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Dynamical phase transitions are a challenge to identify experimentally and describe theoretically. Here,
we study a new reconstruction of Sn on silicon and observe a reversible transition where the surface unit
cell divides its area by a factor of 4 at 250 °C. This phase transition is explained by the 24-fold degeneracy
of the ground state and a novel diffusive mechanism, where four Sn atoms arranged in a snakelike cluster
wiggle at the surface exploring collectively the different quantum mechanical ground states.

DOI: 10.1103/PhysRevLett.114.196101

Metallic overlayers on semiconductor surfaces are prone
to phase transitions [1-3], and many exotic phenomena
have been found in these two dimensional systems, such as
low-dimensional superconductivity [4,5], magnetic order-
ings [6,7], and metal-insulator transitions [8—17]. In tem-
perature-induced transitions, very often the dynamical
fluctuation of surface atoms is associated with changes
of the structural and/or electronic properties of the system.
Two paradigms of dynamical fluctuations are In/Si(111)
[18-20] and Sn/Ge(111) [21-25]. In Sn/Ge(111), a first
transition appears around 200 K, the system changing its
symmetry from (v/3x+v/3)R30° to (3x3) as observed by
low energy electron diffraction (LEED) and scanning
tunneling microscopy (STM) [21]. This transition was
explained in terms of the dynamical fluctuations of the
system between the threefold degenerate ground states
associated with the (3x3)-structure [23]. At high temper-
ature, the system presents on average a (v/3xv/3)R30° as
seen with slow probes (LEED and STM) but, locally, it
keeps a (3x3) structure as observed with fast probes (core
level spectroscopy). In In/Si(111), there is a reversible
(4x1) <> (8x2) phase transition that is accompanied by a
metal-insulator one [18]. The (4x 1) reconstruction consists
of two zigzag rows of In atoms forming quasione dimen-
sional chains, separated by zigzag rows of Si atoms. The
(8x2) phase is formed by weakly coupled chains each one
with a (4x2) reconstruction. At low temperature, each
(4x2) chain is frozen in one of its four degenerate states
while, at high temperature, molecular dynamics (MD)
simulations show that the chain fluctuates between its
different ground states presenting on average a (4x1)
symmetry [19]. These fluctuations of the In zigzag rows
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PACS numbers: 68.35.Ja, 68.35.Rh, 68.37.Ef, 68.43.Bc

are responsible for the metallicity of the system at high
temperature.

Here, we present experimental and theoretical evidence
of a new reversible transition that takes place in
Sn/Si(111):B. The system changes from an insulating
(24/3%2+/3)R30° structure at room temperature to a
(v/3x1/3)R30° symmetry above 520 K (2/3 and /3 in
the following). We explain this transition using a micro-
scopic diffusive mechanism [26], where a Sn tetramer
diffuses on the surface among 24 inequivalent ground
states, giving rise to the V3 symmetry. This transition is
reminiscent of other dynamical fluctuations transitions, but
it includes as an essential novel ingredient the diffusion of
Sn tetramers along the surface settling an order-disorder
transition for the system.

STM experiments were performed in the experimental
described in Ref. [29]. Photoemission experiments were
performed at the CASSIOPEE beam line of SOLEIL
synchrotron. A highly B-doped silicon substrate
(1073 Qcm) was flashed up to 1500 K and annealed
several hours at 1100 K. In the calculations, we have used
a combination of different density functional theory (DFT)
techniques 1) local-orbital MD [30], to search for
Sn/Si(111):B-2v/3 atomic structures and to analyze the
dynamics at different temperatures; ii) plane wave DFT
[31], for a final refinement of the structures and for the
calculation of the electronic structure; iii) a combination of
a Keldysh Green’s function formalism and DFT, to simulate
the STM images, e.g., see [32].

