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Step-edge guided Gd one-dimensional atomic strings on Ag(111) surface are studied by scanning
tunneling microscopy and spectroscopy at low temperature. Spectroscopy measurements show a
characteristic peak, 65 meV above Fermi level in sharp contrast with tight-binding calculations of a
string on a flat terrace. Good agreement can be obtained when the step edges are included in the
calculations, revealing their roles on the electronic spectra of the self-assembled strings guided by
step edges. The results are further confirmed by the spectroscopy study of Fe strings on a flat
C 2013 AIP Publishing LLC.
terrace and near step edges constructed by atomic manipulation. V
[http://dx.doi.org/10.1063/1.4819231]

Low dimensional systems are of special interests due to
their rich physical properties and potential applications.
Atomic manipulation through scanning tunneling microscopy
(STM)1–6 and self-assembly growth7–13 are two main routes
to fabricate the low dimensional structures at atomic scale.
Atomic manipulation can build structures in arbitrary geometry, while self-assembly can provide well-ordered structures
with relatively large area homogeneity and in an economic
way. The low dimensional structures, especially the onedimensional systems are believed to play important roles in
future nanoscale electronic and magnetic devices. Previous
theoretical studies revealed general features of electronic
structure, magnetic properties, and interactions in onedimensional nanostructures on metal surfaces.14–18 The prototype device of nonvolatile information storage has been
demonstrated in atomic chains due to the magnetic coupling.6,11 Moreover, one-dimensional spin chains show strong
potentials in quantum communications.19–23 Especially, the
magnetic atomic strings, where the atoms are separated by a
fixed distance, are predicted to have both high speed and high
fidelity in quantum information transfer.20,21 The prototype
device was recently demonstrated experimentally through the
spin strings built by STM atomic manipulation.22,23 One
dimensional Fe atomic strings have also been self-assembled
on vicinal Cu(111) surfaces.13 Surface-state-mediated longrange interactions (LRI) and step-edge guiding were revealed
to be the origin for stabilizing this unique one-dimensional
atomic structure.13,14 The electronic properties of the atomic
strings, which are critical for their functionalities, however are
not explored. This is in sharp contrast with the close-packed
atomic chains which were intensively investigated.4,24–27
In this letter, we report on the scanning tunneling spectroscopy (STS) investigation of the spectroscopy of both selfassembled Gd strings and atomic manipulated Fe strings on
Ag(111) surfaces. At the coverage of 1:0  103 monolayer
equivalent (MLE), Gd atomic strings on the upper terrace and
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near the step edges are observed. The atomic string has a periodicity of 3.0 nm and stands 2.5 nm away from the step edges
on the upper terraces. The differential conductance (dI=dU)
spectra of this structure are measured and a characteristic peak
above Fermi level (þ65 meV) at the interatomic positions is
observed. To understand the physical origin, we performed
the tight-binding (TB) calculations for atomic strings on a flat
terrace following the work by Ternes et al.28 The calculated
spectra however only yield a step-like function, in sharp contrast with the experimental findings. Good agreement can be
obtained by including the step edges in the calculations,
revealing their roles on the spectroscopy of the step-edgeguided one-dimensional atomic string. Moreover, we also
studied the electronic property of Fe strings both on a flat terrace and near the step edges constructed by atomic manipulation. The TB calculations with the local environmental effects
included can once again reproduce the experimental findings
on both cases. Our findings demonstrate that the electron scatterings by both the adatoms of the string and step edges play
important roles in the electronic spectra of the self-assembled
strings guided by the step edges.
The experiments are performed in an ultrahigh vacuum
chamber equipped with a low-temperature STM and a sputter gun. The base pressure is 2:0  1011 mbar. The singlecrystal substrate Ag(111) is cleaned by repeated cycles of
argon ion sputtering (at 1.5 keV) and annealing (at 870 K).
After that, the crystal is transferred into the STM stage and
cooled down to 4.7 K. The clean surface with low impurity
concentration is checked by STM. The sample can be cooled
further down to 3.5 K by pumping liquid He in the cryostat.
