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Indium atomic wires with a long interwire distance of 5.73 nm were ordered spontaneously at

room temperature on a stepped atomic template using a Si(557) surface. The long interwire

distance is very interesting because, in general, interwire interactions are needed to order atomic

wires in such a way that ordered atomic wires have a short interwire distance of just a few Å. The

Si(557) surface is composed of four steps, i.e., one (111) step and three (112) steps, with a very

similar local structure to each other. However, mobile indium atoms at room temperature were

adsorbed specifically onto the second Si(112) step while maintaining the overall structure of the

stepped atomic template, as observed by scanning tunneling microscopy, which results in the

ordered atomic wires with the long interwire distance. This was supported by first-principles

calculations. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807623]

Nanowires need to be arranged uniformly for fundamen-

tal research and applications. On an ultimate scale, subnan-

ometer nanowires called atomic wires were assembled

spontaneously to distribute uniformly on a surface.1–7 Atomic

wires are close to a one-dimensional (1D) system from a

physical point of view and have been studied to understand

exotic 1D physics. In particular, electrons in atomic wires on

semiconductor surfaces are more localized within atomic

wires than on metal surfaces. This makes atomic wires closer

to a 1D system. On both isotropic and anisotropic semicon-

ductor surfaces, a variety of atomic wires were found. They

have shown many interesting 1D phenomena such as

Tomonaga-Luttinger liquid,8 Peierls instability,9 intrinsic

spin ordering,10 and magic monoatomic linear chains.11

Atomic wires do not interact directly with each other and

are instead ordered by an indirect substrate-mediated interac-

tion, whereas molecular structures can be assembled sponta-

neously by a direct interaction with each other.12,13 Such

interwire interactions are very short, and subsequently inter-

wire distances of ordered atomic wires are usually just a few

Å. Because of this interwire interaction, atomic wires have

been described as a quasi 1D system rather than a 1D sys-

tem.14,15 Therefore, atomic wires with a long interwire dis-

tance are needed to study 1D systems, but, as mentioned

before, ordered atomic wires with a long interwire distance

have been very rarely observed. Assembly of an atomic wire

with a long interwire distance is very challenging but is nec-

essary to widen the experimental scope of studies on 1D

physics of atomic wires. Recently, vicinal Si(111) surfaces

have been used to discover various ordered atomic wires

because the highly anisotropic stepped structure of the vicinal

Si(111) surface plays its role as a 1D template.1,2,4,5,7 After

the formation of ordered atomic wires at high temperatures,

the vicinal Si(111) surface had the same stepped structures as

its bulk-terminated vicinal Si(111) surface with a single step

in a small unit cell.5,6 In comparison to the atomic template

with a small unit cell, an atomic template with multiple steps

in a large unit cell could provide a template for the growth of

ordered atomic wires with a long interwire distance or an 1D

array of ordered magic clusters.

Here we demonstrate that indium atomic wires with a

long interwire distance of 5.73 nm can be ordered on a

stepped atomic template with multiple steps in a unit cell,

where the stepped atomic template is a thermally recon-

structed structure on a Si(557) surface.16 Because, at high

temperatures, the stepped atomic template is reconstructed

into one with a smaller period during indium atomic wire

growth,17 indium atomic wires were grown at room tempera-

ture (RT) to maintain the stepped structure of the atomic tem-

plate. Such an atomic template with a large unit cell has a

variety of possible adsorption sites for metal atoms. Thus, it

remains difficult to fabricate atomic wires with a long inter-

wire distance on these atomic templates. Surprisingly, on the

atomic template, mobile indium atoms at RT were adsorbed

at specific sites within the various possible adsorption sites of

the atomic template. This allowed only specific indium atomic

wires with a large interwire distance of 5.73 nm to be ordered

without a substrate-mediated interwire interaction. The

growth of these specific indium atomic wires was consistent

with our first-principles calculations.