Figure 1(a) shows the STM image for the new 2+v/3
reconstruction induced by adsorption of Sn on a
Si(111):B-v/3 surface. After Sn deposition at high

© 2015 American Physical Society
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FIG. 1 (color online). (a) 15 x 14.5 nm?> STM image of the
Sn/Si(111):B-2v/3 surface (—1.5 V, 0.02 nA). LEED patterns
of (b) the 21/3 phase ground state at room temperature and (c) the
/3 phase above 520 K (70 eV beam energy). See Supplemental
Material [33] for a video of the reversibility.

temperature (900 K), the single circular spot in the v/3 unit
cell is replaced by an elongated bright spot per 21/3 unit
cell, with an apparent size of 8.5 x 6 A%, which can thus
contain more than one atom. When the Sn/Si(111):B-2+/3
is annealed above 520 K, the surface symmetry changes to
a /3 in a fully reversible way, as observed by LEED
[Figs. 1(b) and 1(c)]. In order to determine the Sn coverage
and the number of equivalent Sn environments, we have
performed core level spectroscopy (see [33]). The 2v/3
reconstruction corresponds to the surface saturation (i.e.,
1/2 ML or six Sn atoms per unit cell) where the Sn atoms
are in a similar charge state. In our modelization, we have
thus considered more than 20 atomic structures with six Sn-
atoms per 21/3 unit cell and have analyzed for each (a) their
relative stability, (b) their STM-image, (c) their electronic
band structure, and (d) their possible phase transition from
24/3 to /3, as a function of temperature. In our calcu-
lations, we have dynamically relaxed different initial
configurations for the Sn atoms on the surface, including
the replacement of the Si adatoms by Sn. The stability of
surface reconstructions with different number of Si atoms,
Ng;, 1s analyzed by DFT calculations for the surface energy
F = Eror — 1s;Ns;, where Etqgr is the total energy and pug;
the Si chemical potential, which is equal to the total energy
(per atom) of bulk Si [32,38].

Our analysis has led us to conclude that the 2\/§
structure is the one shown in Fig. 2, with four Sn atoms
replacing the Si adatoms, plus a Sn dimer bonded to two of
these Sn adatoms, forming a Sn tetramer; this structure is
0.2 eV lower than the next lowest energy structure that we

FIG. 2 (color Side and

online).
Sn/Si(111):B-2v/3 atomic structure. Large, medium, and small
balls correspond to Sn (green) and Si (orange) first and second
layer atoms, respectively; small grey balls in the side view
represent B atoms. Inside the unit cell (indicated by black solid
lines) Sn adatoms, lateral, and central tetramer atoms are plotted
in different colors (brown, blue, and purple, respectively).

top views for the

have found. Figure 2 shows schematically how the Sn
atoms saturate the dangling bonds (DB) of the Si surface.
The isolated Sn adatoms are bonded to three Si atoms of the
surface, passivating their DBs. In the tetramer, each lateral
Sn atom is bonded to two Si DBs, while each central atom
is placed above one of the remaining Si DB sites. Thus,
each Sn atom is bonded to three atoms, while two electrons
form a 7 bond associated with the tetramer Sn atoms. This
geometry is highly degenerate, with 24 equivalent dispo-
sitions of the Sn tetramer and the two isolated Sn adatoms
in the unit cell. As we will see, the interaction of Sn atoms
with Si DB sites determines the atomic motion at high
temperature, as Sn atoms dance on the surface between Si
DB sites in a concerted fashion exploring the different
ground states.

In Fig. 3, experimental and theoretical STM images are
compared at different voltages. The agreement is excellent,
the theoretical images showing even small asymmetries
observed at high bias voltages, originated by the snakelike
shape of the tetramer. The bright protusions shown by each
tetramer are mainly associated with the two central Sn
atoms of the tetramer that are ~0.9—1.0 A higher than the
other Sn atoms. This explains the similarity of our images
with those obtained for the Sn/Si(111)-2v/3 surface, that
presents a Sn double layer and a melting transition [39,40].
We can discard a Sn double layer for our system by
measuring the step height between Sn/Si(111):B-21/3 and
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FIG. 3 (color online). Experimental STM images for the 23
reconstruction (left panels) and theoretical STM images for the
structural model of Fig. 2 (right panels). The top right figure
shows Sn atomic positions.

Si(111):B-y/3 domains. This height difference is only
~0.6 A, clearly incompatible with a double layer model.

