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Abstract - Two-dimensional melting is one of the most fascinating and poorly understood phase 
transitions in nature. Theoretical investigations often point to a two-step melting scenario 
involving unbinding of topological defects at two distinct temperatures. Here we report on a 
novel melting transition of a charge-ordered K-Sn alloy monolayer on a silicon substrate. Melting 
starts with short-range positional fluctuations in the K sublattice while maintaining long-range 
order, followed by longer-range K diffusion over small domains, and ultimately resulting in a 
molten sublattice. Concomitantly, the charge-order of the Sn host lattice collapses in a multi-step 
process with both displacive and order-disorder transition characteristics. Our combined 
experimental and theoretical analysis provides a rare insight into the atomistic processes of a 
multi-step melting transition of a two-dimensional materials system. 

 

Two-dimensional (2D) materials are fundamentally different from 3D solids. This difference 
is especially manifest in phase transitions and critical phenomena as the balance between energy 
and entropy is profoundly altered in low dimension. The melting transition provides a striking 
contrast. 3D melting is known to be a first order phase transition. Conversely, 2D melting 
transitions are believed to be continuous and topological in nature [1-5]. Structural phase 
transitions, however, are often described within Landau’s conceptual framework of spontaneous 
symmetry breaking [6, 7]. They can be continuous or discontinuous. Examples include the 
ubiquitous charge-order transitions in (quasi) 2D materials,  surfaces, and interfaces. Symmetry 
and dimensionality are the quintessential ingredients of this theoretical framework. 

Here, we report on a novel phase transition in a charge-ordered K-Sn alloy monolayer (ML) 
on Si(111), whereby the ‘melting’ of the charge order in the Sn host lattice is preceded and driven 
by a true 2D melting transition in the K sublattice. Sublattice melting is a well-known 
phenomenon in bulk ionic conductors where an ionic insulator acquires a highly conductive state 
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when the sublattice containing the lighter ions, typically an alkali or Ag ion, melts while the 
heavier sublattice or ‘host’ lattice remains intact [8, 9]. A similar part-liquid part-crystalline state 
has been observed in thermoelectric compounds with strong chemical-bond hierarchy [10]. Here 
we show that sublattice melting can happen in 2D and that it can have profound consequences 
for the charge-order transition in the 2D host lattice. Specifically, the phase transition in the K-Sn 
adatom system turns out to be a multi-step process involving two intermediate regimes. The first 
is characterized by short-range positional fluctuations in the K sublattice and partial band gap 
reduction of the charge-ordered condensate. The second involves longer-range diffusion of the 
K atoms, the nucleation of liquid-like islands, and quenching of charge-ordering in the Sn host 
lattice. The latter involves both a displacive and order-disorder mechanism. The present study 
provides a rare glimpse into the atomistic processes of a 2D melting transition, which remains 
one of the oldest outstanding problems in condensed matter physics [4, 5]. 

Potassium was deposited from a SAES getter source onto the Si(111)(Ö3xÖ3)R30°-Sn surface 
(henceforth SnÖ3) under ultrahigh vacuum. The SnÖ3 surface consists of a triangular array of Sn 
adatoms that are located at the T4 adsorption sites of the Si(111) surface. The coverage is ΘSn = 
1/3 ML [11-13]. Details can be found in Ref. 13. The surfaces were characterized with scanning 
tunneling microscopy and spectroscopy (STM/STS). Film growth on n-type Si(111) produces 
larger domains with fewer defects, which facilitated the analysis of temperature-dependent STM 
images. Low-temperature STS, however, requires the use of p-type Si [14]. We used both n- and 
p-type substrates to verify the consistency of our results. 

