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Abstract. Using density functional theory calculations, the atomic mechanism of the influence of 
compressive strains formed on the Ge(111) – 7 × 7 surface of epitaxial layers , grown on  Si(111) substrate, 
on the diffusion of Ge adatoms was investigated. It was found that the energy barrier limiting the migration 
of Ge adatoms over long distances is located near corner vacancies of the 7 × 7 structure and is caused by 
the formation of a covalent bond between the Ge adatom and a dimer atom within the 7 × 7 structure. It 
is shown that the barrier increase on the elastically compressed surface occurs due to strengthening of the 
dimer bond during surface compression, which leads to weakening of the bond between the Ge adatom 
and the dimer atom.
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1. INTRODUCTION
The diffusion of adatoms on crystal surfaces has 

a direct impact on the growth of thin films, their 
morphology, and the formation of nanostructures, 
and is therefore an important research topic. One 
of the factors that can influence adatom diffusion is 
elastic deformation of the surface lattice.

It has been previously demonstrated 
experimentally that the activation energy for 
adatom diffusion on metal surfaces decreases 
with lateral compression of the surface lattice, 
and the mechanism of this phenomenon has been 
theoretically studied [1, 2]. It was found that 
when metal surfaces are compressed, adatoms are 
positioned farther from the surface and therefore 
have a less corrugated potential.

However, the dependence of diffusion activation 
energy on the sign of lattice deformation on the 
surfaces of covalent crystals, such as Si or Ge, may 
have a more complex nature due to directional and 
localized bonds between adatoms and surface atoms. 
One of the most studied elastically strained systems 
is Ge on the Si surface. This is due to the fact that 
nanostructures formed on the basis of Ge/Si are 
promising for application in optoelectronic devices 
[3]. The lattice constant of Ge is approximately 4% 

larger than Si, and therefore Ge layers grown on the 
Si surface are laterally compressed.

Previously, Cherepanov and Voigtlander 
experimentally showed that the activation energies 
for diffusion of Ge adatoms on the surface of layers 
Ge(111) – 7 × 7, grown on Si(111), increase under 
lattice compression [4, 5]. However, no explanation 
for this phenomenon was given. The aim of this 
work was to determine the atomic mechanism of 
increasing the activation energy of surface self-
diffusion Ge(111) – 7 × 7 under compression.

2. CALCULATION DETAILS
To study the dynamics of Ge adatom on the 

surface Ge(111), the potential energy surface for 
this atom was calculated based on density functional 
theory. The calculation used a commonly accepted 
model of the structure 7 × 7, consisting of dimers, 
adatoms, and stacking faults (dimers  – adatoms  – 
stacking faults, DAS) [6].

It is known that this structure is stable on 
the surface Ge(111) within a certain range of 
compression deformations [7, 8]. The calculations 
were performed using the SIESTA software package, 
which uses atomic orbitals as basis functions [9]. An 
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exchange-correlation functional in the generalized 
gradient approximation (GGA) was used [10]. To 
describe the valence electrons of Ge atoms, two sets 
of s- and p-orbitals and one set of d-orbitals were used 
(13 functions per atom). Other calculation details are 
similar to those we previously used to study Sr atom 
diffusion on the surface Si(111) – 7 × 7 [11].

To calculate the dependence of the potential 
energy of a Ge adatom on its position in the cell 
7 × 7 of the surface, this atom was placed at a 
height of approximately 3Å above the surface 
Ge(111). The z atom coordinate (in the direction 
perpendicular to the surface) could freely change, 
while the coordinates in the xy plane were fixed. 
The system relaxed until the forces acting on the 
atoms became less than 0.01 eV/Å. As a result, 
a potential energy surface was obtained for the 
adsorbed atom E(x, y).

The distance between the nodes of the hexagonal 
surface lattice, at which the potential energy values 
were calculated, was approximately 0.6 Å. The 
exact values of local minima energies E(x, y) were 
calculated using a freely moving Ge adatom placed 
near the local minimum of the potential energy 
surface. The calculation error of energy barriers, 
caused by the finite distance between the hexagonal 
lattice nodes, did not exceed 0.1 eV.

