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Recent advances in the study of magnetic atomic structures on noble metal surfaces are reviewed. These include onedimensional strings, two-dimensional hexagonal superlattices, and novel structures stabilized by quantum guiding. The
combined techniques of low-temperature scanning tunneling microscopy, kinetic Monte Carlo simulations, and ab initio
calculations reveal that surface-state-mediated adatom-step and adatom–adatom interactions are the driving forces for selfassembly of these structures. The formation conditions are further discussed by comparing various experimental systems
and the kinetic Monte Carlo simulations. Using scanning tunneling spectroscopy and tight-binding calculations together, we
reveal that the spectra of these well-ordered structures have characteristic peaks induced by electronic scattering processes
of the atoms within the local environment. Moreover, it is demonstrated that quantum confinement by means of nano-size
corrals has significant influence on adatom diffusion and self-assembly, leading to a quantum-guided self-assembly.
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1. Introduction
Ordered arrays of magnetic nanostructures have attracted
both theoretical and experimental interest due to their rich
physical properties and potential applications. [1–15] Recent
developments in nanoscience make it possible to fabricate
structures and investigate their unique properties down to the
atomic level. To date, two main approaches have been used:
atomic manipulation through scanning tunneling microscopy
(STM) [16–30] and self-assembly growth. [2,3,9,10,31–40] Atomic
manipulation is an advantage in building structures in arbitrary
geometry, while self-assembly can provide large-scale wellordered structures spontaneously and more economically.
Self-assembly through substrate-mediated long-range interactions (LRI) between adatoms is a typical example. [8–10,41]
LRI was first predicted 55 years ago by Koutecký [42] and was
revealed to oscillate with a periodicity of half the Fermi wavelength and to decay with an increase in interatomic distance
(by Grimley, Einstein, and Lau et al.) [43–45] Utilizing field
ion microscopy, Tsong was the first to observe this effect on
Re/W(110) system experimentally. [46,47] In 2000, Hyldgaard
and Persson investigated the LRI on the noble metal surface
through Shockley surface states. [48] When the surface has a
free-electron-like surface-state band, the LRI decays more
slowly, and the wavelength at the Fermi level is generally
longer for surface states than for bulk states. Therefore, observing the LRI experimentally is expected to be easier in the

presence of such a surface-state band and was indeed realized
on Ag(111) and Cu(111) by low-temperature STM. [8,9,41,49]
On Cu/Cu(111) and Co/Cu(111), locally ordered structures
with six-fold symmetry were observed, while no superlattice was found. On Co/Ag(111), only a disorder-like distribution with a broad peak at preferred separation but without
six-fold symmetry was reported. Interestingly, Ce/Ag(111)
and Ce/Cu(111) at optimal conditions showed a well-ordered
hexagonal superlattice up to a few hundred nanometers, regardless of the large in-plane lattice mismatches. [9,49] This
is due to the fact that surface-state-mediated LRI is dominant at this diluted region and was revealed to be the driving force for superlattice formation, as also supported by kinetic Monte Carlo (KMC) simulations for Ce/Ag(111) and
Fe/Cu(111). [50,51] They found that the following parameters
play important roles in the superlattice formation: the repulsive ring, the distance and depth of the first minimum interaction, the diffusion barrier, and the concentration of deposited
adatoms.
Except for the two-dimensional (2D) atomic superlattice mentioned above, one-dimensional (1D) atomic structures are also of enormous interest. [3,20,21,23–26,28,30,52,53] They
are believed to have strong potential in future nanoscale
electronic and magnetic devices. General features of electronic structure, magnetic properties, and interactions in
1D nanostructures on metal surfaces were revealed by
previous theoretical studies. [11–15] A prototype device of
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nonvolatile information storage has been demonstrated in
atomic chains, based on the magnetic coupling. [3,30] Moreover, recent studies suggest that 1D spin chains could be
used for quantum communications. [28,53–56] In particular,
magnetic atomic strings with a fixed interatomic distance
were predicted to have both high speed and high fidelity
in quantum information transfer. [55,56] A prototype device
was recently demonstrated experimentally through the spin
strings. [28,53] These 1D nanostructures were formed by atomic
manipulation, [20,21,23–26,28,30] self-assembly on reconstructed
surfaces, [53] and step decoration of vicinal surfaces. [3,52] In
addition, surface-state-mediated adatom-step and adatom–
adatom interactions [57,58] also give a new possibility for 1D
atomic string formation near the step edges of noble metal
(111) surfaces. Moreover, the exploration of their electronic
properties is critical for mastering their functionalities.
Furthermore, atomic self-assembly was predicted to be
influenced by a 2D quantum size effect (QSE) as the system
size is reduced. [59] The QSE has been demonstrated to influence various properties such as atom diffusion, [60,61] growth
stability, [62–68] optics, [69] magnetism, [70–72] transport, [73] and
superconductivity. [74] The QSE in films is mainly focused on
confinement in one dimension, the vertical direction, while
more novel phenomena are expected to appear when electrons are confined in two dimensions. Pioneering work has
already shown that spin-averaged and spin-polarized local
density of states (LDOS) can be influenced by 2D quantum
confinement. [17,75–78] It would be interesting to explore more
properties under 2D quantum confinement, such as atom diffusion and self-assembly growth.
In this paper, we will review recent experimental and
theoretical progress in the study of self-assembly of magnetic adatoms on noble metal surfaces, including 2D superlattices, 1D atomic strings, and structures stabilized by quantumguided self-assembly. The formation mechanisms of these
novel structures are discussed with the low-temperature STM
exploration and KMC simulations. The electronic properties of these self-assembled structures are measured with lowtemperature scanning tunneling spectroscopy (STS) and the
underlying physics are explained with the tight-binding (TB)
calculations. Moreover, it is demonstrated that quantum confinement by nano-size corrals has significant influences on the
diffusion and self-assembly of adatoms, leading to quantumguided self-assembly.