Fig. 1 shows STM images of a well-ordered (2Ö3×2Ö3)R30° structure (henceforth 2Ö3-K) 
formed by evaporating K onto the SnÖ3 surface at 77 K. The K coverage is ΘK = 1/6 ML and the 
unit cell (UC) has quadrupled relative to the SnÖ3 substrate UC [15].  Here we show the result for 
the heavily-doped p-type substrate; the same structure is formed on the other substrates. The 
images reveal three distinct lattices, depending on the tunneling bias. The filled state image in 
Fig. 1(a) shows a Kagome lattice with three bright adatoms and one dim atom per UC. These are 
the Sn adatoms (see below). The dim atoms are located at the center of each hexagon. Though 
hardly seen in this image, they form a bright triangular lattice in the empty state image [Fig. 1(b)]. 
The Kagome lattice is hardly visible at this bias (+ 1.0 V). The triangular lattice fades with increased 
bias and a bright honeycomb lattice appears at ~1.3 V [Fig. 1(c)]. These are the K atoms, located 
at the centers of the chained triangles of the Kagome lattice. STM imaging of the honeycomb 
lattice becomes problematic above 130 K as K atoms begin to diffuse. 

Images for ΘK << 1/6 ML reveal that the Kagome and triangular lattice sites coincide with the 
Sn adatom locations of the SnÖ3 substrate [15]. The registry of the Sn and K atoms from the STM 
images is illustrated in Fig. 1(d). For ΘK = 1/6 ML, there are four Sn adatoms and two K atoms per 
(2Ö3×2Ö3) UC. Assuming that the K atoms are ionized, there are six valence electrons to be 
distributed over four Sn dangling bonds (DBs), resulting in three doubly-occupied DB orbitals and 
one empty DB orbital. The three adatoms with doubly occupied DBs relax outward [16, 17], 
forming the Kagome sublattice. Adatoms with empty DBs relax inward, forming the triangular 
sublattice [16, 17]. This charge ordering phenomenon [17-19] is accompanied by a buckling 
distortion of the Sn adatom lattice [17]. Shown later with STS, the ground state is insulating. 
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This scenario is confirmed with plane-wave DFT calculations using the Quantum Espresso 
code [20]. The total-energy-minimized structure indicates a 0.23 Å height difference between the 
Sn-up and Sn-down atoms or, equivalently, between the Kagome and triangular sublattices, 
respectively; the K honeycomb layer is located 0.75 Å above the Kagome layer. STM image 
simulations are fully consistent with the images in Fig. 1 [15]. 

Fig. 2(a) shows temperature-dependent normalized dI/dV spectra of the 2Ö3-K surface, 
reflecting the local density of states (LDOS) [21]. Spectra in Fig. 2(b) were calculated with DFT, 
using the PBE0 hybrid functional [22, 23]. The ground-state spectrum (black line in Fig. 2(b)) is in 
good agreement with the measured spectrum at 4 K [Fig. 2(a)], although hybrid functional 
calculations slightly overestimate the band gap. The experimental spectrum is characterized by a 
DOS peak centered at about -0.3 eV, and a peak centered at about +0.5 eV. The Highest Occupied 
Molecular Orbital (HOMO) at about -0.3 eV is associated with the DB orbitals of the Sn-up atoms, 
as the corresponding STM images show the Kagome lattice [Fig. 1(a)]. The Lowest Unoccupied 
Molecular Orbital (LUMO) at about +0.5 V is associated with the Sn-down atoms of the triangular 
lattice. The HOMO-LUMO splitting is a measure of the Sn up-down lattice distortion in the charge 
ordered 2Ö3-K phase. Its temperature dependence is shown in Fig. 2(c). This splitting decreases 
gradually, starting at 130 K and leveling off at 200 K where it reduces to about 70 percent of its 
original value. This decrease should be primarily attributed to the downward shift of the LUMO 
state, or more precisely, to the development of a shoulder on the low-energy side of the LUMO 
state [Fig. 2(a)]. The HOMO location remains almost constant at -0.27 ± 0.03 eV [24]. The 
shoulder on the LUMO side is clearly visible in the 175 K spectrum and appears to be centered 
near +0.2 eV. This broadening leads to a gradual insulator-metal transition near 175 K.  

Fig. 3 shows the temperature-dependent topography of the 2Ö3-K structure on the n-type 
substrate. Similar behavior is seen on p-type substrates [15]. At 77 K, the surface is fully covered 
with the 2Ö3-K structure. Since there are four equivalent adatom sites per (2Ö3×2Ö3) UC prior to 
K deposition, there are four different domains indicated with different colors. By slowly warming 
the sample to room temperature, small patches of the 2Ö3-K phases convert to a new (Ö3×Ö3) 
lattice (grey areas in Fig. 3(b)-(d)). Some of the areas are not fully converted to a (Ö3×Ö3) lattice 
and still show weak (2Ö3×2Ö3) ordering around defects [Fig. 3(d)] or a stripe-like (Ö3×2Ö3) 
structure [Fig. 3(c), inset]. Subsequent cooling to 77 K produces a single domain 2Ö3-K lattice [Fig. 
3(e)], indicating that K atoms diffuse over long distances during the annealing cycle.  