3. RESULTS
Figs. 1a, b show the calculated potential energy 

surfaces E(x, y) for a Ge adatom on unstrained 
and elastically compressed by 4% surfaces 
Ge(111) – 7 × 7. Light (dark) areas correspond to 
low (high) system energy respectively. The relative 
energies of adatom local minima (numbered from 
1 to 6) on these surfaces, located in the unfaulted 
u and faulted f halves of the cell 7 × 7, are shown 
in the table. It can be seen that the local energy 
minima of the surface are located near adatoms 
and rest-atoms of the structure 7 × 7, where the 
adsorbed atom can saturate several dangling bonds 
at once surface. Visual inspection of the relaxed 
crystal lattice showed that the energy minima on the 
undeformed surface (1–4 in Fig. 1a) are associated 
with the formation of ad-dimers in positions T4. 
These ad-dimers consist of an adatom in the 7 × 7 
structure and an additional adsorbed (diffusing) Ge 
atom. Such arrangement of stable adsorption sites 
corresponds to that previously found in a system 
with similar properties Si/Si(111) – 7 × 7 [12]. 
When the surface is compressed, some of these 
minima disappear, but new ones appear instead 
(5 and 6 in Fig. 1b).

The calculation showed that the energy barriers 
between individual potential energy minima in the 
cell 7 × 7 are low (0.2–0.3 eV). This is due to the high 
concentration of dangling bonds on the surface in this 
area, located on adatoms and rest atoms. Therefore, 
during adatom migration, the formation of new 
bonds and breaking of old ones occur simultaneously, 
leading to low energy barriers. However, to overcome 
cell boundaries 7 × 7 for long-distance adatom 
diffusion, it needs to pass a rather high barrier located 
above the dimer rows along the cell perimeter 7 × 7. 
The formation of a high energy barrier in this area 
is caused by the fact that all bonds in the dimers 
of structure 7 × 7 are saturated, and therefore the 
adatom needs to significantly weaken its bond with 
the surface. The transition frequency of the adatom 
(v) through the energy barrier (Eb), according to the 
Arrhenius equation, exp exponentially depends on the 
magnitude of this barrier v = v0exp(–Eb /kBT), where 
T is temperature, kB is Boltzmann constant, and the 
pre-exponential factor v0 describes the frequency of 
jump attempts over the energy barrier and depends 
on local crystal lattice vibrations. Thus, according to 
the potential energy surface reliefs shown in Fig. 1a, 
b, the adatom will move relatively quickly within the 
cell 7 × 7, jumping between different local energy 
minima, while jumps to adjacent superstructure 
cells 7 × 7 will occur much less frequently. This 
phenomenon was previously observed for other 
systems [13-20].

In Fig. 1a, one can see that the lowest energy 
barriers between cell halves 7 × 7 are observed above 
dimer atoms, with the barrier above the dimer atom 
located near the corner vacancy of structure 7 × 7 
being the lowest.

Table. Relative energies (eV) of Ge adatom local minima 
on the surface Ge(111) – 7 × 7. N – minimum number 
according to Fig. 1a, b indices u and f refer to unfaulted 
and faulted halves of the cells 7 × 7. For each surface 
(unstrained and elastically compressed by 4%) the energy 
scale starts from the energy of the deepest minimum

N
Unstrained Elastically compressed

u f u f

1 0.22 0.11 – 0.26

2 0.07 0.00 0.21

3 0.15 0.12 – –

4 0.09 0.11 – –

5 – – 0.15

6 – – 0.15 0.0
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It was found that this is caused by the formation 
of weak covalent bonds between the adatom and 
dimer atoms. Interestingly, bond formation occurs 
despite the fact that formally all bonds in the dimers 
of structure 7 × 7 are closed. Indeed, in Fig. 2a, one 
can see that when a Ge adatom is adsorbed above a 
dimer atom, there is electron density between them 
indicating the formation of a covalent bond. Fig. 1c 
shows the calculated potential energy surface profiles 
along lines L1-L3 in Fig. 1a above dimer atoms. It 
can be seen that the profile along line L1 has a barrier 
height of 0.4–0.5 eV, while for lines L2 and L3 the 
barrier height is 0.7–0.8  eV. Thus, the minimum 
energy path (MEP) for Ge adatom diffusion over 
long distances runs along the dark curve connecting 
minima 2u and 2f. The saddle point of this path 