2. 2D self-assembly
2.1. Atomic superlattice
Self-assembly of magnetic adatoms on noble metal surfaces is typically studied in an ultrahigh vacuum chamber
equipped with a low-temperature STM and in-situ evaporator. To avoid redundancy, we introduce only the experimental

setup and procedure carried out by the low-dimensional magnetism group in Nanjing University. We believe the instruments and methods used in other groups are similar. The key
techniques used for these studies are low-temperature STM
and low-temperature deposition, typically at the STM stage.
The in-situ sample cleaning and annealing apparatus are also
necessary. Typically, the single-crystal Cu(111) and Ag(111)
substrates are cleaned by repeated cycles of argon ion sputtering at 1.5 keV and annealing to 870 K. After that, the crystal is
transferred into the STM stage and cooled to 4.7 K. The clean
surfaces with low-impurity concentration are crosschecked by
STM. The sample can be warmed up by a heater or be cooled
down to 3.0 K by pumping liquid He in the cryostat. Highpurity adatoms are deposited by means of electron-beam evaporation from a thoroughly outgassed rod onto the surfaces of
substrates located at the STM stage at 6 K. The typical rate
of deposition is 0.002–0.02 monolayer equivalent (MLE) per
minute. Electrochemically etched and in-situ electron-beam
cleaned tungsten tips are used for the STM measurements. [79]
The bias voltage, U, refers to the sample voltage with respect
to the tip.
A long-range-ordered hexagonal atomic superlattice was
first observed experimentally in ∼ 0.01 MLE Ce adatoms deposited on a Ag(111) surface (Fig. 1(a)). [9,10] The Fourier
transform of this image (inset of Fig. 1(b)) confirms the wellordered 2D hexagonal superlattice structure. The 3.2 nm
periodicity of the superlattice is revealed by the histogram
of the nearest-neighbor adatom–adatom separations shown in
Fig. 1(b). The self-assembly of Ce adatoms on Ag(111) as
a function of adatom concentration and of temperature were
also investigated. When the adatom concentration is increased
to 2%, a hexagonal superlattice is maintained at reduced interatomic distances of 2.2 nm, with more disorder induced by the
increased concentration of Ce dimers. At even higher adatom
concentration, more and more Ce dimers are found and the
superlattice collapses into compact islands. Heating the sample up to 10 K causes the disappearance of the hexagonal superlattice. The formation and stability of the 2D hexagonal
Ce adatom superlattice can be understood within the theoretical model of the interaction energy mediated by a Shockley surface-state band between two adatoms. [48] The authors
concluded that the large-scale formation of the superlattice
is governed by a subtle balance between the sample temperature, the diffusion barrier, and the concentration-dependent
adatom interaction potential. On the other hand, many other
systems that cannot form superlattices have been considered.
On Cu/Cu(111) and Co/Cu(111), only locally ordered structures with six-fold symmetry were observed, while no superlattice was found. [8,41] On Co/Ag(111), a disorder-like distribution with a broad peak at the preferred separation but no
six-fold symmetry was reported. [8] Therefore, uncovering the
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condition, there is no apparent tip-induced atom-hopping at
4.6 K. Then the temperature is slowly raised to allow adatom
hopping within a period of several minutes to several tens of
minutes. We take consecutive scans with the rate of 78 s per
frame to trace single-atom trajectories. The hopping rates at
different temperatures are recorded and used to fit with the
Arrhenius law: υ = υ0 exp(−Ed /kB T ), where kB is the Boltzmann constant and T is the temperature of the substrate. The
fitting yields the diffusion barrier Ed = 23.8 ± 1.5 meV and the
attempt frequency υ0 = 4 × 108±1 Hz (Fig. 3(b)). The measured diffusion barrier and the attempt frequency also explain
why no apparent atomic diffusion is observed at 4.6 K.

Counts

presently unclear mechanism of superlattice formation is very
important. To do this, the preparation process was separated
into two processes (unlike the typical deposition at optimal
growth temperature): the low-temperature growth and the following diffusion at higher temperature. This could give further
insight for the mechanism of the 2D superlattice formation.

Separation/nm
Counts

Fig. 1. (a) STM image of Ce superlattice on Ag(111) surface at
3.9 K (nominal coverage is ∼0.01 MLE, image size: 69 × 69 nm2 ,
U = −0.1 V, and It = 10 pA). (b) Histogram of the nearest-neighbor
adatom–adatom separations in (a). Inset: the Fourier transform of the
STM image (a). [10]

The growth of 2 × 10−3 MLE Fe adatoms on Cu(111) at
6 K is investigated and the typical STM image at 4.7 K is
shown in Fig. 2(a). [80] We find that the Fe adatoms are immobile at 4.7 K, which suggests that the thermal energy is
well below the diffusion barrier Ed . To obtain the statistics of
the interatomic distance, the histogram of the nearest-neighbor
separation of Fe adatoms is plotted in Fig. 2(b). We found
that it follows a random distribution, as was naturally believed
for a long time but had never been demonstrated. The random distribution function fran (r) can be formulated through
the concept that a given area statistically should have a constant concentration of adatoms. The formula with the correction for a square (typical shape for STM images) was first
given by Knorr et al. [8] To characterize the diffusion barrier,
the atomic-diffusion process of single Fe atoms on Cu(111)
is investigated. To do this, about 5 × 10−4 MLE Fe atoms
are deposited and the adatoms are well separated from each
other (Fig. 3(a)). The scanning conditions are the sample bias
U = 0.1 V and the tunneling current It = 40 pA. Under this

r/nm
Fig. 2. (a) STM image of ∼ 2 × 10−3 MLE Fe adatoms on Cu(111) at
6 K (image size: 40 × 40 nm2 , U = 0.1 V, and It = 0.1 nA). (b) Histogram (bar) of the nearest-neighbor distance obtained from many images as (a) and the calculated random distribution of the same coverage
(line). [80]

As revealed by KMC simulations, surface-state-mediated
LRI plays an important role in self-assembly formation. [50,51]
To explore the LRI among the Fe atoms, we investigate the
annealing effect for samples with different coverage. The
annealing temperature is limited to < 12 K because of the
noticeable increase in the number of dimers and clusters at
higher temperatures. Figure 3(c) is a typical STM image of
4.2 × 10−3 MLE Fe on Cu(111) at 4.7 K, after annealing at
12 K for 5 min. The Fe atoms tend to stay away from each
other at a preferred distance, even with some locally ordered
structures. Through recording several images like Fig. 3(c),
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the statistical histogram f (r) of the nearest-neighbor Fe separation is obtained. The result is shown in Fig. 3(d) as columns
where three peaks with decreasing amplitude are found. The
highest peak appears at ∼ 1.2 nm and the other two peaks are
around 2.7 nm and 4.2 nm. As presented, the histogram oscillates with a period of 1.5 nm, which corresponds to half the
wavelength at the Fermi level of the Shockley surface state
on Cu(111). The observed histogram is clearly different from
the random distribution function fran (r) at the same coverage
(solid line in Fig. 3(d)), which evidences the existence of LRI

among the Fe atoms. As established by Repp et al. [41] and
Knorr et al., [8] the LRI energy can be calculated according to
Boltzmann’s statistics: E(r) = −kB T ln[ f (r)/ fran (r)]. Therefore, the experimentally determined Fe–Fe LRI as a function
of the adatom separation is shown in Fig. 3(e). The LRI oscillates with decreasing amplitude and a period of about 1.5 nm.
The first minimum appears at about 1.1 nm with the depth of
∼ 1.7 meV which agrees well with the previous experimental results [81] and the theoretical calculation by Stepanyuk et
al. [82]

(a)

ln(ν/Hz)

(b)

10 nm
(/T)/K-1
(c)

E(r)/meV

Counts

(d)