With a typical deposition rate of 0.002 monolayer/min, highpurity Gd and Fe are deposited utilizing electron beam evaporation onto the Ag(111) substrate in the STM stage at 6 K
from thoroughly outgassed rods. Electrochemically etched
and in-situ e-beam cleaned tungsten tips are used for the
STM and STS measurements.29 The bias voltage, U, refers
to the sample voltage with respect to the tip. Spectroscopy
measurements are performed via the modulation technique
utilizing a 10-mV amplitude and 6.09-kHz frequency.
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Figure 1(a) shows the typical image for 1:0  103 MLE
Gd on Ag(111) obtained at 3.8 K. The scanning conditions are
U ¼ 100 mV and It ¼ 2 pA. We find that Gd atoms form wellordered atomic strings near the step edges on the upper terrace
which are similar to Fe atomic strings on vicinal Cu(111) surfaces observed previously, where the surface-state-mediated LRI
and the step guiding are revealed to be the driving force.13,14
The interaction energy between step edges and adatoms on the
upper/lower terrace is oscillatory with a period of half the
Fermi wavelength of the surface state on substrates. At a proper
temperature, the adatoms can easily overcome small repulsive
barriers and be trapped in attractive potential wells of interactions with nearby step edges. The adatom moving further
towards the step edge is repelled by much larger repulsive
potentials existing both on upper and lower terraces with different strengths, which is induced by redistribution of the electroncharge density at step edges.13,14,30 Adatoms captured near step
edges are separated from each other driven by the Gd-Gd
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LRI,31 forming the step-edge guided Gd one-dimensional
atomic strings. We note that a few atoms also aggregate near
the lower step edges (Mark A) and this indicates LRI between
adatoms and step exists at both the upper and lower terraces
near the step edges. The fact that most of the atomic strings are
found near the step edges on the upper terrace is similar to the
Fe on stepped Cu(111) surface where the interaction at the
upper step is found to have deeper potential well.13,14 This suggests that it could be a general behavior though more systems,
including theory, should be explored to understand the basic
mechanism. Moreover, a few single adatoms (Mark B) and
locally hexagonal structures (Mark C) are found on the flat terrace. Because the single adatom and hexagonal structures with
similar size are typically mobile at this temperature on a flat terrace without defect, we attribute this to the pinning effect
induced by the substrate defects and subsequent aggregation
near the pinned adatom driven by the Gd-Gd LRI.
To obtain the quantitative information, line-profiles along
and perpendicular to the string direction are made in a
zoomed-in image, which are marked by red and blue lines,
respectively [Fig. 1(b)]. The line-profile along the string direction shows that the nearest-neighbor Gd separation is
3:0 6 0:2 nm [Fig. 1(c)]. This distance is consistent with the
results of two-dimensional hexagonal superlattice and the GdGd LRI discussed previously.31 The line-profile perpendicular
to the string direction shows that Gd adatoms are 2:5 6 0:1
nm away from the step edge [Fig. 1(d)]. This indicates the
interaction between Gd adatom and step edge has an attractive
minimum around 2.5 nm. Understanding the spatial distribution of the attractive minimum may require more theoretical
inputs, such as the first principle calculations.13,14
After obtaining the topographic information of Gd atomic
string, we perform low-temperature STS measurements to
reveal the characteristic electronic properties of this selfassembled structure. The scanning conditions are U ¼ 150 mV
and It ¼ 0:5 nA. As a reference, we first take dI=dU spectra on
the clean and wide Ag(111) terrace to check the tip’s condition.
The surface-state band that starts at about 67 meV below EF is
clearly observed (not shown), which is in good agreement with
previous findings.32 Due to the tip-induced adatom motion, the
dI=dU spectra on top of Gd adatoms are not very well reproducible. Therefore, we focus our study on the dI=dU spectra
obtained at the center of two neighboring adatoms in a string,
shown as red triangles in the upper panel of Fig. 2(a) [Location
of taking spectra is indicated by the cross in the inset]. And we
find that the local density of states (LDOS) shows a peak at
approximately 65 meV above EF. We note that unoccupied
electronic states were also observed in previous STS results of
close-packed one-dimensional chains.4,24–27
To understand the experimental results, we performed
TB calculations similar to previous study in Ce/Ag(111).28
The TB Hamiltonian is described as follows:
H¼t

