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The melting transition of Ce adatom superlattices stabilized by long-range substrate-mediated elec-
tronic interactions on Cu(111) and Ag(111) noble metal surfaces has been investigated by low-
temperature scanning tunneling microscopy, density functional theory calculations, and kinetic
Monte Carlo simulations. Intriguingly, owing to the interaction between Ce adatoms and substrate, these
superlattices undergo two-dimensional melting to a liquid without transition through the hexatic phase.
The crucial parameters for this direct solid to liquid transition are identified.
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The intrinsic properties of matter radically change in
reduced dimensions. For example, long-range order de-
fines the periodic structure of a three-dimensional (3D)
crystal, while a two-dimensional (2D) solid exhibits only
quasi-long-range translational (or positional) order.
According to the Kosterlitz-Thouless-Halperin-Nelson-
Young (KTHNY) theory [1-4], a true 2D solid melts in
two steps via two distinct successive phase transitions
occurring at temperatures 7,, and T}, respectively. The
intermediate phase, termed hexatic, is characterized by
the loss of translational order as for the liquid phase and
by the subsistence of a certain degree of orientational
order, in contrast to the liquid isotropic phase. For the
melting of a 2D solid in the presence of a substrate poten-
tial, Nelson and Halperin predicted that the existence of the
hexatic phase is hindered and melting directly occurs from
the solid into the liquid phase [3].

Many investigations in diverse fields have been devoted
to experimentally verify the KTHNY theory (for a review,
see Refs. [5,6]): molecular liquid crystal films, rare gases
or molecules adsorbed on graphite, colloidal suspensions
of charged submicrometric spheres, and liquid-vapor inter-
faces of alloys. Moreover, the melting transition in 2D has
been the subject of extensive computer simulations. With
the discovery of a 2D superlattice of Ce adatoms stabilized
by a free 2D electron gas on a Ag(111) surface [7], a new
class of model systems was created for investigation of the
melting transition in two dimensions on the atomic scale.

In this Letter, we present a combined experimental and
theoretical study of the solid to liquid phase transition of
2D Ce adatom superlattices on Cu(111) and Ag(111) noble
metal surfaces. By variable temperature scanning tunnel-
ing microscopy (STM) measurements, self-organization
and melting of a Ce superlattice on Cu(111) is observed.
Density functional theory (DFT) calculations elucidate the
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formation of the Ce superlattice, and kinetic Monte Carlo
(KMC) simulations describe the temperature-dependent
Ce adatom coordination within this 2D system. The ob-
tained theoretical and experimental results are compared
with the predictions of the KTHNY theory. Although the
Ce superlattice is stabilized by long-range interaction
(LRI) mediated by surface-state electrons [7-9], the sub-
strate atomic potential determines the Ce adsorption sites,
hindering the existence of the hexatic phase. Even in the
liquid phase, a sixfold symmetry induced by the Cu(111)
and Ag(111) surfaces persists. These results are in agree-
ment with the melting behavior of a 2D lattice in the
presence of a “fine mesh” substrate potential [3]. To the
best of our knowledge, we reveal the first example of a 2D
system, which undergoes the KTHNY melting scenario on
a finite substrate mesh at the atomic scale.

An amount of about 0.04 monolayer [(ML), 1 ML de-
fined as the Cu(111) surface atom density] of Ce atoms was
deposited from a thoroughly degassed tungsten filament
onto a well prepared Cu(111) surface held inside a low-
temperature STM under ultrahigh vacuum conditions [10].
A constant current STM image of this self-assembled
superstructure, acquired at a temperature 7 = 8 K, is pre-
sented in Fig. 1(a). Well-ordered hexagonal superlattice
domains are disrupted by aggregates of two or more atoms,
visible as larger white protrusions. The nucleation of these
small clusters probably occurs during Ce deposition and/or
at defects or adsorbates on the Cu substrate. The lower
inset in Fig. 1(a) shows a detail of this superlattice, char-
acterized by a hexagonal structure with an average inter-
atomic distance of = 1.4 nm [11]. STM images obtained at
an estimated temperature of 9 and 14 K, respectively, are
shown in Figs. 1(b) and 1(c). At these higher temperatures,
the Ce adatoms become more mobile on the surface,
inducing a modification of the apparent contrast between
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FIG. 1 (color).

adatoms and aggregates. The gray-scale inset in Fig. 1(a)
displays the 2D Fourier transform (FT), corresponding
to the structure factor of the positional data acquired at
8 K. Six sharp and distinct Bragg reflections, a signature of
a 2D crystalline order, are observed. At 9 and 14 K, the
Bragg spots become more diffuse [see insets in Figs. 1(b)
and 1(c)], and a ring appears, indicating melting of the 2D
crystal. A weak hexagonal symmetry, however, is still
visible in the FT.