30 nm

(e)

r/nm

(a) STM image of ∼ 5 × 10−4

30 × 30 nm2 , U

Fig. 3.
MLE Fe adatoms on Cu (111) (image size:
= 0.1 V, and It = 40 pA). A sequence
of images (78 s per frame) at different temperatures is used to derive the Arrhenius plot of the hopping rate of isolated Fe monomers
(b). [80] (c) STM image of 4.2 × 10−3 MLE Fe monomers on Cu(111) obtained after annealing at 12 K for 5 minutes (image size:
100 × 100 nm2 , U = 0.1 V, and It = 0.1 nA). (d) Histogram (bar) from seven images as (c) and the calculated random distribution of
the nearest-neighbor distance (line). (e) The long-range interaction energy is derived from (d). [80]

With the experimentally determined position of the first
minimum in the LRI energy, we can calculate the optimum
coverage for the superlattice to be 4.5 × 10−2 MLE. The typical STM image for this coverage is presented in Fig. 4(a).
We find the Fe atoms form an almost well-ordered hexagonal
superlattice, with the exceptions appearing as some brighter
spots: Fe dimers or clusters formed during deposition that
have much higher diffusion barriers than a single Fe atom. To
obtain the statistical information, we plot in Fig. 4(b) a histogram of the nearest-neighbor Fe separation derived from the
STM image shown in Fig. 4(a). It shows a sharp peak around

1.2 nm with the half width of about 0.3 nm. For comparison, the random distribution function with the same coverage
is plotted as the solid line in Fig. 4(b). The peak appears at a
different position, and it is much broader than the experimental histogram. These results demonstrate that the 2D atomic
self-assembly can occur for Fe adatoms on Cu(111).
We also try to form a superlattice of Fe on a different substrate, Ag(111). However, no matter how we tune the concentration and the annealing temperature, no well-ordered superlattice is observed. Comparing Fe on Cu(111) and Ag(111),
we find that they have different diffusion barriers, even though
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Counts

the LRIs are similar. [80] Negulyaev et al. pointed out that the
formation condition is determined by the subtle balance between the LRI energy and the diffusion barrier. [50] Therefore,
we compare the ratio between these two energies for different
systems [8,9,41,49] and find that a well-ordered or quasi-ordered
superlattice can be formed when the ratio is above 5%, as in
Ce/Ag(111) and Fe/Cu(111). Otherwise, only locally ordered
structures without long-range order or disorder-like structures
are formed. The physical picture can be understood as follows.
The atoms are randomly distributed during deposition and they
need to undergo enough hopping to reach the ideal positions
with small thermal broadening in order to form an ordered superlattice. The effect of the thermal broadening is determined
by the ratio of the depth of the potential well versus the temperature. This ratio is proportional to the interaction energy
versus the diffusion barrier since the temperature is governed
by the diffusion barrier. The higher the ratio is, the less the
thermal broadening and the better the superlattice. Therefore,
the ratio is one of the critical parameters that determine the
formation condition for the superlattice.

r/nm
Fig. 4. (a) STM image of Fe quasi-superlattice on Cu(111) after annealing at 12 K (image size: 40 × 40 nm2 ; coverage = 4.5 × 10−2 MLE,
U = 0.2 V, and It = 0.5 nA). (b) Histogram (bar) from (a) and the calculated random distribution function of the given coverage (line). [80]

It was pointed out that the formation of the dimers and
clusters can also dramatically influence the formation of the
superlattice. [51] Dimers/clusters have much higher diffusion

barriers than a single adatom. Therefore, they are anchored
once formed, and they are unlikely to form at the ideal positions, and this will distort the well-ordered superlattice.
This is verified in the experimental results of Ce/Ag(111) and
Fe/Cu(111). For Ce/Ag(111), an almost perfect superlattice
can be achieved, [9] while for Fe/Cu(111) with higher cluster
concentration, only a quasi-superlattice is obtained. Therefore, low dimer/cluster concentration is important for superlattice formation. In addition, this concentration during the
deposition process for the optimum coverage for forming the
superlattice is proportional to a2 /b2 , where a is the repulsive
ring radius referred to the position where the LRI has absolute maximum energy and b is the position of the first LRI
minimum. [80] The upper limit of the specific value for a goodquality superlattice formation is about 19% through summarization from several experimental systems. [9,80] Besides the
dimer formation during the deposition process, the dimer can
also be induced when the thermal energy approaches the energy maximum during the annealing process. This is because
the adatoms can cross the repulsive energy barrier at a and
form dimers with the assistance of the thermal energy.
To further verify the proposed mechanism, KMC simulations are carried out. In the simulations, the hopping rate of an
adatom from site i to site j on the (111) surface is calculated
using the Arrhenius law υi→ j = υ0 exp(−Ei→ j /kB T ), where
Ei→ j is the hopping barrier. The influence of the LRI through
the surface-state electrons is included in the hopping barrier,
i.e., Ei→ j = Ed + 0.5(E j − Ei ), [83,84] where Ei (E j ) is the total
energy caused by the LRI. We first limit the dimer formation in
the simulations, and the effect of dimer formation will be discussed later. In order to show the effect of Ei /Ed , the diffusion
barrier is also artificially varied while the interaction energy
is kept the same as that of Fe/Cu(111). The simulated results
of 4.5 × 10−2 MLE adatoms at 4 K for three different diffusion barriers are shown in Figs. 5(a)–5(c). In order to obtain
sufficiently high adatom hopping rates, we choose different
annealing temperatures according to the respective diffusion
barriers. With the ratio corresponding to Fe/Cu(111), the simulation yields an excellent superlattice and the Fourier transform of the image shows a sharp hexagonal pattern in Fig. 5(a).
When Ed increases to 37.5 meV, some adatoms start to deviate
from the ideal positions and the Fourier transform still shows
a hexagonal pattern, but the spots are a little bit blurred in
Fig. 5(b). When Ed further increases to 50 meV, the hexagonal
pattern disappears and the Fourier transform only shows rings,
indicating that the disorder is dominant. These simulation results demonstrate that Ei /Ed higher than 5% is required to obtain a good-quality superlattice in the absence of dimer formation. When Ed is 25 meV and the dimer/cluster formation
is included, the superlattice in Fig. 5(a) is strongly influenced
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(Fig. 5(d)). One can also find locally hexagonal structures in
the region with a low concentration of dimers. This agrees
well with the experimental findings for Fe/Cu(111) (Fig. 4(a)).
The slight deviation may come from choosing to omit the
dimer hopping from the simulations: the dimer hopping barrier is estimated to be about twice the diffusion barrier of a
single adatom. [85] When hopping is included, a better agreement is expected. In addition, the dimer appears as a single
object in the experimental images while it was plotted as two
atoms in the simulation result, which may create different visual impressions.
Above, we discuss the formation mechanism for the 2D
superlattice, and the formation conditions for a good superlattice is found. It would be interesting to further apply this to explore new potential systems. So far, the experimentally-found
good systems are Ce/Ag(111) and Fe/Cu(111). Fe is a 3d element while Ce is a lanthanide. It would be easier to find a
system similar to Ce/Ag(111) since lanthanides have identical
outer shell electron configurations. As the LRI is intrinsically
a Coulomb interaction, it should be mainly determined by the
outer shell electrons. Therefore, it would be expected that lanthanides have similar LRIs on a given surface such as Ag(111).

