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Adatom-Adatom Interaction Mediated by an Underlying Surface Phase Transition
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Low temperature scanning tunneling microscopy measurements on the adsorption of single Pb adatoms
on Si(111)-(+/3 X /3)-Pb surfaces reveal the vertical displacement patterns induced on the substrate by
these Pb adatoms as well as a novel adatom-adatom interaction. The origin of both can be traced back to
the (v/3 X +/3) < (3 X 3) phase transition taking place at lower temperatures. A Landau-like approach
explains the displacement patterns as due to the corresponding order parameter and shows that the vicinity
of a surface phase transition gives rise to a nonmonotonic adatom-adatom interaction.
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Substrate-mediated interactions between adsorbed
atoms play a key role in determining the static and dynamic
properties of surfaces. Understanding these interactions is
of high interest in a large variety of fundamental and
technological problems ranging from epitaxial growth to
heterogeneous catalysis. A considerable experimental ef-
fort has been made towards measuring adatom-adatom
interactions, early on by field ion microscopy [1-3] and
much more recently by scanning tunneling microscopy
(STM) [4-9]. These interactions have usually been asso-
ciated with the adatom coupling with the substrate elastic
[10] or electronic [11-13] degrees of freedom. The cou-
pling with the additional degrees of freedom behind a
phase transition in the substrate could provide a significant
new contribution to the adatom-adatom interaction.

In this Letter we present theoretical and experimental
results showing the existence of an interaction between
adatoms mediated by an underlying surface phase transi-
tion. The interaction results from the system softening at
wave vectors close to those associated with the correspond-
ing order parameter of the transition, i.e., via the corre-
sponding ‘“‘soft phonon.” This new interaction differs from
all other previously discussed in being a temperature de-
pendent “‘tunable” interaction: the closer the transition is,
the more important the interaction should become. Here we
present a detailed STM study of the adsorption of small
amounts of additional Pb adatoms on top of the clean
Si(111)-(+/3 X +/3)R30°-Pb surface (/3 in the following)
and show that, in fact, the above interaction, associated to
the +/3 < (3 X 3) phase transition [14,15], takes place.
This can be considered as an example of the interaction
between defects close to structural phase transitions [16].
In this context, our results provide the first direct observa-
tion of such an interaction in the case of a two-component
order parameter and defects with internal structure.

Our STM study reveals that the adsorption of single
additional Pb adatoms on the +/3 surface of the
Pb/Si(111) system induce, at temperatures well below
room temperature (RT) but above 7. ~ 86 K [15], a long
range perturbation on the substrate atoms whose symmetry
can be unambiguously related to the low temperature (LT)
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(3 X 3) phase. It is worth mentioning that the phase tran-
sition in our system is related to those observed in the
isoelectronic Pb/Ge(111) [17] and Sn/Ge(111) [18] sys-
tems, whose origin and driving force have been the subject
of an intense debate, where the role of the intrinsic substi-
tutional defects has not been absent [18—20]. Our theoreti-
cal analysis of the displacement patterns on the Pb/Si(111)
surface shows that the main contribution comes from the
soft phonon of the phase transition. According to this it is
reasonable to expect the existence of some adatom-adatom
interaction related to the soft phonon. We show that, in-
deed, a novel nonmonotonic adatom-adatom interaction
mediated by the underlying phase transition can be de-
tected in the present case by comparing thorough quanti-
tative STM measurements of the pair interactions between
the additional Pb adatoms with theoretical interaction
maps based on the soft-phonon contribution.

The experiments were carried out in an ultrahigh vac-
uum system equipped with a home-built variable tempera-
ture STM [21,22]. The sample preparation starts by
growing exceptionally large domains of the +/3 reconstruc-
tion as described in Ref. [15]. Then, additional Pb atoms
(~0.005 ML) were deposited on these \/3 surfaces while
maintaining the sample temperature below 140 K. This
procedure results in isolated Pb single adatoms adsorbed
on the \/5 reconstruction.