According to the KTHNY theory, the solid, hexatic, and
liquid phases can be identified in a true 2D system by a
characteristic decay behavior of the density-density corre-
lation function g,(r) [see Eq. (1)] and the bond-angular
correlation function g4(r) [see Eq. (2)]:

g, (Ir = r']) = (exp{iGlu(r) — u(®)]}), (D

g6(Ir — r'l) = (expli6[0(r) — 6(r)]}), 2

where G denotes a reciprocal lattice vector, u(r) is the
particle displacement field, and 6(r) is the angle (with
respect to the x axis) of the bond centered at position r.
The solid phase is characterized by a quasi-long-range
positional order and a long-range orientational order, cor-
responding to an algebraic decay for g,(r) and to the
absence of decay for g¢(r) for r — oo. In the hexatic phase,
the positional order is only short-range [exponential decay
for g,(r)], while the orientational order is quasi-long-range
[algebraic decay for g4(r)]. Finally, in the liquid phase both
order parameters are short-range; i.e., g,.(r) and g¢(r)
decay exponentially.

The extraction of g.(r) from the experimental data
would require a too large number of STM images for
each temperature. However, from our data it was pos-
sible to compute the pair correlation function f(r) =

(a)—(c) STM images (75 X 37 nm?, V = —20 mV, I = 20 pA) acquired on Ce/Cu(111) for increasing temperatures
T: (a) 8, (b) 9, and (c) 14 K. About 0.04 ML of Ce adatoms form a macroscopic-ordered superlattice with an interatomic distance of
1.4 nm, as shown in the color inset in (a) (9.3 X 9.3 nm?, V = +1.8 V, I = 20 pA). The gray-scale insets display the FT of each
image. (d)—(f) Results of KMC simulations (55 X 27 nm?) for about 0.04 ML Ce on Cu(111) at (a) 9, (b) 10, and (c) 13 K. Black atoms
are sixfold coordinated, red sevenfold, and green fivefold. The insets show the FT of each snapshot.

(X X+ 6(r —Ir; — r;])) shown in Fig. 2(a). For T =
8 K a power-law decay f(r) ~r~¢, with a = 0.9, was
found. For T =9 and 14 K we observed an exponential
decay f(r) ~ exp(—br), with b = 1.7 and 1.3 nm, respec-
tively. This finding unambiguously shows that at 8 K the
system is in the solid phase, while at T = 9 K the transla-
tional order is destroyed. The results for g¢(r), deduced
from the STM images of Figs. 1(a)-1(c) and summarized
in Fig. 2(b), reveal that, in the solid state at T = 8 K, g¢(r)
tends to a finite value in agreement with the prediction of
the KTHNY theory. The behavior of g¢(r) for 9 and 14 K,
however, is not the one expected for a true 2D system:
g6(r) approaches a constant value for large r and does not
decay to zero despite the fact that the translational order is
destroyed.

Therefore, an extensive theoretical investigation has
been performed to clarify the 2D melting process for the
Ce superlattice on Cu(111). To this end, the LRI between
two single Ce adatoms at different interatomic separations
was deduced using ab initio DFT calculations [12]. The
obtained interaction potential, shown in Fig. 3, oscillates
with a period of 1.4 nm, which corresponds to half of the
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FIG. 2 (color). (a) Pair correlation function f(r) and (b) bond-
angular correlation function g¢(r) extracted from the experimen-
tal data shown in Figs. 1(a)-1(c).
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FIG. 3. Calculated long-range electronic interaction potential
between two Ce adatoms on Cu(111).

surface-state electron Fermi wavelength Az on Cu(111).
The first minimum of the potential exhibits a depth of
about 1 meV. It is located at ~1.3 nm, in very good
agreement with the experimental finding (1.4 nm).

This calculated LRI potential was used in the large-scale
KMC simulations [14,18]. The results obtained for differ-
ent T are presented in Figs. 1(d)-1(f). Figure 1(d) shows a
snapshot generated for 7 =9 K: A 2D ordered solid is
formed by the Ce adatoms, as confirmed by the FT in the
inset. Almost all atoms are found to be sixfold coordinated
(black color code). In the KMC snapshots of Figs. 1(e) and
1(f), generated for 10 and 13 K, the number of adatoms
with six nearest neighbors decreases, while the amount of
sevenfold (red) and fivefold (green) coordinated atoms
increases. In the FT images (see insets) a ring appears,
indicating that a melting transition has taken place.
However, the hexagonal symmetry persists, with a striking
resemblance to the experimental data of Figs. 1(a)-1(c).