It is also expected that they have almost the same interactions
with the Ag substrate. The atomic radii of lanthanides are also
similar, varying only from 0.173 to 0.204 nm. Thus, they may
have similar diffusion barriers on Ag(111). We picked Gd as
our test system, as it has a large magnetic moment with potential applications in magnetic devices. Figure 6(a) shows the
typical image for 8.0 × 10−3 MLE Gd on Ag(111), obtained
at 3.5 K. The scanning conditions are U = −100 mV and
It = 2 pA. Interestingly, Gd atoms form a well-ordered hexagonal superlattice with a period of 3.0 nm on Ag(111), as speculated. The Fourier transform also shows a good hexagonal
pattern (inset of Fig. 6(a)), with a visible second-order diffraction pattern. Then, the measurements of the diffusion barrier
and LRI are performed, similar to those for Fe/Cu(111). The
diffusion barrier of Gd atoms on Ag(111) is about 7.6 meV, [86]
which is similar to 10 meV of Ce/Ag(111). [9,10] The LRI has
the depth of the first minimum about 0.6 meV and oscillation
period of 3.8 nm, which is also similar to Ce/Ag(111). [9,10,86]
The speculation of self-assembly for lanthanides on Ag(111)
is verified in two systems, and this could be further extrapolated to the whole group of lanthanides.

Ed=25 meV T=10 K

Ed=37.5 meV T=15 K

Ed=50 meV T=20 K

Ed=25 meV T=10 K

Fig. 5. KMC simulated results of adatoms on the Cu(111) surface with various diffusion barriers. All the image sizes are 20 × 20 nm2 . The
same experimental determined Fe–Fe LRI energy is used for all images. (a)–(c) exclude the dimer formation in the simulation and use 25, 37.5,
and 50 meV as the diffusion barrier, respectively. (d) uses 25 meV as the diffusion barrier but includes the dimer formation. Insets: Fourier
transform of each image. [80]
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Energy/eV

Γ

to the peak found in Ce/Ag(111). [87]
To understand the experimental results, TB calculations similar to previous study in Ce/Ag(111) [87] are performed. The TB Hamiltonian is described as H = t ∑ |ii h j| +
n.n.

∑ (ε0 +Vi ) |ii hi|, where t is the isotropic hopping integral, ε0
i

(dI/dU)/arb. units

Wave vector/nm-1

Bias voltage/V
Fig. 6. (a) STM image of Gd superlattice on Ag(111) at 3.5 K (coverage = 8.0 × 10−3 MLE, U = −100 mV, and It = 2 pA). Inset: Fourier
transform of the image. [86] (b) The experimental dI/dU spectra (red
triangles) and the tight-binding calculated LDOS (open black rectangles: 10 × 10 unit cell, solid black rectangles: 11 × 11 unit cell) of the
superlattice are shown in the upper panel. The dI/dU spectra are measured at the position indicated by the cross in the inset. Lower panel
shows the experimental (blue triangles) and calculated (black circles)
spectra of the bare Ag(111) surface. The experimental results have been
shifted vertically for clarity. (c) Calculated band structures of the superlattice (red line) and the bare Ag(111) surface (blue line).

2.2. Spectroscopic study of 2D superlattices
The electronic properties of these self-assembled structures are critical for their functionalities. STS provides the best
tool to investigate these electronic properties since it can be
readily applied after the morphology measurements. The first
study was performed on the Ce superlattice on the Ag(111)
system. [87] In the following, we will present the study of
a similar system, the Gd superlattice on Ag(111), as mentioned above. After obtaining the topographic information
of the created structures, we perform STS measurements to
reveal the characteristic electronic properties of these selfassembled structures. As a reference, we first take dI/dU
spectra on the clean and wide Ag(111) terrace to check the
tip’s condition. The scanning conditions are U = 150 mV
and It = 0.5 nA. The surface-state band that starts at about
67 meV below EF is clearly observed (blue triangles in the
lower panel of Fig. 6(b)), which is in good agreement with previous findings. [88] Due to the tip-induced adatom motion, the
dI/dU spectra on the top of the Gd adatoms are not very well
reproducible. Therefore, we focus our study on the dI/dU
spectra obtained at the center of the triangle formed by three
Gd adatoms in the superlattice, shown as the red triangles in
the upper panel of Fig. 6(b) (location of taking spectra is indicated as the cross in the inset). Furthermore, we find that the
LDOS shows a peak at ∼70 meV above EF , which is similar