Figure 1(a) shows a large scale STM image of single Pb
adatoms on the /3 surface at 140 K. Besides a (ﬁ X \/3)
island [23] on the left part, a very large and perfect domain
of the /3 reconstruction can be observed where some
triangular features are resolved. These features can be
ascribed to the adsorption of additional single Pb adatoms
on top of the +/3 surface. For temperatures above ~145 K
these single adatoms start to diffuse to neighboring sites at
frequencies accessible to STM. Temperature dependent
measurements, performed by means of STM movies on
samples with lower concentration of additional Pb ada-
toms, have allowed to measure the diffusion barrier (E; =
0.45 £0.01 eV) and the attempt frequency (vo =
1013.0i0.4 HZ) [24]
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FIG. 1 (color online). (a) STM image
of single Pb adatoms adsorbed on the
V/3-Pb/Si(111) surface. (b) and (c) STM
images showing substrate displacement
patterns induced by two Pb adatoms (b)
and by a single one (c). (d) same image
as (c) with 3 translational domains of the

LT (3 X 3) reconstruction superimposed.
A schematic atomic model for the modi-
fied +/3 surface is shown in (¢). The STM
image sizes, sample voltages, tunnel cur-
rents, and measurement temperatures are
(@) 18 x18nm?, —0.5V, 0.1 nA,
140 K; (b) 7X7.6nm?, —0.5V,
0.1 nA, 150 K; (¢) 4.5 X 4.5 nm?,
—0.5V, 0.1 nA, 150 K.

A remarkable feature of Fig. 1(a) is that, around each Pb
extra adatom, the substrate presents regular patterns of ap-
parent vertical displacements. These patterns are strongly
affected by the presence of neighboring extra adatoms.
This can be very nicely seen in Fig. 1(b), where the patterns
associated with two close extra adatoms seem to interact
and form a new complex displacement pattern whose form
strongly depends on the relative orientations of the ada-
toms. In order to elucidate the origin of such perturbations,
we first analyze the pattern for a single isolated adatom.
Figures 1(c)—1(e) show that there are nine substrate atoms
around the central triangular feature (corresponding to the
additional adatom and three substrate atoms) that present a
higher contrast (i.e., apparent vertical height) than the
others. As sketched in (d) and (e), this pattern can be
rationalized as the stabilization of three different transla-
tional domains of the LT and low symmetry (3 X 3) phase.

In the following we show that these displacement pat-
terns can be explained as due to the softening of the system
at wave vectors close to those associated with the order pa-
rameter that, in our case, corresponds to spontaneous dis-
placements modulated with the wave vectors k, shown in
Fig. 2(a) [15,25]. Let u(r) be the function describing the
transversal displacements in the system. This function can
be expressed as u(r) = Y gx e’Xr where the wave vectors
k are within the surface first Brillouin zone (SBZ). The
free energy of the system can be written phenomenologi-
cally in terms of the magnitudes ¢, as &=, +
I3 kAK)|gg|* + ..., where A(K) determines the stiffness
associated to displacements patterns modulated with k.
Consequently, the softening of the system that finally gives
rise to the phase transition implies that A(k) has local
minima at k,, that virtually drop to zero at the transition
point.

The presence of an additional Pb adatom on the V3
phase of Pb/Si(111) can be modeled as three point forces
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of the same strength acting on its three nearest neighbors:
F(r) = fY3},8(r —r;) (see Fig. 1). Taking into account
these forces, the free energy reads
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in the harmonic approximation, where Fy, = Y3 e ki,
The equilibrium value of the normal coordinates and the
corresponding value of the free energy can be obtained by
minimizing (1). The presence of adatoms gives rise to
nonvanishing equilibrium displacements even in the sym-
metric phase:
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The contribution to these displacements due to wave vec-
tors k = k, increases as the phase transition is approached
and A(k ) tends to zero. This is just the contribution due to
the ““soft” normal coordinates, or soft phonon, of the
transition. To find out this contribution, we expand A(k)
in a power series about k, and retain the lowest order
terms: A(k)k = A+ D(k —k_,)?. The aforementioned

vanishing of A(f(a) at the transition point implies that
the magnitude & = /D/A diverges at this point (¢ can
be understood as the corresponding correlation length).
In view of this, close to the transition point we can replace
A(K) in (2) by the above expansion and take the continuous
medium limit in further calculations (i.e., extend sums up
to infinity) without altering the overall result significantly.
Replacing sums by integrals, the soft-phonon-mediated
displacements due to the presence of the additional Pb
adatom is found
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where K|, is the McDonald function.