Scanning tunneling microscopy (STM) images were

acquired by using a commercial variable-temperature STM

(Omicron, Germany). A n-type Si(557) wafer (9:45� miscut

angle toward the [�1�12] direction) with resistivity of 1 X cm

was thermally cleaned, where an electric voltage was applied

along the step edge direction.16 Indium was evaporated by

heating a tungsten wire wrapping an indium rod, where in-

dium coverage (hIn) was determined relatively from the In/a)Electronic mail: jrahn@skku.edu
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Si(111)-4� 1 surface with hIn of 1 monolayer (ML).18 First-

principles calculations were performed by using the Vienna

ab initio Simulation Package (VASP) based on the density

functional theory within the local density approximation to

an exchange-correlation potential.19 The electron-ion inter-

actions were described by the projector augmented-wave

method.20 The electronic wave functions were expanded by

plane waves up to a kinetic energy cutoff of 250 eV. The for-

mation energy, DEform¼Etot
InSi � Etot

Si � DlInNIn, was calcu-

lated to understand the structural stability, where Etot
Si and

Etot
InSi are the total energies of the clean and indium-covered

Si surfaces, respectively, DlIn is the relative indium chemi-

cal potential to the bulk indium chemical potential, and NIn

is the number of indium atoms. The atomic structure models

were made of three Si bilayers, where the Si atoms at the

bottom were saturated by hydrogen. The surface Brillouin

zone integration was performed in the Monkhorst-Pack spe-

cial ~k-point scheme, where a C-centered 4� 2 grid and a C
point were used for indium-covered Si(112) and Si(557)

surfaces, respectively.21 Structural relaxation was carried out

using a combination of quenched dynamics and quasi-

Newtonian methods until the residual forces on each atom

were below 0.02 eV/Å. Simulated STM images were

obtained using the Tersoff-Hamann method.22

Figure 1 shows empty-state STM images of the recon-

structed and indium-covered Si(557) surfaces. The bulk-

terminated Si(557) surface is made of a (111) step with a

width of 5 2
3

a� , where a� is the unit atomic length of the bulk-

terminated Si(111) surface. The reconstructed Si(557) surface

is composed of a (111) step with a width of 9a� and three

(112) steps with a width of 2 2
3

a� , corresponding to the three

(111) terraces with a width of 5 2
3

a� , as shown in Fig. 1(h).

Figure 1(a) shows a STM image of the reconstructed Si(557)

surface. The (111) step was reconstructed into a 7� 7 super-

structure, which has the same atomic structure as the dimer-

adatom-stacking fault (DAS) model of the Si(111)-7� 7

surface and was terminated at its corner hole.23,24 The

Si(112) step has also the same local structure as the DAS

model, except with a �7 period along the step edge direction

as well as a �2 period.25 Indium was deposited on the

Si(557) surface at RT. Figure 1(b) shows an STM image of

an indium-covered Si(557) surface with hIn of 0.01 ML.

Interestingly, indium atoms were adsorbed only onto the sec-

ond Si(112) step, maintaining the overall structure of the

reconstructed Si(557) surface, which is shown in more detail

in the enlarged STM images and line profiles of Figs.

1(c)–1(g). This suggests that indium atoms were mobile on

other steps of the Si(557) surface at RT.26 The preference of

indium atoms for a specific site resulted in ordered atomic

wires. The indium atomic wire had a �2 period along the

step edge direction, and its intensity was inversely propor-

tional to that of the first Si(112) terrace, as shown in Figs.

1(f) and 1(g). The defects of the indium atomic wires may

originate from the corner hole of the �7 structure or the

boundary between the �2 and �7 structures. Such adsorption

at a specific site for metal atoms was reported on the Si(111)-

7� 7 surface, where metal atoms were mobile in the

unfaulted half unit cell and adsorbed only in a faulted half

unit cell, resulting in ordered magic nanoclusters.27 The inter-

wire distance of the ordered indium atomic wires was

5.73 nm. The interwire distance is very large compared with

interwire distances of other ordered atomic wires such as Au

atomic wires on a Si(553) surface2 and indium atomic wires

on a Si(111) surface.3 This long interwire distance can be

understood by a different mechanism of self assembly; other

atomic wires were self-assembled by short-range substrate-

mediated interwire interactions, but this indium atomic wire

was self-assembled by an atomic template with specific

adsorption sites.