Fig. 1. a, b – Potential energy surface relief E(x, y) for Ge atom on the surface Ge(111) – 7 × 7. Contour lines are placed with 
0.2 eV energy step. Light (dark) areas correspond to low (high) energy. Structure elements 7 × 7 are highlighted with dashed 
lines: large circles – adatoms, medium – rest atoms, dumbbells – dimers. Numbered points (u or f) indicate locations of local 
minima in the unfaulted and faulted halves of the cell 7 × 7. Light lines (L1-L4) indicate the positions of calculated adatom 
migration paths between cell halves 7 × 7. The solid dark line between minima 2u and 2f in Fig. a – minimum energy path 
(MEP) for long-distance adatom migration. a – Undeformed surface. b – Elastically compressed 4% surface. c, d – Potential 
energy surface profiles along L1-L4 lines on undeformed (c) and elastically compressed (d) Ge(111) – 7 × 7 surfaces. For 
each surface, the energy scale starts from the deepest minimum (2f for undeformed and 6f for elastically compressed surfaces)
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Fig. 2. Vertical cross-section of valence electron 
density for a Ge adatom adsorbed in the center of line 
L1 in Fig. 1a , b (cross-section along the dimer row of 
structure 7 × 7). a – Undeformed surface. b – Elastically 
compressed by 4% surface. The arrow shows the covalent 
bond forming between the Ge adatom and the dimer 
atom. Bond lengths are indicated in angstroms
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is located above the dimer atom near the corner 
vacancy, and the barrier height determines the 
activation energy of diffusion.

A question may arise why the barriers along 
lines L2 and L3 in Fig. 1a, b are higher than along 
L1, although all lines pass over dimer atoms. It is 
known that bonds in dimers of structure 7 × 7 on the 
undeformed surface Ge(111) are stretched relative 
to bonds in the crystal bulk [21]. Thus, bonds in 
dimers located near corner vacancies of structure 
7 × 7 are longer than bonds in the crystal bulk by 
approximately 4%, while bonds in dimers located 
midway between vacancies are less stretched (about 
3%). Additionally, for the dimer atom near the 
corner vacancy, the largest deviation of bond angles 
from the value 109.5°, characteristic of diamond-
type lattice, is observed. Thus, sp3-hybridization of 
electronic shells of the dimer atom nearest to the 
corner vacancy is most strongly distorted, and this 
likely promotes the formation of a weak covalent 
bond with the Ge adatom.

When the surface is compressed by 4% in the 
lateral direction, the MEP path along line L1 
becomes significantly blocked (Fig.  1b). Indeed, 
the energy barrier along L1 on the potential energy 
surface profile in Fig. 1d is comparable to the barrier 
height along lines L2 – L4 and it is approximately 
0.8 eV.

The energy barrier is the energy difference 
between the saddle point and the global minimum 
of the potential energy surface. Thus, the increase in 
the energy barrier along the L1 line on the surface 
Ge(111) during its compression can be caused by 
both the formation of stronger bonds in the global 
minimum 6f in the cell 7 × 7 (table), and the 
weakening of the adatom's bond with the surface at the 
saddle point during adsorption on the dimer atom (or 
both factors together). However, there is a difficulty 
here related to the fact that the energies of the Ge 
adatom on undeformed and elastically compressed 
surfaces Ge(111) – 7 × 7 cannot be compared 
directly. To solve this problem, we referenced the 
calculated energies to the common vacuum level. 
Thus, the adsorption energies of the Ge adatom 
were calculated at the global energy minima in the 
cell 7 × 7 and saddle points along the L1 lines. It was 
found that the adsorption energy at global energy 
minima is approximately the same for undeformed 
and elastically compressed surfaces. In contrast, 
the adsorption energy at the L1 saddle point for the 
elastically compressed surface Ge(111) is lower than 
for the undeformed one by approximately 0.28 eV. 
Consequently, the increase in the energy barrier 
along L1 during surface compression is caused by the 

weakening of the Ge adatom's bond with the surface 
at the saddle point (above the dimer atom).

