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Tunneling Microscope Observation of a Structural Surface Phase Transition:
Structure, Fluctuations, and Local Eff'ects
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We study a reversible phase transition of one monolayer of Pb on a Ge(111) surface with a tunneling
microscope over a temperature range from below to above the transition (—175'C). The controversial
high temperature phase is actually a simple Pb-terminated l x l structure. Below the transition tempera-
ture, Pb atoms are displaced from their Ti positions and form trimers with 43x J3 periodicity. A fluc-
tuating structure with patches of trimers can be resolved slightly above the transition temperature. The
important eff'ects of boundaries and domain size on the phase transformation are discussed.

PACS numbers: 61.16.Ch, 68.35.Rh, 68.55.Jk, 68.55.Nq

The study and characterization of phase transitions is a
central theme of modern condensed matter physics. His-
torically, macroscopic thermodynamic properties and
diffraction measurements, as a function of the appropri-
ate intrinsic thermodynamic variables, have provided the
experimental foundation upon which the development of
theoretical models and methods have depended. Symme-
try and dimensionality play a crucial role, with two-
dimensional (2D) phase transformations expected to be
more strongly influenced by fluctuations than those in
three dimensions. The search for 2D systems has natu-
rally led to an experimental focus on structural transfor-
mations that occur on crystal surfaces. Because of the
small number of atoms involved (—10' cm ) and the
interference from the bulk crystal, traditional methods of
studying phase transitions at surfaces can face major ob-
stacles in presenting a complete picture of the essential
atomic scale phenomena whose macroscopic consequences
theory endeavors to explain. On the other hand, the rich
array of interesting and technologically important phe-
nomena on surfaces has recently provided additional
motivation for intensive study of surfaces and stimulated
the development of new and powerful tools like the scan-
ning tunneling microscope (STM).

In the following we demonstrate how real space images
from a tunneling microscope can provide the crucial in-
formation required for the characterization and under-
standing of a phase transition which has eluded previous
studies. There has been recent progress in this direction
owing to the development of tunneling microscopes that
operate at high temperatures. Surface phase transitions

of the semiconductor Si(111)-(7&&7) [1] and Ge(111)-
c(2x8) [2] have been studied. In both cases, however,
atomic motions were too fast for the structure on the high
temperature side of the transition to be resolved. More
recently, a coverage-dependent (rather than tempera-
ture-dependent) study on a metal surface has provided a
detailed view of the disordering transition of Cs on
Cu(110) [3]. Here we present a temperature-driven
phase transition study of Pb on Ge(111) at monolayer

coverage. The literature shows that, in spite of rather in-
tense study, this low temperature (—175'C) phase tran-
sition was not understood. We will show, by resolving
high and low temperature phases, that it is an order-order
transition, which actually allows atomic spatial and tem-
poral fluctuations to be observed just above the transition
temperature. The observed symmetry suggests the sys-
tem is related to the three-state Potts model. In addition,
the influence of strain, phase boundaries, and finite size
domains can be observed.

Pb/Ge(111) has been studied for years [4-11]. Bulk
Pb and Ge do not intermix and Pb atoms do not evapo-
rate from the surface for temperatures below 350 C.
Thus, Pb atoms remain at the surface after the deposi-
tion. Very importantly, Pb and Ge atoms are easily dis-
tinguished in tunneling microscope images [10]. There
are two different J3x J3 structures which occur before
the completion of the first Pb overlayer on the Ge(111)
surface [4-9]. The —,

' monolayer (ML) low coverage a
phase has been found to resemble many other systems of
metals on semiconductor (111) surfaces. That is, one
adatom adsorbs on a T4 site for each J3x J3 unit cell.
The high coverage phase shows a reversible phase transi-
tion from a different J3xJ3 phase (the P phase) to a
1&1 phase at about 175 C, as observed by low energy
electron diffraction (LEED), reflection high energy elec-
tron diffraction (RHEED), and x-ray scattering [4-8].
However, controversy and confusion about the exact
coverage and atomic structures for the p and the high
temperature 1 x1 phases still persist. Diffuse rods in
RHEED and a ring of diffuse scattering in x-ray dif-
fraction studies in the high temperature 1x1 phase led
Ichikawa [4] and Grey et al. [5] to conclude that it is a
2D liquid. However, LEED studies do not show any
rings of difl'use scattering [6]. Also, the results of an x-
ray standing-wave study are not consistent with the mod-
el of a 2D liquid; rather, the high temperature phase was
suggested to be composed of small islands of the original
P-J3x J3 crystalline overlayer [7].