First-principles calculations were performed to under-

stand the long interwire distance of the ordered indium

atomic wires. The Si(112) step of the Si(557) surface has

FIG. 1. Empty-state STM images of (a) reconstructed (Vs ¼ 0:8 V) and (b) In-covered Si(557) surfaces (Vs ¼ 1:0 V) with enlarged STM images of (c) recon-

structed (Vs ¼ 0:6 V) and (d) In-covered Si(557) surface (Vs ¼ 1:0 V). The line profiles along the dotted white lines of (c) and (d) were drawn in (e). (g) The

line profiles of the first and the In-covered second Si(111) surfaces along the white dotted lines of (f) the In-covered Si(557) surface (Vs ¼ 1:0 V). The side

view of the atomic structure model of the reconstructed Si(557) surface was drawn in (h). The green, red, and blue arrows in (a)-(h) denote the Si(111) step

and the first and the second Si(112) steps, respectively.
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both �2 and �7 periods along the step edge direction, and

the Si(111) step of the Si(557) surface has a �7 period along

the step edge direction. Because the �2 and �7 superstruc-

tures on the Si(112) step have the same local atomic struc-

ture as the DAS model and the unit cell size of the

reconstructed Si(557) surface itself is very large, the �7

superstructure of the Si(112) step with the same period as the

superstructure of the Si(111) step was chosen to minimize

the unit cell size. The second Si(112) step is located in the

middle of the three Si(112) steps so that the energetic of the

various structure models for the indium atomic wire was cal-

culated using a Si(112) surface, as shown in Fig. 2. After the

most stable atomic structure model of the indium atomic

wire was chosen for the Si(112) surface, this atomic structure

model was applied to the Si(557) surface. First, because the

Si(112) step has the same atomic structure as the DAS

model, atomic structure models were based on the Si(112)

surface with Si adatoms and Si dimers, as shown in Fig. 2(a).

Second, the hIn of the indium-covered Si(557) surface was

0.01 ML so that one indium atom was added to the �2 unit

cell of the Si(112) surface. Figures 2(b)–2(e) show some rep-

resentative atomic structure models among the various ones

calculated. The indium atoms preferred three-fold sites in the

atomic structure models, as with other Si surfaces.17,18 The

atomic structure models were thus classified by the positions

of the three-fold sites. In the H1 [Fig. 2(b)], H2 [Fig. 2(d)],

and H3 models [Fig. 2(e)], the indium atoms were located

between the Si dimers, between the Si adatoms, and between

the Si adatom and Si dimer, respectively. In the modified H1

model [Fig. 2(c)], the position of the indium atom of the H1

model was displaced towards the middle of the Si adatom

and Si dimer. The most stable structure was the H1 model

with DEform ¼ �0:6 eV, while the modified H1; H2, and H3

models had DEform’s of �0.18, þ0.17, and þ0.12 eV, respec-

tively. Atomic structure models of the Si(112) surface with a

�7 period were also considered to verify that the same local

indium atomic structures can be stabilized on both the

Si(112) step with a �2 period and that with a �7 period.

Various adsorption sites of indium atoms on the Si(112) sur-

face with a �7 period were examined, likewise with the

Si(112) surface with a �2 period. The relative energetic of

various indium adsorption sites on the Si(112) surface with a

�7 period was similar to those on the Si(112) surface with a

�2 period. The H1 model was also the most stable on the

Si(112) surface with a �7 period, as shown in Fig. 2(f).

The H1 model was applied to the Si(557) surface to cal-

culate its dependence on the positions of the three Si(112)

steps, as shown in Fig. 3. On the Si(111) step of the Si(557)

surface, a DEform of a magic indium cluster model, reported

to be stable on the Si(111)-7�7 surface, was calculated.27 At

low hIn, corresponding to a DlIn far from zero, the H1 model

on the second Si(112) terrace, called the H2nd
1 model, had the

lowest DEform. At high hIn, corresponding to a DlIn close to

zero, the magic indium cluster model competed with the H2nd
1

model. The energetic is consistent with the STM experiment

showing that, at very low hIn, indium atoms prefer the second

Si(112) terrace among the four Si steps of the Si(557) surface.

Furthermore, the energetic supports that the indium atomic

wires with a long interwire distance can be self-assembled de-

spite the large unit cell of the Si(557) surface having various

possible indium adsorption sites with a similar local structure

to each other. The magic nanoclusters on the Si(111)-7� 7

surface were assembled on the faulted half unit cell at an ini-

tial stage.27 This was ascribed to a small formation energy

FIG. 2. Top and side views of the atomic

structure models of (a) the clean and (b)-

(f) In-covered Si(112) steps. (b) The H1,

(c) modified H1, (d) H2, (e) H3 models

on the Si(112) step with a �2 period and

(f) the H1 model on the Si(112) step

with a �7 period. The solid rectangles

denote unit cells. In (b) and (f), the simu-

lated STM images (Vs ¼ 1:0 V) overlap

with the atomic structure models.