is the on-site potential of the bare Ag(111) lattice, and Vi
describes the correction to the on-site potential induced by
adatoms. The values of t = −0.75 eV and ε0 = 4.437 eV are
taken to best reproduce the experimentally determined onset
energy and the effective mass of Ag(111) surface states. [88]
The local Vi is set to be Vnn at the three nearest-neighbor Ag
atoms supporting the adatom, and 0 elsewhere in each unit
cell. We use a 44 × 44 unit cell to adjust Vnn to reproduce
Friedel oscillations near the adatom. With this, we find Vnn to
be −1.7 ± 0.2 eV. The obtained parameters are used to calculate the electronic states of the self-assembled structures with
the TB approximation.
The calculated energy band of Ag(111) is shown in
Fig. 6(c) as blue lines and the LDOS is further obtained in
the lower panel of Fig. 6(b) as black circles. The calculated
spectra show that the typical surface state of Ag(111) is a step
function at 67 meV below EF , which agrees well with the experimental findings. [88] Then, we further calculate the electronic states of the superlattice, choosing a unit cell of 10 × 10
to present the periodicity of the Gd superlattice. After periodic arrangement of Gd adatoms, the gap opening near EF occurs (red lines in Fig. 6(c)). From the results calculated at the
center of the triangle formed by three Gd adatoms in the superlattice, one can see that LDOS has a feature similar to the
experiments and shows a peak around 100 meV (open black
rectangles in the upper panel of Fig. 6(b)). The experimental
results have been shifted vertically for clarity. This theoretical
peak position is slightly higher in energy than the experimental
value. We attribute this difference to the effect of tip-induced
separation increasing between the Gd adatoms in the superlattice. As discussed by Ternes et al., the peak shifts to lower
energy when the separation between atoms increases. [87] In
our measurements, we have to use a higher tunneling current,
It = 0.5 nA (the typical value used for obtaining the topography is 2 pA), to perform dI/dU spectra measurements in
order to achieve a satisfying signal-to-noise ratio. The measurements are performed with the click mode. Occasionally,
we find a local distortion of the superlattice after performing
the STS measurements. Typically, the tip will enlarge the separation between the Gd adatoms, therefore, we also made the
calculations with a slightly larger unit cell, 11 × 11. The obtained LDOS has a similar shape except that the peak shifts
down to about 65 meV (solid black rectangles in the upper
panel of Fig. 6(b)). Therefore, we believe the slight difference
between the experimental and calculated results comes from
tip-induced distortion.
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Dimensionality is one of the typical criteria to group materials and it can have a strong influence on a material’s properties. Above, we discussed the investigation of a 2D superlattice of magnetic atoms. It would be interesting to explore further whether it is possible to self-assemble the 1D
atomic structure. 1D atomic structures are believed to have
great potential in future nanoscale electronic and magnetic devices. A prototype device for nonvolatile information storage
has been demonstrated in atomic chains, based on magnetic
coupling. [3,30] Moreover, recent studies suggest that 1D spin
chains could be used for quantum communications. [28,53–56]
Especially, the magnetic atomic strings with a fixed interatomic distance, were predicted to have both high speed and
high fidelity in quantum information transfer. [55,56] The prototype device was recently demonstrated experimentally in spin
strings assembled by atomic manipulation. [28,53] As discussed
in the 2D self-assembly, the adatoms in the superlattice have a
fixed separation between each other. In the following, we will
show it is also possible to fabricate the 1D magnetic atomic
strings in combination with the LRI and step-guiding.
Figure 7(a) presents a typical topographic image of 8 ×
−3
10 MLE Fe atoms on a vicinal Cu(111) surface with the
average terrace width of about 5 nm after annealing to 13 K.
Well-ordered atomic strings with a fixed separation are indeed
formed near the upper step edges. Only a few atoms/clusters
still exist on the top of the terrace, which could be caused
by the pinning effect of defects in the terrace or by insufficient space near the adatom-occupied step edge. Moreover,
the quantitative information about atomic strings is obtained
in a zoomed-in image (Fig. 7(b)). Fe adatoms are separated
by a fixed distance of 1.2 ± 0.1 nm (A–A0 in Fig. 7(c)) and
they are typically 0.8 ± 0.1 nm away from the step edge (B–B0
in Fig. 7(d)). Occasionally, a few adatoms also appear closer
to the step edge (C–C0 in Fig. 7(d)), which may be anchored
there during the deposition process. These demonstrate that a
1D atomic structure can also be self-assembled.
To understand the mechanism, ab initio calculations are
performed. The calculated interaction energy between an Fe
adatom and the nearby step on Cu(111) is shown in Figs. 8(a)
and 8(b). [89] The interactions for the lower and upper terraces
are both oscillatory, with a period of about 1.5 nm (half of the
Fermi wavelength of the surface state of Cu(111)). The calculated results show that the adatom moving toward a step is
repelled by the repulsive potential. For the lower and upper
terraces, the first repulsive barrier occurs at distances of about

Distance/nm

B′

C′
A′

A
C

B

B-B′
C-C′

A-A′
Height/nm

3.1. Atomic strings

0.4–0.5 nm from the step edge. The strength of the repulsive
barrier on the upper terrace (173 meV) is much larger than that
on the lower terrace (26 meV), which is related to a redistribution of the electron-charge density at the step edge. [90] The
first minimum of the interaction energy appears at ∼ 0.9 nm on
the lower terrace and at ∼0.8 nm on the upper terrace. However, the depth of this minimum on the upper terrace (8 meV)
is twice as large as that on the lower terrace (4 meV). At
10–11 K, Fe adatoms can easily be trapped in these attractive potential wells after overcoming small repulsive barriers at larger distances. According to Boltzmann distribution
exp(−E1 /kB T ) (where E1 is the depth of the first minimum of
the interaction energy), one can easily find that the occupation
probability in the potential well near the edge of the upper terrace is about 100 times larger than that on the lower terrace
at 10–13 K. Therefore, Fe adatoms will be located at about
0.8 nm from the step edge on the upper terrace.

Height/nm

3. 1D self-assembly
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Fig. 7. (a) The STM image of Fe atomic strings on a vicinal Cu(111)
surface (image size: 40 × 40 nm2 , coverage = 8 × 10−3 MLE, U =
−0.8 V and It = 1 nA). (b) A zoomed-in image of (a). (c) and (d)
Line profiles along and perpendicular to the string directions as marked
in (b). (e) The kMC simulations of the self-organization of Fe adatoms
on vicinal Cu(111) into atomic strings. The inset shows the statistics
of the nearest-neighbor Fe–Fe separation along the step edges, which is
centered in a narrow range around 1.2 nm. [89]
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atomic strings at the edge of the upper terraces. The distribution of the interatomic distances along the string shows a
pronounced peak around 1.2 nm (inset of Fig. 7(e)) and the
string is 0.8 nm away from the step edge, in good agreement
with the experimental findings. The simulated results unambiguously prove that the surface-state-mediated interactions
between adatoms and steps are the driving force for the 1D
self-assembly of atomic strings.
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If there are several Fe adatoms diffusing on the terrace
of Cu(111), adatoms are captured near the step edge and
they should interact with each other. Figure 8(c) presents the
potential-energy map for the Fe adatom approaching another
Fe adatom trapped in the potential well near the step edge
of the upper terrace. [89] The repulsive area surrounding this
adatom is easily seen and corresponds to the repulsive ring in
the Fe–Fe LRI mentioned above. It is easier for the Fe adatom
to approach the step edge within a distance of about 1.2 nm
from the first Fe adatom, which is related to the first minimum
of the Fe–Fe LRI. Fe adatoms interact with each other as well
as the step edge and further form a sparse atomic string with
an interatomic distance around 1.2 nm.
Following closely the experimental conditions, KMC
simulations of the growth process of Fe adatoms on a
stepped Cu(111) surface are carried out. [89] The surface-statemediated adatom-step and adatom–adatom interactions are included in the simulations. The simulated results in Fig. 7(e)
nicely demonstrate the self-organization of Fe adatoms into

Height/nm

Fig. 8. Long-range interaction energy between the Fe adatom and the
Cu step on Cu(111) (a) for the lower terrace and (b) for the upper
terrace. (c) Potential-energy map for the Fe adatom to approach another Fe adatom trapped in the potential well near the edge of the upper
terrace. [89]

Position/nm

Position/nm

Fig. 9. (a) STM image of Gd atomic strings near the step edges
of Ag(111) at 3.8 K (coverage = 1.0 × 10−3 MLE, U = 100 mV and
It = 2 pA). (b) A zoomed-in image of the atomic string. (c) and (d)
Line profiles along and perpendicular to the string direction as marked
in (b), respectively. [91]

This 1D atomic string can also be formed in Gd/Ag(111)
where 2D superlattice exists. [91] Figure 9(a) shows the typical image for 1.0 × 10−3 MLE Gd atoms on Ag(111) obtained
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tentials are Vup = +0.6 eV and Vlw = −0.6 eV, respectively.
These two potentials are determined to best reproduce the
dI/dU oscillation near the Ag(111) step edges experimentally
determined by STS. [88] The calculated LDOS based on Model
II shows a peak around 100 mV with a similar shape to the experiments (black rectangles in the upper panel of Fig. 10(a)).
This agreement verifies the important contribution of the step
edges to the spectroscopy of self-assembled atomic strings.
The slight difference in peak position may come from the tipinduced lattice enlargement of Gd strings, similar to that in the
Gd superlattices discussed above.