In order to resolve these issues, we have done extensive
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studies of this surface using a tunneling microscope. Our
experiments were performed in an ultrahigh vacuum
chamber with a base pressure of 6 x 10 " torr. Pb was
deposited from an effusion cell onto a clean Ge(111)-
c(2&8) surface, whose preparation and structure have
been described elsewhere [10,11]. After identifying the
surface structure and the phase transition with LEED,
the sample was transferred to the STM stage for imag-
ing. At 3 ML (1 ML=7.22x10' cm ), the low cov-

erage J3x J3 phase (the a phase, with Pb atoms on T4
sites) is observed in our STM images. Above —,

' ML,
domains of the high coverage p- J3x J3 phase are found.
Most of them nucleate at step edges on the lower ter-
races. To observe the phase transition of the P phase, we

image the surfaces at sample temperatures from 24 C up
to 200'C (with thermocouple accuracy of +'5'C and
precision of -0.2'C).

Figure 1 shows a tunneling image of the high coverage
phase taken at 168 C with a tip bias of +0.8 V (the
transition temperature is —172 C). The upper part of
the figure is the P phase, which may be viewed as result-

ing from a periodic array of Pb trimers, one per 43 x J3
unit cell. The trimers are centered on H3 sites, which can
be determined by extrapolating from the well-understood
a phase on an image that contains both a and P phases
(not shown) [12]. Figure 2 shows a simple atomic model
of the P phase, which is different from previous models
[4-9]. Each Pb atom is displaced from the Ti site above
the first layer Ge atom, to which it is bonded, towards the
threefold hollow H3 site. The resulting trimers are cen-
tered on H3 sites. Trimers centered on T4 sites would be
rotated 60' and none is observed in our images. The
spacing between Pb atoms in the trimer is 3.5(~0.3) A

(note that the interatomic spacing in bulk Pb is 3.5 A).
Clearly, the formation of Pb trimers in the P phase is due
to the attractive interaction between neighboring Pb
atoms, and the displacement of each Pb atom from its
ideal Ti sites is 0.3( 0.2) A [13]. Since the atomic
model of the P phase is established, we anticipate that a
more accurate value for this atomic displacement can be
obtained using x-ray scattering techniques.

There has been a debate about whether the saturation
coverage of the P phase is 1 or —', ML [4-9]. The cover-

age can be seen to be 1 ML in our tunneling images since
there are three Pb atoms in each E3x v 3 unit cell. Addi-
tionally, a surface imaged over an area of 1.3x10' A'
with the STM was found to be covered with 81(+ 4)% P
phase and 19(+' 4)% a phase. This corresponds to
0.87(+'0.03) ML of Pb assuming the coverage of the P
phase is 1 ML, and 1.14(+'0.04) ML assuming —, ML.
The Pb coverage of the sample was measured to be
0.91(+'0.09) ML using Rutherford backscattering. This
provides additional evidence that the saturation coverage
of the P phase is 1 ML.

At room temperature, only the P phase is seen across
the entire domain of the high Pb coverage phase. Howev-
er, near the bottom of the 168 C image shown in Fig. 1,
a 1 &1 phase, with bright spots centered on the T] sites,
appears in the vicinity of the a phase, which lies below
the boundary of the image. This 1&1 phase is identical
to the one observed well above the transition temperature,
when no P phase remains. Therefore, the transformation
starts from the boundary with the a phase.

Above the transition temperature, the long range J3
&& J3 order is destroyed by thermal fiuctuations. Figure 3
shows a remarkable image obtained at 173'C (just above
the transition temperature) with a tip bias of +0.4 V.
The surface is in a state of wild, though resolvable, Auc-

FlG. l. 55 gx70 A tunneling image of the high coverage
phase taken at 168'C. The p phase is seen in the upper part of
the image and a 1 x 1 phase, which is the same as the high tem-
perature phase, is present in the lower part. The a phase lies
just below the boundary of the image. The corrugation in the
image is —0.2 A. A unit cell of the p phase and crystal direc-
tions are indicated.