FIG. 3. (a) Top and side views of the

atomic structure model of the recon-

structed Si(557) surface. The dotted red

and solid black rectangles denote the

unit cells of the Si(111) step with a

7� 7 period and the reconstructed

Si(557) surface, respectively. (b) DEform

as a function of DlIn of the magic clus-

ter, H1st
1 ; H2nd

1 , and H3rd
1 models, where

indium atoms of the magic cluster,

H1st
1 ; H2nd

1 , and H3rd
1 models are located

on the Si(111) terrace and the first, sec-

ond, and third Si(112) steps, respec-

tively, as indicated in (a).
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difference between the faulted and unfaulted half unit cells,

where the local atomic structure of the faulted half unit cell is

very similar to that of the unfaulted half unit cell.27 Similarly,

the three Si(112) steps have the same local structure but have

different neighboring steps; the first and third Si(112) steps

are connected with the Si(111) step, but the second Si(112)

step is connected with the two Si(112) steps. The different

configurations may result in the difference in the formation

energies. Furthermore, strain was estimated from the relative

terrace widths of the Si(112) steps of the atomic structure

model of the reconstructed Si(557) surface to that of the

bulk-terminated Si(112) surface. The terrace widths of the

first, second, and third Si(112) steps in the atomic structure

model of the reconstructed Si(557) surface were 9.51, 9.48,

and 9.56 Å, where the width of the bulk-terminated Si(112)

surface is 9.41 Å. The relative terrace widths suggest that the

three Si(112) steps are under tensile stress. The minimum ten-

sile stress on the second Si(112) step may also contribute to

the preference of the In atom to the second Si(112) step. An

STM image of the H2nd
1 model was simulated for comparison

with the experimental STM image (Fig. 4). The only differ-

ence between the simulated STM image of the H2nd
1 model

and that of the reconstructed Si(557) surface is observed on

the second Si(112) terrace, as was expected due to the nature

of the atomic structures. The simulated STM image of the

second Si(111) terrace of the H2nd
1 model is composed of

asymmetric zig-zag protrusions, where the brighter and the

darker protrusions originate from the indium atom and Si ada-

tom, respectively. As can be seen in the experimental STM

image of the reconstructed Si(557) surface, the second and

third Si(112) steps are less accessible than the first Si(112)

step. This suggests that the asymmetric zig-zag protrusion in

the simulated STM image can be imaged as an array of a sin-

gle protrusion, where the one brighter indium adatom and

two darker Si adatoms can be imaged as a single protrusion.

The Si(112) step has competing periods between �2 and �7

so that the period of the indium atomic wires on the Si(112)

step can be understood by the same competing periods

between �2 [Fig. 2(b)] and �7 [Fig. 2(f)]. The defects of the

In atomic wires of the experimental STM images can be

understood in terms of the competing periods (Fig. 4). The

corner hole in the �7 structure is darker in the simulated

STM image so that the defects may originate from the corner

hole. The ratio of the �2 to the �7 structures can change by

thermal treatment. When the �2 structure is dominant, the In

structure can be interpreted in terms of an atomic wire. In

contrast, when the �7 structure is dominant, the In structure

is closer to a 1D array of In clusters.

In conclusion, ordered indium atomic wires with a long

interwire distance of 5.73 nm were self-assembled spontane-

ously at RT. When indium was adsorbed at RT on an atomic

template, a reconstructed Si(557) surface with four steps in a

unit cell, interestingly, indium atoms preferred specific sites

among the various possible adsorption sites in the large unit

cell. This preference causes indium atoms to form atomic

wires only at the second Si(112) step among the four steps.

First-principles calculations were consistent with the indium

atomic wire on the second Si(112) step being the most stable

compared to indium atomic structures on the other steps in

the unit cell.

