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Two-Dimensional Phase Transition Mediated by Extrinsic Defects
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We have investigated the �
p

3 3
p

3 � to �3 3 3� phase transition in the a phase of Sn�Ge(111)
with variable temperature STM at temperatures between 30 and 300 K. Point defects in the Sn film
stabilize localized regions of the �3 3 3� phase, where the size is characterized by a temperature
dependent length (exponential attenuation). The inverse of the attenuation length is a linear function
of temperature showing that the phase transition occurs at 70 K. At low temperature a density wave
mediated defect-defect interaction realigns the defects to be in registry with the �3 3 3� domains.

PACS numbers: 68.35.Rh, 68.35.Bs, 71.45.Lr, 72.10.Fk
Structural phase transitions belong to a group of phe-
nomena, which are strongly related to surface symmetry
and its lowering. In many cases a prediction of the order
and universality class of an anticipated phase transition
can be made based solely on the knowledge of the space
group of the surface or adsorbate structure [1]. This ide-
alized picture is rarely achieved in the real world, where
defects and imperfections in the surface break the sym-
metry. Various types of surface phase transitions have
been reported in the literature [2,3], and even though an
atomistic picture of the phase nucleation process has re-
mained elusive, it is generally believed that this process
involves defects and impurities [4,5]. Since the energy
differences between different phases on a surface are usu-
ally very small, a slight perturbation of this energy bal-
ance, coupled with the broken symmetry induced by an
imperfection, can affect not only the transition tempera-
ture but also the temperature dependence of the order pa-
rameters near the critical point. For example, consider
a system with a charge density wave (CDW) instability.
Electrons in the normal state will screen charged impuri-
ties, producing an attenuated CDW or Friedel oscillation
near the impurity sites. The ion cores follow the local
charge rearrangement and, consequently, the normal-state
symmetry is broken locally and short-range CDW order
develops. The electronic response to the external pertur-
bation [6], x�q, T �, depends on the temperature, leading
to the intriguing proposition that defects will in general
affect the evolution of long-range ordering. Tosatti and
Anderson concluded that “a CDW can be regarded as
unattenuated Friedel oscillations” [7].

There is indeed evidence that imperfections have a
strong influence on surface phase transitions. For ex-
ample, the anticipated second-order phase transition on
a Si(100) surface from a �2 3 1� to a c�4 3 2� structure
is not sharp [8]. This behavior was qualitatively repro-
duced by Monte Carlo simulations based on an Ising spin
model [9,10], in which the intrinsic dimer defect concen-
tration (1%) on the surface was taken into account. Inter-
estingly, a system consisting of the ideal Si(100) surface
and defects is equivalent to an Ising spin system with a
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random magnetic field [9]. It has been speculated that the
presence of defects blocks the basic atomic mechanism (a
flip-flop motion of buckled dimers) responsible for the ob-
served broadening of the phase transition on Si(100) [4].

We have chosen the recently discovered charge order-
ing transition in the a phase of Sn on Ge(111) [11–17]
to study the interplay between a phase transition and de-
fects. One-third of a monolayer of Sn forms a metastable
�
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3 � overlayer on this surface at room tempera-
ture (RT). Upon cooling the surface, a phase transi-
tion to a �3 3 3� symmetry has been reported to occur
at 210 K, as determined from LEED intensity measure-
ments [11]. At RT, all Sn atoms appear identical (in the
absence of defects) in the STM images, whereas at low
temperature (LT) the filled state and empty state images
show complimentary structures with a �3 3 3� symmetry.
The bright atoms in the empty state images form a honey-
comb structure with two bright spots per unit cell, while
the bright atoms in the filled state image form a hexago-
nal structure with one bright atom per unit cell [11]. Ge
substitutional defects (called Ge defects throughout this
paper) have been identified to be the most common type
of (point) defects in the Sn film [11,18]. A group of such
defects surrounded by a �3 3 3� pattern is present in the
left part of the filled state STM image in Fig. 1 which
was recorded at T � 120 K, a temperature 90 K below
the reported transition temperature. The �3 3 3� struc-
ture induced by the defects vanishes only a few unit cells
away from the defects and the right side of the image
consists solely of unreconstructed �

p
3 3

p
3 � as in the

RT images. It is obvious that the
p

3 3
p

3 to �3 3 3�
phase transition has not yet occurred at 120 K. This study
will demonstrate that the phase transition is at 70 K, about
140 K below the reported transition temperature.