Pb adatom O First lager Ge atom

FIG. 2. Simple atomic model of the P phase on the Ge(111)
surface. Each Pb atom is bonded to the Ge atom underneath,
and is displaced by about 0.3 A (not to the scale in the figure)
from the T] site toward an 03 site to form a trimer with two
other neighboring Pb atoms. A unit cell and crystal directions
are indicated.
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FIG. 3. 110 A X 110 A tunneling image of the high coverage
phase taken at 173 C, just above the transition temperature.
Short-range order with patches of trimers centered on different
sets of H3 sites can be seen. At the lower right corner is a
boundary with the a phase (indicated by an arrow), and a 1 && 1

structure (with a unit cell indicated) can be seen close to it.
The crystal directions are the same as those in Fig. 1.

tuation. A structure with patches of trimers can be clear-
ly seen. A 1 & 1 structure is also visible in the vicinity of a
phase boundary (indicated by an arrow). This image is
composed of 180 horizontal scan lines, each of which
takes 0.43 s.

A study of Fig. 2 shows that there can be three possible
domains of p-J3X J3, translationally inequivalent, sup-
ported by the underlying lattice. To obtain the two addi-
tional domains, simply shift all the trimers so that they
are centered on either set of unoccupied H3 sites. Figure
4 shows an atomic model of a snapshot of the high tem-
perature phase, which contains small fluctuating patches
of each domain separated by dimers and monomers at the
boundaries. Since a Pb atom can be displaced in any one
of the three possible directions to form a trimer with
neighboring Pb atoms, this system should be closely relat-
ed to the three-state Potts model [14] although the sys-
tem we study is clearly not homogeneous. As the temper-
ature increases, the average size of a patch decreases and
fluctuations become faster. Each Pb atom, on the aver-
age, is then centered over the Ge atom underneath. This
explains the observation of the ordered 1 x 1 structure in

the STM images several degrees above the transition
temperature. This high temperature phase clearly is not
the 2D liquid reported by earlier x-ray scattering and
RHEED studies.

Since both temporal and spatial fluctuations are con-
tained in Fig. 3, quantitative analysis of these types of
images will yield detailed temperature-dependent correla-
tion lengths and times that characterize the phase transi-

Pb adatoms O First lager Ge atom

FIG. 4. Model of one possible atomic configuration of the
fluctuating high temperature phase. Shading is used to indicate
domains of trimers centered on different sets of H3 sites.

tion. However, this requires good statistics, more precise
temperature measurement, and faster scanning, which
will be the next goal.

The transition of the p phase to the 1 x 1 phase starting
from the boundary with the a phase may be due to the
fact that the inhomogeneous surface strain field originat-
ing from the a phase lowers the transition temperature.
We have also observed that small regions of p-J3X J&
bounded by the a phase transform into 1 && 1 at lower tem-
peratures than larger regions. However, quantitative
measurement and interpretation are difticult because de-
fects and step edges at the boundary of the high coverage
phase can also aff'ect the transition temperature (perhaps
due to surface strain fields, conditions on the boundaries,
etc. ) Between —,

' ML and close to 1 ML (~0.9 ML),
the transition temperature increases only a few degrees
with increasing Pb coverage. Close to 1 ML, new local
effects cause a sharp increase in the transition tempera-
ture (to —300'C). The results of Pb coverage near and
higher than 1 ML will be presented in our future full re-
port of the phase transition.

To conclude, we have presented what we believe to be
the most comprehensive tunneling microscope study of a
structural surface phase transition to date. The phases
below and above the transition temperature are resolved
on the atomic scale, the strongly fluctuating region just
above the transition is exposed, and surface strain fields
originating from another reconstruction are also found to
affect the phase transition. The inhomogeneity of the
strain fields and finite size domains observed on the sur-
face suggest that great care should be taken in the inter-
pretation of structural phase transitions using nonmicro-
scopic techniques.
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