Figure 4(a) displays the density-density correlation
function g,(r) obtained for the Ce/Cu(111) 2D Ilattice
generated by KMC simulations. g,(r) is computed at dif-
ferent temperatures for G corresponding to the first Bragg
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FIG. 4 (color). (a) Density-density g,(r) and (b) bond-angular

g¢(r) correlation functions calculated for about 0.04 ML of Ce
on Cu(111) generated by KMC simulations.

peak of the Ce superlattice. At 7 and 9 K, the system
exhibits crystalline long-range order, as g,(r) ~1/r7,
with » =0 at 7 K and » = 0.09 at 9 K. The melting of
the 2D Ce lattice occurs between 9 and 10 K, since for 7 =
10 K g,(r) decays exponentially: g,.(r) ~ exp(—r/7y). The
correlation length vy extracted for temperatures between 10
and 13 K is constant (~3.1 nm) within the accuracy of the
calculations. This result agrees with the KTHNY theory,
predicting the following dependence of the correlation
length on the temperature: y(T) = y,exp[C(T — T,,) "],
where C, v > 0 [5]. This formula implies that y(T) satu-
rates at yg.

In order to detect the hexatic phase, the analysis of the
bond-angular correlation function g¢(r) extracted for dif-
ferent temperatures and shown in Fig. 4(b) is required. In
qualitative agreement with the results deduced from the
experimental data, g¢(r) does not decay to zero at any T
[19]. In fact, these observations are in complete agreement
with the predictions of Nelson and Halperin [3]: For the
melting of a 2D crystal on a fine mesh potential, (i) the
existence of the hexatic phase is hindered and melting
directly occurs from the solid into the liquid phase, and
(ii) in the liquid phase g¢(r) tends to a finite value at large r
and a substrate-induced hexagonal symmetry is present.
According to the classification described in Fig. 2 of
Ref. [3], the superlattice of Ce/Cu(111) is (i) a commen-
surate solid at 7 K [g,(r) ~1/r", i = 0], (ii) a floating
solid at 9 K [g,(r) ~ 1/r", n = 0.09], and (iii) a fluid for
T =10 K.

For a Ce superlattice on Ag(111) [7], a corresponding
theoretical analysis for five different temperatures (4.0, 4.5,
4.9, 5.2, and 6.0 K) has been performed. Similar to the
situation shown for Ce/Cu(111) in Fig. 4(b), g¢(r) tends to
finite values; the values of g¢(r) at r — oo decrease from
0.61 at 4.0 K to 0.001 at 6.0 K. The melting point 7,, has
been found to be between 4.5 and 4.9 K. The superlattice of
Ce on Ag(111) constitutes a floating solid at 4.0 (n = 0.14)
and 4.5 K (n = 0.18) and becomes a fluid for 7 = 4.9 K.
The obtained values for the correlation length y decrease
with increasing temperature from 8.1 nm at 4.9 K to 6.0 nm
at 6.0 K, indicating also saturation of y(7). These findings
demonstrate that the behavior of g4(r) is intrinsic to the
Ce/Cu(111) and Ce/Ag(111) superlattices; i.e., the ab-
sence of the hexatic phase is due to the substrate potential.

The critical parameters defining the surface potential are
(i) the adatom diffusion barrier £ and (ii) the periodicity,
i.e., the separation between nearest adatoms in a super-
lattice g with respect to the mesh density ry. For Ce on
Cu(111), the ratio between ¢ = 1.3 nm and ry=
0.256 nm sets the relative mesh density to ~5.1. For Ce
on Ag(111), in which ¢ = 3.0 nm and r, = 0.289 nm [7],
the ratio is ~10.4. In both cases, even in the liquid phase
the Ce adatoms occupy discrete positions with respect to
each other, and only a limited number of angles between
two bonds are possible. Consequently, g¢(r) does not decay
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to zero. In the limit of vanishing relative distance between
neighboring adsorption sites (i.e., g/ry > 1), the hexatic
phase appears [20].

On the other hand, the diffusion barrier height Ej, de-
scribes the “‘flatness” of the surface. The comparison
between Ep and the thermal energy of the adatom kzT
has to be considered. For E, < kzT, the adatom is not
influenced by the substrate periodic potential, leading to
diffusion on a flat surface: The adatom can be found at any
point of the surface and not only in the hollow (adsorption)
sites. Thus, at a typical temperature of 7 = 10 K, with
kg = 0.086 meV/K, the condition for the appearance of
the hexatic phase corresponds to Ep <1 meV [20].
However, as diffusion barriers Ep <1 meV have not
been observed, the hexatic phase does not exist in the
considered class of 2D adatom superlattices.

In summary, Ce adatom superlattices on Cu(111) and
Ag(111) undergo 2D melting without transition through
the hexatic phase. A substrate-induced hexagonal symme-
try is still observed in the liquid phase. The crucial pa-
rameters for the direct solid to liquid transition are (i) the
diffusion barrier of a single adatom on a surface and (ii) the
ratio between the interatomic separation in a superlattice
and the distance between neighboring adsorption sites of
the substrate lattice. The considered class of atomic super-
lattices exemplarily demonstrates on the atomic scale the
melting of a 2D solid in the presence of a weak substrate
potential.
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