(dI/dU)/arb. units

at 3.8 K. Well-ordered atomic Gd strings near the step edges
on the upper terrace are observed. A few atoms also aggregate near the lower step edges (mark A), indicating that LRI
between adatoms and steps exists at both the upper and lower
terraces near the step edges. Moreover, a few single adatoms
(mark B) and locally hexagonal structures (mark C) are found
on the flat terrace. Due to a lower diffusion barrier compared
to Fe/Cu(111), the single Gd adatom and hexagonal structures
with similar size are typically mobile at this temperature on a
flat terrace without defects. Therefore, we attribute these exceptions to the pinning effect induced by the substrate defects
and subsequent aggregation near the pinned adatom driven
by the Gd–Gd LRI. Through quantitative investigation of the
zoomed-in image (Fig. 9(b)), the nearest-neighbor Gd separation of 3.0 ± 0.2 nm (Fig. 9(c)) and distance of 2.5 ± 0.1 nm to
the step edge (Fig. 9(d)) are obtained. The Gd–Gd separation
is consistent with the results of 2D hexagonal superlattice and
the Gd–Gd LRI discussed previously. [86]
3.2. Spectroscopic study of 1D atomic string
After obtaining the topographic information of the atomic
strings, low-temperature STS measurements are performed
to reveal the characteristic electronic properties of this selfassembled structure. [91] The scanning conditions are U =
150 mV and It = 0.5 nA. As a reference, the spectra on the
clean and wide Ag(111) terrace are first taken to check the
tip’s condition and the result is similar to the one shown in
Fig. 6(b). The dI/dU spectra are measured at the center of
two neighboring adatoms in a string, shown as red triangles
in the upper panel of Fig. 10(a) (location of taking spectra is
indicated by the cross in the inset). The LDOS of the sparse
string has a peak at approximately 65 meV above EF . The unoccupied electronic states were also observed in previous STS
results of close-packed one-dimensional chains. [20,23,25,26,52]
TB calculations are also performed similarly to those for
the Gd superlattice on Ag(111). [91] The 10 × 250 unit cell is
chosen to describe the isolated atomic strings, considering the
interatomic separation of 3.0 nm (Model I in Fig. 10(b)). Gd
and Ag atoms are indicated by red and gray spheres, respectively. Due to different on-site potentials, the three nearestneighbor Ag atoms supporting the Gd adatom are indicated by
dark blue spheres. The calculated LDOS based on Model I is
plotted as black circles in the lower panel of Fig. 10(a) and
it shows a curve with a step shape, in sharp contrast with the
experimental finding.
Comparing Model I with the detailed experimental geometry of Gd atomic string, we realized that the step edge
may play an important role. Therefore, we introduced the step
edge to make the model closer to the actual environment of
the strings (Model II in Fig. 10(c)). The upper and lower step
edges are modeled as two Ag atomic rows whose on-site po-

Bias voltage/V

VlwVup
Fig. 10. (a) Upper panel shows the experimental dI/dU spectra (red
triangles) and the tight-binding calculated LDOS (black rectangles) using Model II of the Gd atomic string shown in (c). The dI/dU spectra
are measured at the position indicated by the cross in the inset. Lower
panel shows the calculated spectra of the Gd atomic string using Model
I shown in (b). The experimental results have been shifted vertically for
clarity. In Model II, the upper and lower step edges are modeled as two
Ag atomic rows whose on-site potentials are Vup (black spheres) and Vlw
(green spheres), respectively. [91]

The importance of the step edge is further confirmed by
the spectroscopic study of Fe strings on a flat terrace and
near step edges constructed by atomic manipulation. [91] Fe
adatoms have higher diffusion barrier on Ag(111) than Gd
adatoms [80,86] and they are immobilized after positioning at
4.7 K. Figure 11(a) presents the isolated Fe atomic string on
a flat terrace of Ag(111) with a period of 3.0 nm. The experimental dI/dU spectra (red triangles), and TB calculated
LDOS (black rectangles, based on Model I) of the isolated
string are shown in Fig. 11(c). The experimental results indeed have a step shape and agree well with the theoretical re-
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(dI/dU)/arb. units

(dI/dU)/arb. units

sults, except for the peak around −280 meV and the surface
state of Ag(111) which is not suppressed. We attribute the exception to the simplicity of the effect of an adatom’s potential
on Ag electrons. The agreement in the isolated atomic string
further confirms the importance of the detailed experimental
geometry, i.e., the step edge near the self-assembled string.

Bias voltage/V

Bias voltage/V

Fig. 11. STM images of the Fe atomic strings on a flat terrace (a) and
near the step edges (b) of Ag(111) at 4.7 K built by atomic manipulation
(U = −1 V and It = 1 nA). The experimental dI/ dU spectra (red triangles) of strings in (a) and (b) and their tight-binding calculated LDOS
(black rectangles) using the Model I and II in (b) and (c) of Fig. 10, are
presented in (c) and (d), respectively. The dI/dU spectra are measured
at the position indicated by the cross in the inset. The experimental
results have been shifted vertically for clarity. [91]

Moreover, the Fe atomic string near the step edge of
Ag(111) is also built by atomic manipulation (Fig. 11(b)). It
has the same separation from step edges as the self-assembled
Gd atomic strings. The experimental dI/dU spectra at the
center of two neighboring adatoms in a Fe string (red triangles
in Fig. 11(d)) have features similar to Gd strings and show
a slightly larger peak around 85 meV. The calculated LDOS
based on Model II shows a peak around 100 mV and agrees
with the experiment, with the same exception as the isolated
Fe string (black rectangles in Fig. 11(d)). The comparison of
Fe strings on the flat terrace and near the step edges further evidences that the scattering of Ag(111) surface-state electrons
by both the atoms of the strings and nearby step edges should
be considered for the self-assembled string system guided by
the step edges.