156102-2



PRL 98, 156102 (2007)

PHYSICAL REVIEW LETTERS

week ending
13 APRIL 2007

- i
0234

—e—STM
—— Theory

height [A]

00 05 L0 15 20 25 30 35
distance [nm]

FIG. 2 (color online). (a) SBZ of the +/3 surface including k.,
of soft phonons. (b) Theoretical displacement pattern calculated
using (3) with ¢ =7 A and f/D = 2.6 A. Experimental (c) and
simulated (d) STM images of an additional Pb adatom adsorbed
on the +/3-Pb/Si(111) surface. The experimental image (5 X
5 nm?) was measured at 150 K, at a sample bias of —1.5 Vand a
tunnel current of 0.1 nA. (e) Experimental and theoretical
profiles across the lines shown in (c) and (d). (f) Theoretical
image illustrating the displacement pattern corresponding to two
close Pb adatoms as those shown in the experimental image in
Fig. 1(b).

Figure 2(b) shows the soft-phonon-induced displace-
ment pattern calculated according to (3) with € =7 A
and f/D = 2.6 A. This pattern accurately reproduces the
experimental measurements shown in Fig. 1: the formation
of three translational domains of the LT (3 X 3) phase with
decaying amplitude. In Figs. 2(c) and 2(d) a comparison of
experimental and theoretical STM images [calculated by
adding the pattern in (b) to a /3 simulated image] are
displayed. The agreement between experiments and theory
is excellent even in its more subtle details as can be
observed in the profiles shown in (e). Also, the more
complex patterns measured when two additional adatoms
are in close proximity are well explained by the theory
[compare Figs. 1(b) and 2(f)]. This makes it reasonable to
expect that there is a significant interaction between these
adatoms due to the existence of the soft phonon which
could be detectable even for a relatively small correlation
length.

In order to test quantitatively the existence of this new
kind of adatom-adatom interaction, extended STM experi-
ments were performed. Regions with only two isolated
adatoms were selected where any other defect was more

than 40 A away. Then, very long STM movies were
measured at 150 K [26] and the relative positions of the
pair of adatoms were recorded. Figure 3(a) displays some
frames of such kinds of movies where 6 nonequivalent
relative positions of two interacting adatoms are shown.
The total time corresponding to each of the 24 nonequiva-
lent positions shown in (b) were measured and a histogram
was drawn accordingly as shown in (c). From it, it is
straigthforward to calculate the interaction energy (AE;,,)
as a function of the relative adatom-adatom position (r)
using Boltzmann statistics as AEj,, = —kgT In[W(r)/
W,an(r)], where W(r) is the experimental probability at a
given position obtained from the histogram shown in Fig. 3
and W,,,(r) is the probability corresponding to two non-
interacting adatoms, obtained from a simple Monte Carlo
simulation in order to take into account finite size effects
(similar to [2,6,7]) in the STM images. Figure 4(a) shows
the experimental interaction map obtained in that way. This
map reflects that the interaction energy depends not only
on the distance but also on the relative orientation of the
pair of adatoms in a nonmonotonic way.

