Pb is rearranged and the sample is
cooled down, the � phase is formed which has a normal
and reversible melting behavior in which the
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peaks
continuously broaden when approaching the phase
transition. We find that the � phase has a coverage
that is slightly less than 4

3 ML and thus that it contains
already vacancies (or antiphase domain walls) at room
temperature.

The observation of peak broadening at a coverage of
1.28 ML is in contradiction with the phase diagram as
proposed by Grey et al. In this regime, the � phase was
assumed to be in equilibrium with a �1� 1� phase for
temperatures above 180 �C. When the temperature is in-
creased, part of the surface covered by the � phase
transforms to the �1� 1� phase according to the lever
rule, until eventually the whole surface is covered with
the �1� 1� phase. Thus, no peak broadening of the
fractional-order reflections should occur, but only an in-
tensity drop. The experimental peak broadening we find
was also observed earlier by deVries et al. [7] at 1.25 ML.
In addition, Grey [11] observed critical scattering above
the melting point of the � phase at 1 ML and 180 �C. In
order to explain the broadening, we propose a modifica-
tion of the phase diagram of the Pb=Ge�111� system in
which the � phase is stable between 1.25 and 4

3 ML
(Fig. 4). Thus, the � phase can exist over a wider coverage
range, similar to the � phase around 1

3 ML. The sharp
increase in the melting transition from 1.25 to 4

3 ML is
056104-3
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FIG. 4. The modified phase diagram of Pb=Ge�111� in which
the � phase exits over a coverage range from 1.25 to 1.33 ML.
This area was previously assigned to exist of a � phase mixed
with an � phase (below 180 �C) or a 1� 1 phase (above
180 �C). The �0 phase is shown as a dotted line in the phase
diagram.
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now explained by the vacancy-induced melting mecha-
nism as described earlier for the N2/graphite system. The
main reason to propose a �1� 1� �-phase coexistence
region near 4

3 ML in the original phase diagram was the
observation of both
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reflections and liquid rings [11].
However, near the phase transition the Pb monolayer will
have both liquid and solid properties [7,8], and thus these
earlier observations are compatible with our new phase
diagram.

The metastable �0 phase forms a line in the phase
diagram at a coverage of 4

3 ML that ends at the melting
point of lead. The phase diagram predicts that a molten �
phase can be converted back into a �0 phase by adding Pb,
and this is indeed what we observed. At a sample tem-
perature of 230 �C we found that after adding �0:06 ML
(very close to the difference in coverage listed in Table I)
the �0 phase is formed again. With continued deposition
the signal from thin 3D islands reappears.

In conclusion, we have shown that at a nominal cover-
age of 4

3 ML two different
���

3
p

structures exist which
combine small structural differences with a large differ-
ence in transition temperature and melting behavior. This
can be explained by the distribution of the excess Pb
atoms on the surface that inhibits the �0 structure from
melting until the bulk melting point is reached. A micro-
scopic technique (e.g., STM or low energy electron mi-
croscopy) is necessary to confirm our hypothesis for the
behavior of the excess Pb. Our results are a clear example
of how defects (vacancies in this case) can modify a
phase transition. The results also show that the density
056104-4
at a solid-liquid interface is a crucial parameter in the
behavior of the liquid.
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