In this Letter we report a real space study of the
influence of extrinsic and intrinsic defects on a two-
dimensional phase transition. It will be demonstrated that
attenuated density waves with �3 3 3� symmetry originate
from defects as shown in Fig. 1. The extent of these
�3 3 3� waves is described by an exponential damping
with a decay length l�T �. The inverse decay length is
© 1999 The American Physical Society 999
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FIG. 1 (color). 119 3 66 Å2 filled state constant current STM
image (Vsample � 21 V, I � 0.1 nA) recorded at T � 120 K.
The left portion of the image includes three Ge substitutional
atoms (Ge defects). The system responds to this perturbation
with a local �3 3 3� reconstruction around the defects which
vanishes in the right part of the image.

linear with temperature, extrapolating to zero at 70 K,
which we propose to be the transition temperature. At
low temperatures, below the phase transition this model
fails to explain the morphology of the surface, and, in
particular, does not address the formation of sharp domain
boundaries. Most striking is the observation that at low
temperature there is a collective interaction between the
density waves and the defects, moving the latter into
alignment with the new �3 3 3� phase (in each domain).

The experiments were performed using a UHV omicron
variable temperature STM that provided atomic resolution
in a range of temperatures from 30 to 300 K. The
temperatures were stabilized within 0.1 K and absolute
temperatures were reproducible to within 5 K. Clean,
well-ordered Ge(111) substrates were prepared by repeated
Ne ion bombardment (1 kV) and annealing to 800 K until a
sharp c�2 3 8� LEED pattern was observed. The a phase
of Sn�Ge(111) �

p
3 3

p
3 � was obtained by depositing

1
3 of a monolayer of Sn at room temperature and then
annealing to 500 K. The resultant surfaces consisted of
�
p

3 3
p

3 � reconstructed terraces with an average width
of around 2000 Å. A reproducible average density of
about 6.25 3 1024 point defects per Å2 (Ge substitutional
defects and vacancies) was found in the Sn overlayers [see
Fig. 2(a)]. This is consistent with previous reports [11,18].
Point defects appear as black spots in the filled state images
surrounded by bright rings of nearest neighbor (NN) Sn
atoms for Ge substitutional defects and by dark rings of
NNs for vacancies [18,19]. In the empty state images Ge
defects are brighter than vacancies. The majority of the
defects were Ge substitutional atoms, 10 to 1 compared to
vacancies.

The left panels of Fig. 2 show filled state STM images
acquired in the constant current mode at three tempera-
tures, (a) 295 (RT), (b) 165, and (c) 55 K. At RT the
1000
FIG. 2. 175 3 182 Å2 filled state constant current STM im-
ages (Vsample � 21 V, I � 0.1 nA): (a) T � 295 K (RT);
(b) T � 165 K. The two sole vacancies in the image are
labeled by white asterisks. �3 3 3� reconstructed patches are
visible in the vicinity of the defects. (c) T � 55 K; the white
lines indicate sharp domain boundaries. (d)– (f ): Numerically
simulated images [Eq. (1)] using the defect positions (marked
by black circles) deduced from images (a)– (c), respectively.
Different decay lengths, l, were used to obtain agreement with
the data: (d) l � 11 Å; (e) l � 25 Å; (f ) l � 100 Å.
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3 � structure is perturbed only in the immediate
vicinity of a defect. When the temperature is lowered,
the range of the �3 3 3� perturbation produced by the de-
fects increases, as can be seen in Fig. 1 for 120 K or in
Fig. 2(b) for 165 K. Again it should be pointed out that a
phase transition has not occurred in either of these figures.
In contrast, Fig. 2(c) shows an example of a completely
reconstructed �3 3 3� Sn layer at T � 55 K, where the
white line highlights the existence of a sharp domain wall
between different orientations of the �3 3 3� phase. From
this data we can conclude that the transition temperature
is between 120 and 55 K, significantly lower than the re-
ported 210 K [11].

Visual inspection of STM images suggested to us that
the charge rearrangement is the result of the superposition
of patterns induced by each defect. To confirm this
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observation we have carried out a numerical simulation of
the filled state STM images. The trial function included
the existing
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3 periodicity � fp

33
p

3�r�� modulated
by the sum of three exponentially damped cosine waves
with a periodicity of a 3 3 3 lattice originating at each
defect. The exponential decay was characterized by a
length parameter l�T �,

I�r� � fp
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cos�ki�r 2 rn� 1 fn� . (1)

The experimental images were simulated by summing
over the number of defects N in the image. The amplitude
of the density wave, An, is a constant so that only
the phase f, and the decay length l�T � are parameters.
Vacancies and defects are modeled by phases fn � 0 and
fn � p , respectively. The three images on the right of
Fig. 2 best reproduce the experimental data with l�T � as
the only parameter. Simulations were also carried out for
images recorded at 120 K (Fig. 1). The best agreement
between experimental data for RT, 165 and 120 K and
the simulated images was achieved by inverse length

FIG. 3 (color). (a) Temperature dependence of the reciprocal
decay length 1�l�T � [Eq. (1)]. The phase transition temperature
is Tc � 70 K indicated by a vertical dashed line. A �

p
3 3p

3 � unit cell is shown in the upper right part of the figure. The
upper left inset shows a �3 3 3� unit cell. In the text, we refer
to the open and black circles as corner atoms and inner sites,
respectively. (b) Temperature dependence of the probability to
find a correlated sampling area in STM images (see text).
parameters 1�l�T � collected in Fig. 3(a). The data for
T � 55 K [Fig. 2(c)] could not be fitted; the consequence
of this will be discussed later.