Fig. 3(f) shows the area fraction of the 2Ö3-K phase as a function of temperature. Below 200 
K, the 2Ö3-K phase covers the entire surface. Above 200 K, the (2Ö3×2Ö3), (2Ö3×Ö3), and (Ö3×Ö3) 
structures coexist. The onset temperature for this phase coexistence coincides with the end point 
of the transition in Fig. 2(c). This can be seen from the zoomed-in data in the inset, most 
noticeably for heavily-doped p-type silicon substrates, showing a clear reduction in the area 
fraction of the buckled 2Ö3-K phase starting at 200 K. While this reduction is slow initially, the 
area fraction of the 2Ö3-K phase drops steeply near 275 K, possibly indicating a first order phase 
transition to the ‘flat’ (Ö3×Ö3) phase. We tentatively conclude that there are at least two 
transitions. One is a continuous transition from the long-range-ordered 2Ö3-K phase below 130 
K to the mixed phase above 200 K, accompanied by the gradual reduction of the HOMO-LUMO 
gap. The other is the collapse of the charge order near 275 K. 
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To understand the atomic mechanisms of this phase transition, we conducted DFT-MD 
simulations at various temperatures using the Fireball code [25]. We used a basis set of numerical 
atomic-like orbitals that yields a good description for the K/Sn/Si(111) system [15]. The 
simulations are performed using a (2Ö3×2Ö3) UC and thus cannot account for the complex 
domain structures in Fig. 3. However, they do provide insights into the K distribution and Sn 
adatom relaxations at different temperatures, elucidating the interplay between the melting of 
the K sublattice and the charge order transition. 

At 77 K, the system exhibits long-range (2Ö3×2Ö3) order. The DFT-MD simulations show K 
atoms ‘rattling’ around their stable positions at the T4 sites inside the chained triangles of the 
Kagome lattice, see Fig. 4(a). Meanwhile, the Sn atoms oscillate around their up/down 
equilibrium positions, shown by their height distributions in Fig. 4(b). At higher temperatures 
[Figs. 4(c) and 4(d)], K atoms start jumping to neighboring potential wells defined by open T4 sites 
on the Si surface [Fig. 4(d)]. In total, there are eight such sites per (2Ö3×2Ö3) UC [Fig. 1(d)], and 
28 possible K-configurations. Four of those correspond to the 2Ö3-K domains in Fig. 3(a), which 
remain stable up to at least 200 K [Fig. 3(f)].  

To understand how the gradual reduction of the HOMO-LUMO gap might be related to these 
positional fluctuations, we performed plane-wave DFT calculations for a large (4Ö3×4Ö3) UC in 
which one K atom is displaced towards a neighboring T4 site [Fig. 4(d)]. In this ‘snapshot’ 
configuration, the K atom has moved away from one Sn-up atom (say Sn1) of the Kagome lattice, 
landing next to a Sn-down atom (Sn2) of the triangular lattice [15]. The DFT results show that this 
induces a downward displacement (Δz ≈ 0.04 Å) of Sn1 and an upward displacement (Δz ≈ 0.07 Å) 
of Sn2; the corresponding DB states move into the gap, as indicated by the red dotted spectrum 
in Fig. 2(b). 

The apparent downshift of the LUMO in Fig. 2(a) can be attributed to the emergence of the 
Sn2 state on the low-energy side of the LUMO. Indeed, this is evident from a fitting of the 
experimental LUMO spectra (not shown) and from an eyeball inspection of e.g. the 175 K 
spectrum. The emergence of the Sn1 state on the HOMO side is less noticeable. This can be 
attributed to the 3:1 LDOS ratio of the HOMO and LUMO manifolds in the 2Ö3-K ground state. 
Accordingly, the spectral weight transfers to the Sn1 and Sn2 states in the (4Ö3×4Ö3) snapshot 
configuration is 1/12 and 1/4, respectively. As the number of short-range hopping events 
increases with temperature, the LUMO shoulder becomes increasingly pronounced [Fig. 2(c)].  