4. Self-assembly under 2D quantum confinement
As mentioned in the introduction, atomic manipulation is
one of the important approaches for creating atomic structures
in an atom-by-atom fashion. However, it also has the limitation that the speed is rather slow. Moreover, as size shrinks

to the 10-nm range, quantum effects appear and can influence many system properties. For instance, when electrons
are confined in the vertical direction, it has been found that
quantum confinement has a decisive influence on the growth
of thin films, resulting in novel effects. [62–67] If quantum confinement in the lateral direction could also be imposed, this
would open the possibility for local functionality design with
< 10-nm resolution.
Recently, the quantum size effect was proposed to influence self-assembly and atomic diffusion. [59,61] Negulyaev et
al. built a quantum resonator from two parallel monatomic Cu
chains on Cu(111) at 12 K and studied the diffusion behavior of a single Cu adatom inside the resonator (Fig. 12(a)). [61]
Surface-state electrons were confined in the resonator, forming clearly visible standing waves. In order to study the effect of quantum confinement on the atomic diffusion, KMC
calculations were performed, and the calculated probability is
presented in Fig. 12(b). There are three diffusion channels
with a high probability to find the adatom, which is different
from the 2D random walk of the adatom on the wide Cu(111)
terrace. [61] Under the confinement, the adatom between the
channels will first diffuse toward one of the channels and then
migrate inside the channel parallel to the resonator walls. If
more adatoms are introduced into the resonator, the interaction between them could result in the formation of a sparse
string. Such structures have been recently observed inside
self-assembled methionine nanogratings on Ag(111). [92] The
quantum confinement on the atomic diffusion in the corral was
also investigated. [59] The probability of finding a single Co
adatom inside the pinned Co corral at 15 K was calculated by
KMC simulations. The result shows several orbits of adatom
motion with a high probability (Fig. 12(c)). When introducing more adatoms into a corral, they could occupy the diffusion orbits and form novel structures. Figure 12(d) shows the
KMC calculated self-assembly of 0.01 MLE Ce adatoms inside the circular Ce corral made of Ce dimers on Ag(111) at
4 K. The Ce adatoms are self-organized into different concentric circular orbits, forming a “quantum onion”. [59] These simulations demonstrate that quantum confinement can engineer
the atomic diffusion and create novel atomic structures.
To further reveal the effect of quantum confinement, a
circular quantum corral with 30-nm diameter is built with 32
Fe adatoms on Ag(111), as shown in Fig. 13(a). The slightly
brighter spots are Fe dimers accidently formed during the manipulation. Surface-state electrons contained by Ag(111) are
confined within the corral by strong scattering at the corral
walls, leading to a concentric circular standing-wave pattern.
This kind of pattern can be observed by the spectroscopy image as shown in Fig. 13(b). An average line profile from the
center to the Fe circle, indicated by the black line, is plotted
in the inset of Fig. 13(b). The average period of the stand-
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ing wave is ∼ 3.8 nm, which corresponds to half of the Fermi
wavelength of the Ag(111) surface state. About 0.02% MLE
of Gd adatoms were deposited on the pre-patterned Ag(111)
surface, and adatom diffusion on flat terraces and inside the
corrals were studied. On a flat terrace without quantum corrals, we find the Gd adatoms follow a 2D random walk, similar to that observed for the diffusion of Cu single adatoms on
a flat Cu(111) surface. [61] To obtain statistics on Gd adatom’s
diffusion inside the corral, we continued to image the same
area until the liquid He in the cryostat evaporated. We collected hundreds of consecutive images and averaged them into
a single image. With further background subtraction to remove
the electronic effects caused by the corral, the statistical result
was obtained. [93] For one adatom diffusing inside the corral,
it is found that the adatoms stay mostly in the vicinity of a
specific location and form an arc-shaped distribution near one
side of the Fe corral, which is in contrast to theoretically predicted circular orbits. [59] This may be due to the fact that the
Fe adatoms in the experiments are not positioned in as perfect
a circle as in the theory, resulting in preferred occupation sites.
To verify this, we repeated the measurements with new corrals
and found that the arcs are always located near one side of the
corral, but at different locations for different experiments. The
random distribution of arcs suggests they are preferred occupation sites.

(Fig. 13(c)). The idea was to use the collision of two adatoms
to kick an adatom out of the preferred occupation site where
it is trapped. To obtain statistics of the Gd diffusion inside the
corral, more than 500 consecutive images are collected and the
statistical result is shown in Fig. 13(d). The statistical result
shows three concentric orbits of adatom motion and one focused at the center with separation of about 3.8 nm. The orbits
have different intensities, suggesting that they have different
occupancies. The brighter the orbit is, the higher the occupancy is. On the outermost orbit of Fig. 13(d), there are a few
bright spots with much higher probability which correspond
to the preferred occupation sites due to the imperfect circle.
KMC simulations for the diffusion inside the corral considering the Fe–Gd and Gd–Gd LRI agree well with the experimental findings. The similarity between the distribution of the
adatom diffusion probability and the LDOS demonstrates that
the quantum confinement can significantly modify the atomic
diffusion.

Y/A

p(x,y)/arb. units

diffusion channels

p(x,y)/arb. units

X/A

Fig. 12. (a) A single Cu adatom inside a quantum resonator built from
two parallel monatomic Cu chains on Cu(111) at 12 K (U = 0.1 V and
It = 70 pA). The distance between the chains is 5.5 nm. (b) The KMC
calculated probability of finding the randomly walking Cu atom inside
the resonator at 12 K. [61] (c) The calculated probability of finding a
single Co adatom inside the pinned Co corral at 15 K. (d) “Quantum
onion”: self-assembly of 0.01 MLE Ce adatoms inside the circular Ce
corral (radius: 15 nm) made of Ce dimers on Ag(111) at 4 K. [59]

To overcome the problem of Gd adatom trapping at
preferred occupation sites, two Gd adatoms are introduced
into the circular Fe corral by electron-beam evaporation

Fig. 13. (a) STM topography of circular corral built with 32 Fe adatoms
on Ag(111) (U = 100 mV and It = 1 nA). (b) LDOS near EF inside the
corral. Fe circular corral is indicated by blue circle for clarity. Inset: average period of standing wave indicated by black line in (b) is ∼ 3.8 nm
which corresponds to half of the Fermi wavelength of Ag(111). (c) Typical STM image of two Gd adatoms inside a circular corral. (d) Adatom
probability distribution derived from summing up 510 successive images as in (c). For clarity, small balls are used to mark the positions of
Fe adatoms. [93]