Fig. 2b illustrates the atomic mechanism of this 
phenomenon. Surface compression Ge(111) leads 
to a reduction in the length of the initially stretched 
bond between dimer atoms. Thus, the length of this 
bond becomes closer to the equilibrium length for 
bulk Ge. This is accompanied by an increase in the 
bond length between the Ge adatom and the dimer 
atom. Shortening/lengthening of the bond means 
strengthening/weakening of the corresponding 
atomic bonds. In Fig. 2b one can see that this process 
is accompanied by redistribution of electron density 
from the weakening σ-bond between atoms to the 
one that becomes stronger.

From general considerations, it is clear that the 
picture of monomer diffusion considered in this work 
will be valid at low concentrations of adsorbed Ge 
adatoms, when each diffusing atom can be considered 
independently. Studying the diffusion of adatom 
clusters on the surface using density functional 
theory calculations currently presents a very complex 
task requiring enormous computational time. 
Previously, several experimental works discussed 
the contribution of "magic" Si clusters formed on 
the surface Si(111) – 7 × 7 to self-diffusion and 
homoepitaxial growth [22-24]. However, in the work 
of Cherepanov and Voigtländer [4], it was shown that 
the contribution of "magic" Ge clusters to diffusion 
and formation of two-dimensional islands on the 
surface Ge(111) in the temperature range 400–
700 K is absent. This conclusion is based on the fact 
that the density of "magic" clusters on the surface 
Ge(111) with structure 7 × 7 is much higher than on 
the same surface with structure 5×5, however, the 
concentration of two-dimensional islands formed 
during Ge growth does not depend on the surface 
structure.

According to the above-described mechanism of 
energy barrier formation at the boundary of structure 
cells 7 × 7, a barrier of similar magnitude should be 
observed at the boundary of cells 5×5. This occurs 
due to the local nature of adatom-surface interaction 
on one hand, and identical local atomic structure in 
reconstructions 5×5 and 7 × 7 on the other. Thus, the 
theoretical data presented above agree both with the 
absence of dependence of germanium diffusion rate 
on surface structure Ge(111), and with the increase 
in energy barrier during surface compression, 
obtained from experiment [4]. These facts, as well 
as conclusions about the absence of contribution 
from "magic" Ge clusters to diffusion and formation 
of two-dimensional islands on the Ge(111) surface, 
made in the work of Cherepanov and Voigtländer 
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[4], indicate that Ge monomer diffusion takes place 
on the surface Ge(111) – 7 × 7.

4. CONCLUSIONS
The influence of elastic deformations of the 

surface Ge(111) – 7 × 7, occurring during Ge 
growth on the substrate Si(111) on the diffusion of Ge 
atoms has been investigated. It has been shown that 
the diffusion rate of a Ge adatom on an undeformed 
surface Ge(111) – 7 × 7 is determined by the energy 
barrier located at the cell boundary 7 × 7 above 
the dimer atoms near the corner vacancies of the 
structure 7 × 7. It has been established that surface 
compression strengthens the bonds between the 
dimer atoms of the structure 7 × 7. This leads to the 
weakening of the bond between the dimer and the 
adatom due to the redistribution of electron density 
from this bond to the bond between dimer atoms. The 
weakening of the Ge adatom bond with the surface 
results in an increase in the diffusion activation 
energy. The results of this work can find application 
in optimizing the growth processes of thin films and 
Ge nanostructures on the Si surface.
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