On the other hand, our model reproduces also the
experimental band structure, Fig. 4(a). In the Sn-
reconstructed surface, we find a low-dispersing feature
around 300 meV of binding energy (S1) and a half-width of
100 meV; a weaker structure is also seen around 900 meV
of binding energy (52). The S1 surface feature does not
reach the Fermi level, so the Sn/Si(111):B-2v/3 is
insulating at room temperature with low dispersing surface
bands. The calculated band structure, shown in Fig. 4(b),
has two very narrow surface bands around 300 meV (S1’)
and 400 meV (S1”) of binding energy, in good agreement
with the surface feature at 300 meV (S,); the energy gap
between S1’ and the first unoccupied surface band (not
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FIG. 4 (color online). Band structure for the RT-2v/3 phase
along TK /3 (@) Experimental band structure at hiv = 27 eV. S,
and S, are Sn surface features and B is a bulk band. (b) Calculated
band structure for the model in Fig. 2 showing the four surface
states S}, S7, S5, and S associated with the Sn atoms. Pink lines
are a guide to the eye.

shown in the figure) is 400 meV, as corresponds to the
semiconductor character of this surface. Figure 4(b) also
shows two other surface bands located around 750 meV
(52') and 900 meV (82") of binding energy in good
agreement with the S2 feature of Fig. 4(a).

The key question is how this model can explain the
reversible phase transition as a function of temperature. In
the reversible transitions mentioned above, the different
ground state geometries correspond to soft distortions from
an ideal geometry [17,19,41]. In the present case, however,
Sn atoms have to break covalent bonds and jump between
different Si DB sites to visit different ground states. Since
local probes lack of subpicosecond resolution, we have
analyzed the 2v/3 <> /3 transition performing long
(200-500 ps) DFT MD simulations at different temper-
atures. In all these motions, there are always four Sn atoms
(per 2+/3 unit cell) oscillating around the positions of the
adatoms of the initial Si(111):B-v/3 substrate, defining a
\/§ symmetry. At low T (e.g., 300 K), Sn atoms oscillate
around their equilibrium positions, preserving the 2v/3
symmetry. At high T (700 K), however, we find that the Sn
atoms occasionally jump between different Si-DB sites, the
tetramer thus moving along the surface visiting the different
ground states of the system. As an example, Fig. 5 (left)
shows one of these jumps, in which one Sn atom (orange
line) moves to a nearby Si-DB position; after this jump, the
system is in a different ground state, as indicated by the
green lines. In this transition, the bond between the blue
and orange Sn atoms is broken; at the same time, a new
bond is formed (orange and grey Sn atoms). Figure 5 (right)
shows a more complex transition between ground state
configurations in which a central and lateral tetramer Sn
atoms are both jumping and interchanging positions within

T =700 K (13 ps) T=700K (11.3 ps)

FIG. 5 (color online). Top view of the motion of the six Sn
atoms (different colors) from DFT MD simulations at 700 K. The
open circles indicate the (ideal) positions of the Si surface atoms
(Si DB sites). The solid green lines indicate the initial and final
configurations for the Sn tetramers. The left panel shows one
temporal evolution during 13 ps, showing how the system jumps
to a new ground state geometry. The right panel shows another
temporal evolution of 11.3 ps showing a more complicated
evolution of the concerted motion of the Sn adatoms. See the
corresponding videos in the Supplemental Material [33].
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the tetramer (see the videos for these and other transitions in
the Supplemental Material [33]).

In summary, we have presented experimental and theo-
retical evidence for a reversible \/§ <~ 2\/§ transition for
Sn/Si(111):B. The ground state structure contains a Sn
tetramer and two Sn adatoms (per 2\/§ unit cell), and there
are 24 degenerate ground state geometries. Above 520 K,
the interface loses the 2v/3 symmetry in an apparent
melting of the interface. This transition is explained by a
novel mechanism in which the Sn atoms jump between
different Si DB sites and the Sn tetramer diffuses along the
surface, visiting in this way the different ground state
geometries and giving rise to the observed /3 symmetry.
This study opens perspectives in catalytic processes as Sn is
a catalytic metal widely used for growing silicon or
germanium nanowires in solar cells. We observe that Sn
clusters wiggle on the surface without coalescing in bigger
clusters that would reduce the active region for a catalysis
reaction. Moreover, the movement of Sn clusters increases
the cross section for capturing reactants. Finally, our results
are the proof of concept that the amount of expensive
catalytic (metallic) material could be reduced on less
expensive Si substrates when operating at high temper-
atures, as in common catalytic reactions.
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