Figure 3 clearly shows that the inverse length parameter
1�l�T � is a monotonic function of temperature, extrapolat-
ing to zero at approximately 70 K. At this point the de-
cay length becomes infinity. This singularity defines the
phase transition temperature of the system, Tc � 70 K.
This technique to determine the phase transition tempera-
ture Tc is not restricted to the Sn�Ge(111) system studied
here and can be used on any similar system.

It was not possible to simulate the experimental im-
ages taken at low temperature using Eq. (1) [compare
Figs. 2(c) and 2(f) �T � 55 K�]. It is impossible to re-
produce the sharp domain walls shown in Fig. 4 for
T � 30 K , the domain size observed in the images, or the
fundamental symmetry of the image. A Ge substitutional
defect would produce a honeycomb 3 3 3 structure when
l�T � ! `, but what is seen is the hexagonal structure.
Obviously, Eq. (1) is not appropriate for the LT phase.

The LT STM images show �3 3 3� domains of average
size 100 3 100 Å2. This size agrees well with �3 3 3�
domain diameters determined by x-ray diffraction, �90 6

20� Å [12]. Visual inspection of these images revealed
that almost all (90%) of the Ge substitutional defects
within a single domain had aligned themselves to be in
registry with that domain, that is they always replace a
dark Sn atom. Ge defects very rarely replace the bright
atoms in LT STM images. In contrast Ge defects at RT
appear to be randomly distributed in the images. The inset
in Fig. 3 shows the options available for a Ge defect in
the �3 3 3� unit cell. There are three atoms in the unit
cell and in principle three different options for the Ge
defect, but the STM images [11,18] and structural analysis
[12] show that two of the sites are equivalent (dark inside
atoms).

A statistical analysis of STM images recorded at 295,
165, and 55 K was performed in the following fashion
[20]. A sampling area (SA) slightly smaller �80 3

80 Å2� than the average �3 3 3� domain size was chosen.

FIG. 4 (color). 140 3 42 Å2 filled state constant current STM
image (Vsample � 21 V, I � 0.1 nA) recorded at T � 30 K.
The image shows three different �3 3 3� domains separated by
sharp domain boundaries.
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The surface was then randomly sampled with these SAs.
We define a SA correlated if all the defects are located on
sites of the dark inside atoms (see inset of Fig. 3) of its
�3 3 3� cells. The probability P of finding a correlated
SA in a STM image was determined from the ratio of
the number of correlated SAs to the total number of SAs
selected (typically 250 SAs per STM image). At LT,
about 45% of all SAs were correlated. If we were to
place all SAs within a single domain, then the probability
P would be 95%. The LT probability of 45% just reflects
the many times that the SA lies over two or more �3 3 3�
domains. P changes dramatically if we apply the same
counting procedure to RT STM images. Only 10% of all
SAs were correlated at RT and T � 165 K. This 10%
probability of finding correlated SAs is consistent with
an analysis of computer generated STM images, where
all defects were randomly distributed. The temperature
dependence of P in Fig. 3(b) shows the dramatically
higher correlation in the LT images. Data for a statistical
analysis at other temperatures are currently not available.

We conclude that Ge defects are randomly distributed
for temperatures as low as 165 K and spatially correlated
on a length scale of about 100 Å [the average �3 3 3�
domain size] at LT. The data set for the 120 K is not
extensive enough to perform a statistical analysis. The
transition from randomly distributed to correlated defects
involves the motion of the defects. This observation
suggests that the motion of defects is controlled by a
defect-defect interaction, which sets in for l $ lav , where
lav is the average NN distance between Ge defects, lav �
45 Å [horizontal dashed line in Fig. 3(a)]. We propose
that a density wave mediated defect-defect interaction
drives the motion of Ge defects at LT.

In conclusion, we have observed on an atomic scale the
complex interplay between defects and a two-dimensional
phase transition, which may impact the general picture of
phase transitions in two dimensions. A perturbation of
the charge rearrangement in the vicinity of defects already
exists at room temperature. This distortion contains the
symmetry of the �3 3 3� ground state of the system
and grows exponentially in extent as the temperature
is lowered showing clearly that the phase transition in
the absence of defects is at T � 70 K not T � 210 K
as previously reported. At low temperature a collective
interaction between Ge substitutional defects and an
ordering of the defects within each �3 3 3� domain is
observed. This interaction is mediated by density waves.
Ge defects can act in two contrasting ways. On one hand,
they cause a local �3 3 3� reconstruction at temperatures
well above the phase transition temperature of the system,
Tc � 70 K. On the other hand, defects are distributed
randomly on the surface at room temperature and actually
inhibit the �3 3 3� reconstruction of the entire Sn film.

The mobile Ge substitutional defects cannot be treated
as a given external field in a random field model [9,21].
They introduce a new dynamical variable which has
1002
a strong influence on the critical properties of the
Sn�Ge(111) system.
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