Moreover, the size-dependent quantum diffusion of Gd
adatoms within Fe nano-corrals on Ag(111) are also carried out. [94] Figure 14(a) shows the spatial distribution of the
LDOS near EF within the circular Fe quantum corrals with the
diameters of 6, 10, and 14 nm. The scanning condition for
LDOS maps is U = 20 mV and It = 1 nA. To guide the readers, small balls were used to mark the position of Fe atoms.
Inside the quantum corrals, an interesting periodic evolution
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of LDOS is found as the diameter increases. One spot with
high LDOS located at the center of the corral is observed for
the 6-nm diameter corral. For the 10-nm diameter corral a
circular orbit with high LDOS occurs away from the center
while the LDOS at the center is reversed and appears as dark.
Further enlarging the corral to 14-nm diameter, high LDOS
is observed both at the center and along a circular ring away
from the center. In addition, separated spots with high LDOS
also appear outside the quantum corrals for all three corrals,
forming concentric circles, as marked by yellow dash lines.
This suggests that the quantum confinement has meaning both
inside and outside the corrals.
(a)

D=6 nm

(b) D=6 nm

10 nm

10 nm

14 nm

14 nm
1 Gd inside

14 nm
3 Gd inside

(c)

interaction when more than one orbit exists, we further studied the situation for 3 Gd adatoms diffusing inside the 14-nm
corral. The differences between the 3-Gd and 1-Gd situation
is that the relative probability of the two orbits has apparently changed and the orbit at the center seems to be larger
in 3-Gd situation induced by the Gd–Gd LRI. [94] Apparently,
these regions with high visiting probability are very close to
the regions with a high LDOS, as shown in Fig. 14(a). KMC
simulations were also performed with the Gd–Gd and Fe–Gd
LRI. The simulated results of perfect circles show circular uniform orbit inside the corrals which are slightly different from
the experiments (inset of Fig. 14(c)). This is due to the Fe
adatoms in the experiments not being positioned in a perfect
circle, but sometimes having 0.1–0.2 nm deviations in some
directions. When we input real positions of each Fe adatom
into the KMC without changing other parameters, similar features in the adatom probability distribution were reproduced
(Fig. 14(c)). Our study demonstrates that one can engineer
adatom motion by controlling the size of the quantum corrals.
From the above diffusion study, we learned that the orbit
nearest to the Fe corral has the maximum occupancy for the
Gd adatoms’ visits. With increasing Gd dosage, it would be
expected that most of the Gd adatoms would be located near
the quantum corral, forming a ring-like structure. Indeed, the
experimental data (see Fig. 15(a)) nicely demonstrated this effect. Similar findings can be obtained with KMC simulations
when the experimental conditions are imposed. The result is
shown in Fig. 15(b) and it is in good agreement with the experimental results. This demonstrates the possibility to use
quantum confinement to create novel atomic structures.

Fig. 14. (a) Experimentally obtained evolution of LDOS near EF within
the corrals. The diameters of Fe corrals (indicated by small balls for
clarity) are 6, 10, and 14 nm (from left to right), respectively. Yellow
dash lines indicate the position of circular high LDOS inside and outside. (b) Experimental probability distribution of Gd adatoms within
circular corrals with diameters of 6, 10, 14 nm (1-Gd situation) and
14 nm (3-Gd situation) obtained by averaging hundreds of consecutive
images, respectively. (c) Adatom probability distribution of KMC simulations with real positions of corral with 108 samplings of corresponding
sizes. Inset: KMC simulations for ideal corrals of respective sizes. [94]

Gd adatoms were further deposited onto the prepatterned
Ag(111) surface to study different adatom diffusion behaviors
in different corrals. The statistical results of visiting probability for Gd adatoms are shown in Fig. 14(b). The Gd adatom
in the 6-nm corral preferred to stay in the central area, similar to the findings for the 2D self-assembled networks with 4or 5-nm cavities. [95,96] When the diameter of the corral was
enlarged to 10 nm, the Gd adatoms diffused in a circular orbit away from the center. Both a dot orbit at the center and
a circular one away from the center were observed for Gd
adatoms in the 14-nm corral. To explore the role of Gd–Gd

Fig. 15. (a) Typical topography image of 20 Gd atoms inside an Fe circular corral. (b) KMC simulation of the same coverage. [93] For clarity,
blue and white circles indicate the Fe corral and orbits of Gd adatoms,
respectively.

5. Summary
We reviewed the recent progress in both the experimental
and theoretical studies of self-assembly of magnetic adatoms
on noble metal surfaces, including 2D superlattices, 1D atomic
strings and the novel structures formed by quantum-guiding.
The formation mechanism and the empirical preconditions
for the formation of a good-quality superlattice are discussed.
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These novel self-assembled structures show interesting electronic properties, as revealed by scanning tunneling spectroscopy and tight-binding calculations. Besides, it is found
that these self-assembled structures and adatom diffusion can
be significantly modified by introducing the quantum confinement of nano-size corrals. Since these corrals can also be built
by advanced lithography, further combining them with quantum engineering will open new possibilities for local functionality design down to atomic scale. Besides, in this review,
we mainly focused on the discussion of the structure and electronic properties of these novel magnetic atomic structures. As
these systems are magnetic, it would be even more interesting to further investigate their magnetic properties. This could
be done in conjunction with high-sensitivity, high-resolution
magnetic characterization tools such as spin polarized scanning tunneling microscopy. [97–100] Moreover, we touched on
only a few aspects of the quantum size effect. More novel effects are expected to emerge with further exploration. In particular, the influence of the quantum size effect on the magnetic properties is still an open field to explore.

References
[1] Bader S D and Parkin S S P 2010 Annu. Rev. Cond. Matter Phys. 1 71
[2] Sun S, Murray C B, Weller D, Folks L and Moser A 2000 Science 287
1989
[3] Gambardella P, Dallmeyer A, Maiti K, Malagoli M C, Eberhardt W,
Kern K and Carbone C 2002 Nature 416 301
[4] Gambardella P, Dallmeyer A, Maiti K, Malagoli M C, Rusponi S,
Ohresser P, Eberhardt W, Carbone C and Kern K 2004 Phys. Rev. Lett.
93 077203
[5] Fruchart O, Klaua M, Barthel J and Kirschner J 1999 Phys. Rev. Lett.
83 2769
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[35] Röder H, Hahn E, Brune H, Bucher J-P and Kern K 1993 Nature 366
141
[36] Gambardella P, Blanc M, Bürgi L, Kuhnke K and Kern K 2000 Surf.
Sci. 449 93
[37] Gambardella P, Blanc M, Brune H, Kuhnke K and Kern K 2000 Phys.
Rev. B 61 2254
[38] Pennec Y, Auwärter W, Schiffrin A, Weber-Bargioni A, Riemann A and
Barth J V 2007 Nat. Nano 2 99
[39] Ma X D, Bazhanov D I, Fruchart O, Yildiz F, Yokoyama T, Przybylski
M, Stepanyuk V S, Hergert W and Kirschner J 2009 Phys. Rev. Lett.
102 205503
[40] Barth J V, Costantini G and Kern K 2005 Nature 437 671
[41] Repp J, Moresco F, Meyer G, Rieder K H, Hyldgaard P and Persson M
2000 Phys. Rev. Lett. 85 2981
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