The energy barrier for the K adatom jump from its original location to the neighboring T4 site 
is 0.16 eV. An additional jump requires 0.20 eV, while the reverse jump to the original location 
only requires 0.09 eV. Thus, at T = 150 K it is much more likely that the shifted K atom returns to 
its original site, hence the K fluctuations at 150 K are indeed short-ranged. These barriers are 
estimated by fixing the x-y coordinates of the jumping K atom at the intermediate point between 
the two energy minima and relaxing the other coordinates of the system. 

Above 200 K, K atoms start visiting the other 24 adatom configurations in the (2Ö3×2Ö3) UC. 
In all these configurations, Sn adatoms align in (√3×2√3) rows (Fig. 3(c), inset). The computed 
adatom height in the upper row is identical to that of the up atoms of the 2Ö3-K phase while the 
Sn atoms in the lower row are only ~ 0.10 Å below, in excellent agreement with the measured 
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height difference of 0.08 Å in STM. Hence, the buckling distortion of the charge-ordered 2Ö3-K 
phase is greatly reduced due to the upward relaxation of the down-atoms of the triangular Sn 
sublattice. This can be viewed as a displacive transition: at low T the Sn up and down atoms 
oscillate around their equilibrium positions (with a theoretical height difference of 0.23 Å ), while 
at high T the Sn atoms oscillate around a new vertical position ≈ 0.20 Å above the height of the 
Sn down atoms.  

At 300 K, the K sublattice is molten (Fig. 4(c)) and the K atoms visit all K-configurations [26]. 
Meanwhile, Sn adatoms fluctuate between different (Ö3×2Ö3) configurations, and the distinction 
between Sn up and down is totally lost [Fig. 4(b)]. The system ultimately transforms into a 
(Ö3×Ö3) phase with a total collapse of the charge ordering. This final step is typical of an order-
disorder transition where the disorder refers to dynamical fluctuations between different 
(Ö3×2Ö3) structures [10, 27, 28].   

The following picture emerges. The melting of the 2Ö3-K charge ordered condensate starts at 
about 130 K and proceeds through two intermediate regimes. The first one is characterized by 
short-range positional fluctuations of the K atoms, illustrated in Fig. 4(d). These are mostly 
nearest-neighbor hopping events where the K atoms always return to their original sites, thus 
maintaining long-range (2Ö3×2Ö3) order up to 200 K. These fluctuations are accompanied by up-
down relaxations of the neighboring Sn atoms and become more prominent with increased 
temperature, inducing the gradual reduction of the HOMO-LUMO gap.   

The second intermediate regime starts at 200 K, the nucleation temperature of the (Ö3×2Ö3) 
and (Ö3×Ö3) domains. Here, K atoms diffuse over longer distances. The formation of the (Ö3×2Ö3) 
domains involves a displacive mechanism while the formation of the (Ö3×Ö3) domains involves 
an additional order-disorder transition at higher temperature. Experimentally, the 2Ö3-K, 
(Ö3×2Ö3) and (Ö3×Ö3) structures all coexist above 200 K. This is typical of a pre-empted first order 
melting transition on a rigid substrate, where solid and liquid phases can coexist over a wide 
temperature range, due to long-range elastic interactions between the various domains [29].   