The soft-phonon contribution to the free energy can be
calculated in the same way as the displacement patterns.
Under the same assumptions as those used for deducing (3)
one finds that the interaction energy is

q)ie(z))h 3 =D Zl Z KO(Rtj/f) COS(k sz) (4)
i,j=1 a=
where R;; = r * (r; — r;), with + for two adatoms on the

same and — for those on different /3 sublattices [27].
Figure 4(b) shows the theoretical interaction map calcu-
lated according to (4) and using ¢ = 7 A, i.e., the correla-
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FIG. 3 (color online). (a) STM images extracted from a movie
showing six nonequivalent relative positions of a pair of Pb
adatoms (sample bias —0.5 V and tunnel current 0.1 nA).
(b) Schematic drawing displaying the 24 relative positions
measured. They correspond to adatom-adatom distances up to
30 A. (c) Experimental histogram corresponding to the diagram
shown in (b). The total time of the measurement corresponds to
35000 s and the maximum peak represents 1600 s. Positions
from 1 to 3 were never observed in the measurements and are not
displayed in (c).
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FIG. 4 (color online). Comparison of experimental (a) and
theoretical (b) interaction maps for a pair of Pb adatoms. The
experimental vertical scale ranges from a maximum of
+29 meV (repulsive interaction) to a minimum of —15 meV
(attractive interaction). Both maps correspond to the same area
as Fig. 3(c) (7 X 7 nm?). A three-dimensional scale common to
both maps is shown on the left.

tion length obtained from the displacement patterns as a
fitting parameter, and f2/D = 0.3 eV [28,29]. A compari-
son between experimental and theoretical maps reveals
(i) that both interaction maps present an oscillatory char-
acter along the three equivalent (110) directions (i.e., the
3 X 3 directions) and (ii) that there is a reasonable agree-
ment between both maps for distances up to r = 2¢& =
14 A, i.e., the same range of distances for which the
displacement pattern is significant [see Fig. 2(b)]. Some
discrepancies, however, exist between experiment and the-
ory for longer distances. The origin of the long range
behavior of the experimental map is not clear at present.
It is quite plausible, however, that a remaining substrate-
mediated electronic interaction [6,7] could dominate at
larger distances due to the limited correlation length cor-
responding to the actual experimental temperature. The
importance of the soft-phonon contribution should increase
at temperatures closer to the transition temperature, as long
as the correlation length virtually diverges there. So, in
principle, such a contribution could be enhanced by mea-
suring an interaction map at lower temperatures. When
lowering the temperature, however, Pb adatoms freeze
up, making it impossible to obtain that map in this particu-
lar system by STM.

In summary, by combining quantitative STM measure-
ments on the adsorption and interaction of pairs of single
adatoms on a +/3-Pb/Si(111) surface at temperatures rela-
tively close to an underlying phase transition with a (phe-
nomenological) Landau-type analysis, we have been able
to detect and understand the contribution of the soft pho-
non of the phase transition to both the surface displacement
patterns surrounding isolated adatoms and the interaction
between them at moderate distances. Our prediction that
this new soft phonon contribution to the adatom-adatom
interaction should be the leading term, overwhelming any
other, at temperatures very close to the transition is an
exciting challenge for further experimental research of
adatom-adatom interactions on other surfaces undergoing
structural phase transitions.
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At this temperature adatoms diffuse in a large enough
region that still allows the measurement of STM images at
reasonable rates (typically 10 s/frame).

Pb adatoms can occupy two different sites of a honeycomb
lattice with /3 periodicity (see Fig. 3).

Pb adatoms share nearest neighbors at positions 1 to 3.
Equation (4) cannot be applied for these positions and,
consequently, they are not drawn in Fig. 4.

From the comparison of experimental and theoretical data
both for the displacements and the interaction energies we
find that f = 0.1 eV/A and D = 0.04 eV/A2. Very gen-
eral arguments for structural phase transitions [see, e.g.,
V. G. Vaks, Sov. Phys. JETP 27, 486 (1968)] indicate that
these parameters can be roughly estimated as f ~ aE,/d
and D ~ E,/d?*, where E, is an atomic energy, d repre-
sents an atomic distance, and « is a numerical coefficient
indicating whether Pb adatoms can be considered as
strong defects or weak ones. The order of magnitude of
our parameters f and D is in tune with these estimates.