X
n:n:

FIG. 1. (a) STM image of Gd atomic strings near the step edges of Ag(111)
at 3.8 K (coverage ¼ 1:0  103 MLE, U ¼ 100 mV, and It ¼ 2 pA). (b) A
zoomed-in image of the atomic string. (c) and (d) are the line-profiles along
and perpendicular to the string direction as marked in (b), respectively.

jiihjj þ

X
ðe0 þ Vi Þjiihij;

(1)

i

where t is the isotropic hopping integral, e0 is the on-site
potential of the bare Ag(111) lattice, and Vi describes the correction to the on-site potential induced by Gd adatoms or
steps. We take t ¼ 0:75 eV and e0 ¼ 4:437 eV to reproduce

081608-3

Cao et al.

FIG. 2. (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. 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. The experimental results have been shifted vertically for clarity. (b) Model I: atomic string on a flat terrace (10  250 unit
cell). (c) Model II: atomic string near a step edge (10  250 unit cell). 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.

the onset energy and the effective mass of Ag(111) surface
states.32 The local Vi is set to be Vnn at the three nearestneighbor Ag atoms supporting the Gd adatom and 0
elsewhere in each unit cell. We use a 44  44 unit cell to
adjust Vnn to reproduce the phase shift d0 of Friedel oscillations [ð0:43 6 0:02Þp for Gd31]. And Vnn is found to be
1:7 6 0:2 eV. We further check the feasibility of the calculations by comparing the TB calculations and experimental results of Gd hexagonal superlattice on Ag(111)31 as the
method has been well demonstrated on Ce similar structure on
Ag(111).28 The calculated dI=dU spectra at the center of the
triangle formed by three Gd adatoms in the well-ordered
superlattice show a peak at approximately 100 meV above EF
which is similar to the peak found in Ce/Ag(111).28 As discussed by Ternes et al.,28 the STM tip may induce the hexagonal lattice constant increasing during the measurements, so we
also make calculation with slightly larger lattice constant
(11  11 instead of 10  10 unit cell). The results yield a
peak around 65 meV, in excellent agreement with the experimental value of 70 meV.
The good agreement in hexagonal superlattice evidences
that the feasibility of the calculations in this system and the
parameters are properly chosen. Then we use 10  250 unit
cell to describe the atomic strings [Model I in Fig. 2(b)].
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The atomic strings have an interatomic separation of about
3.0 nm and are separated by more than 60 nm from each
other in this model. So, they can be considered as isolated
strings. Gd and Ag atoms are indicated by red and gray
spheres, respectively. Due to the different on-site potentials,
the three nearest-neighbor 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. 2(a) and it shows a curve with a step
shape which is in sharp contrast with the experimental
finding.
By comparing Model I with the detailed experimental
geometry of Gd atomic string, we realize that the step edge
may play an important role. Therefore, the step edge is introduced to make the model closer to the actual environment of
the strings [Model II in Fig. 2(c)]. The upper and lower step
edges are modeled as two Ag atomic rows whose on-site
potentials are Vup and Vlw , respectively. This will add a phase
shift to the scattered electron wave function near the steps.
These two potentials are determined to be Vup ¼ þ0:6 eV
and Vlw ¼ 0:6 eV to best reproduce the dI=dU oscillation
near Ag(111) step edge revealed by STS.32 Then the TB calculations are performed and 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. 2(a)]. This agreement verifies the important contribution
of the step edges to the spectroscopy of self-assembled
atomic string. The slight difference in peak position may
come from the tip-induced lattice enlargement of Gd string
similar to that in Gd superlattice discussed above.
To further confirm the role of the step edge, we also
measure the spectroscopy of the isolated atomic string on a
flat terrace experimentally to see whether it is consistent
with the calculated result from Model I. Gd atoms cannot
form a good atomic string naturally on a flat terrace because
the hexagonal arrangement is energetically more favorable.
Instead of Gd, we build an isolated atomic string with Fe
atoms by atomic manipulation with the method described
previously.33 Fe atoms have higher diffusion barrier than Gd
adatoms34 and they are immobilized after positioning at
4.7 K. And we note that the calculated results for Fe string
are similar to self-assembled Gd atomic string because their
on-site potentials are close to each other.31,33 Figure 3(a)
shows the STM image of the Fe atomic string on a flat terrace of Ag(111). It has the same average periodicity of
3.0 nm as the self-assembled Gd atomic strings in Fig. 1. 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. 3(c). The experimental results
indeed have a step-shape and agree well with the theoretical
prediction except for the peak around 280 meV and surface
state of Ag(111) which is not suppressed. We attribute the
exception to the simplicity of the effect of adatom’s potential
on Ag electrons. The agreement in the isolated atomic string
further confirms the feasibility of the calculations and indicates the importance of the detailed experimental geometry,
i.e., the step edge near the self-assembled string in Fig. 1.
Moreover, we also built the Fe atomic string near the
step edge of Ag(111) by atomic manipulation [Fig. 3(b)] to
verify the step contribution in this different system. It has the
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by atomic manipulation, we find that the peak is originated
from the combined electronic scattering processes by the
atoms in the string and the nearby step edges. The findings
demonstrate that the local environment of the low dimensional structures should be considered in their electronic
property exploration.
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FIG. 3. 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 (U ¼ 1 V and It ¼ 1 nA). They
have the same average periodicity. The string near the step edges has the
same separation from step edges as the self-assembled Gd atomic strings.
The experimental dI=dU spectra (red triangles) of strings in (a) and (b) and
their tight-binding calculated LDOS (black rectangles) using the Models I
and II in (b) and (c) of Fig. 2, are presented in (c) and (d), respectively. The
experimental results have been shifted vertically for clarity.

same interatomic periodicity and distance from step edge as
the self-assembled Gd atomic strings. The experimental
dI=dU spectra at the center of two neighboring adatoms in a
string [red triangles in Fig. 3(d)] have the similar feature 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 with a similar shape to the experiments
[black rectangles in Fig. 3(d)] and it agrees with the experiment with the same exception as the isolated Fe string.
Comparing the Gd and Fe atomic strings near the step edge,
we find that the experimentally spectroscopic peak in the Gd
string has larger deviation from the calculation despite their
similar calculated LDOS. This can be understood, as the diffusion barrier of Gd is a factor of 6 smaller than that of Fe on
Ag(111). In such case, a larger tip-induced lattice distortion
is expected. 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.
In summary, in a joint effort of both experiments and
theory, we explore the spectroscopy of the self-assembled
Gd atomic strings and Fe atomic strings created by atomic
manipulation on Ag(111) surface. Quantitative analysis
reveals that the nearest-neighbor Gd separation is about
3.0 nm and the atomic string resides on the upper terraces
with a distance of 2.5 nm away from the step edge. Scanning
tunneling spectroscopy measured in this self-assembly structures shows a characteristic peak above Fermi level. By performing TB calculations and comparing the spectra of Fe
strings on a flat terrace and near the step edges constructed