The present scenario is somewhat reminiscent of the Kosterlitz, Thouless, Halperin, Nelson, 
and Young theory for 2D melting [1-3]. In this theory, 2D melting proceeds via an intermediate 
quasi-ordered ‘hexatic’ phase, characterized by exponential decay of positional order 
correlations and power law decay of orientational correlations. Advanced simulations on 
simplified model systems suggest that the solid-hexatic transition is continuous while the hexatic 
liquid transition can be first order [4]. Both transitions arise from the subsequent unbinding of 
topological defects such as paired dislocations and formation of free disclinations. The current 
situation is more complicated due to the presence of a substrate, absence of six-fold rotational 
order, and the coupling to the charge-order transition in the host lattice. Yet the microscopic 
multi-step melting scenario discussed here presents interesting similarities (and differences) with 
the two-step continuous-discontinuous melting transition mentioned above [4]. Whether or not 
the coexisting periodicities and domain walls are topologically entangled [30] and/or whether 
topological excitations play a role in this novel melting phenomenon remains to be determined. 
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FIG. 1.  STM topography of the 2Ö3-K structure on heavily doped p-type Si(111). The images, 
recorded at 77 K, show exactly the same surface area. Images are scanned at (a) -1.5 V and 1 nA, 
revealing a Kagome lattice comprised of the Sn up atoms; (b) 1.0 V and 1nA revealing the 
triangular lattice comprised of the Sn down atoms; and (c) 2.5 V and 1 nA, showing a honeycomb 
lattice corresponding to the K locations. The insets in (a-c) are zoomed-in images, which more 
clearly reveal the corresponding sublattices. (d) The 2Ö3-K structure obtained from DFT 
calculations. The K atoms reside at the T4 adsorption sites at the centers of the Sn ‘up’ triangles. 
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FIG. 2. Evolution of the HOMO-LUMO states. (a) Temperature dependent dI/dV/(I/V) spectra of 
the 2Ö3-K structure on moderately-doped p-type Si(111). Due to the nature of the diffusing K 
adatoms, spectra were obtained using weak tunneling conditions (It=30 pA), averaging several 
I/V curves and differentiating. The HOMO/LUMO maxima are indicated by vertical tick marks. 
Grey vertical lines mark the HOMO/LUMO locations at 4 K. The reduction of the HOMO-LUMO 
splitting above 118 K is primarily attributed to the apparent shift of the LUMO state. Horizontal 
tick marks below each spectrum indicate the zero of the tunneling conductance. The increase in 
zero-bias conductance (ZBC) above 175 K, signals a gradual insulator-metal transition. (b) 
Theoretical LDOS of the (2Ö3×2Ö3)R30° ground state and (4Ö3×4Ö3)R30° excited-state system 
with one displaced K atom, producing new band gap states at about -0.25 and + 0.22 eV. (c) 
Evolution of the experimental HOMO-LUMO gap, as measured from the positions of the LDOS 
maxima. Error bars were estimated from the small fluctuations in the HOMO-LUMO positions in 
different experimental runs. 
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FIG. 3. Temperature dependent topography of the 2Ö3-K structure on n-type Si(111). The sample 
was grown at 120 K, cooled to and imaged at 77 K (a),  then slowly warmed to room temperature 
(b-d), and finally cooled down to 77K (e). Four out-of-phase domains of the 2Ö3-K structure are 
displayed in different colors; a different (Ö3xÖ3)R30° phase that appears only above 200 K is in 
grey. The inset of panel (c) is a zoomed in image of local (Ö3x2Ö3) ordering within the dashed 
white square (the (Ö3x2Ö3) UC is marked by a dashed rhomboid in the inset).  All images were 
obtained with a sample bias of -1.5V and 30 pA current. (f) Area fraction of the low-temperature 
2Ö3-K phase for three different substrates. Nucleation of high-temperature domains and 
concomitant loss of long-range 2Ö3-K order starts at 200 K. The inset shows that the nucleation 
temperature is independent of the substrate doping level. However, the transition proceeds a bit 
faster on the heavily-doped p-type substrate. 
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FIG. 4. Atomic dynamics in the K/Sn layer. (a,c,d) Top view of the 2Ö3-K surface. Blue and red 
marbles represent the Sn-up and Sn-down atoms, respectively. Beige marbles represent the Si 
atoms below. Grey lines track the motion of the K atoms at 77K (a) and 300 K (c). The green line 
in (c) follows the trajectory of a single K atom along a 300 ps DFT-MD simulation [25]. At 300 K 
all Sn adatoms are equivalent [purple marbles in (c)]. (b) Probability Distribution Functions for 
the Sn-up (blue) and Sn-down (red) adatom heights at 77K, and for the Sn atoms at 300 K (purple); 
z = 0.0 Å is the height of the Sn-down atoms in the 2Ö3-K structure. (d) Schematic illustration of 
the short-range positional fluctuations of the K atoms to neighboring T4 sites.   
 