This study was supported by Priority Research Centers

Program through the National Research Foundation of

Korea (NRF) (2011-0031392), Faculty Research Fund,

Sungkyunkwan University, 2008, the National Research

Foundation of Korea (NRF) grant funded by the Korea

Government (MEST) (No. 2012R1A1A2041241), and the

Research Center Program of IBS (Institute for Basic

Science) in Korea.

1J. R. Ahn, H. W. Yeom, H. S. Yoon, and I.-W. Lyo, Phys. Rev. Lett. 91,

196403 (2003).
2J. R. Ahn, P. G. Kang, K. D. Ryang, and H. W. Yeom, Phys. Rev. Lett. 95,

196402 (2005).
3J. R. Ahn, J. H. Byun, H. Koh, E. Rotenberg, S. D. Kevan, and H. W.

Yeom, Phys. Rev. Lett. 93, 106401 (2004).
4R. Losio, K. N. Altmann, A. Kirakosian, J.-L. Lin, D. Y. Petrovykh, and

F. J. Himpsel, Phys. Rev. Lett. 86, 4632 (2001).
5J. N. Crain, J. L. McChesney, F. Zheng, M. C. Callagher, P. C. Snijders,

M. Bissen, C. Gundelach, S. C. Erwin, and F. J. Himpsel, Phys. Rev. B 69,

125401 (2004).
6K. N. Altmann, J. N. Crain, A. Kirakosian, J.-L. Lin, D. Y. Petrovykh,

F. J. Himpsel, and R. Losio, Phys. Rev. B 64, 035406 (2001).
7J. N. Crain, A. Kirakosian, K. N. Altmann, C. Bromberger, S. C. Erwin,

J. L. McChesney, J.-L. Lin, and F. J. Himpsel, Phys. Rev. Lett. 90, 176805

(2003).

FIG. 4. Simulated STM images (Vs ¼ 1:0 V) of (a) the DAS model of the

reconstructed Si(557) surface and (b) the H2nd
1 model of the In-covered

Si(557) surface. The green, red, and blue arrows in (a)-(b) denote the

Si(111) step and the first and the second Si(112) steps, respectively. (c) The

atomic structure of the H2nd
1 model.

201611-4 Shin et al. Appl. Phys. Lett. 102, 201611 (2013)

Downloaded 26 May 2013 to 115.145.136.138. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1103/PhysRevLett.91.196403
http://dx.doi.org/10.1103/PhysRevLett.95.196402
http://dx.doi.org/10.1103/PhysRevLett.93.106401
http://dx.doi.org/10.1103/PhysRevLett.86.4632
http://dx.doi.org/10.1103/PhysRevB.69.125401
http://dx.doi.org/10.1103/PhysRevB.64.035406
http://dx.doi.org/10.1103/PhysRevLett.90.176805


8C. Blumenstein, J. Sch€afer, S. Mietke, S. Meyer, A. Dollinger, M. Lochner,

X. Y. Cui, L. Patthey, R. Matzdorf, and R. Claessen, Nat. Phys. 7, 776

(2011).
9H. W. Yeom, S. Takeda, E. Rotenberg, I. Matsuda, K. Horikoshi,

J. Schaefer, C. M. Lee, S. D. Kevan, T. Ohta, T. Nagao, and S. Hasegawa,

Phys. Rev. Lett. 82, 4898 (1999).
10S. C. Erwin and F. J. Himpsel, Nat. Commun. 1, 58 (2010).
11J.-T. Wang, C. Chen, E. Wang, and Y. Kawazoe, Phys. Rev. Lett. 105,

116102 (2010).
12J. V. Barth, G. Costantini, and K. Kern, Nature (London) 437, 671

(2005).
13C. Tegenkamp, J. Phys.: Condens. Matter 21, 013002 (2009).
14S. Hasegawa, J. Phys.: Condens. Matter 22, 084026 (2010).
15J. Voit, Rep. Prog. Phys. 58, 977 (1995).
16A. Kirakosian, R. Bennewitz, J. N. Crain, Th. Fauster, J.-L. Lin, D. Y.

Petrovykh, and F. J. Himpsel, Appl. Phys. Lett. 79, 1608 (2001).

17I. Song, D.-H. Oh, J. H. Nam, M. K. Kim, C. Jeon, C.-Y. Park, S. H. Woo,

and J. R. Ahn, New J. Phys. 11, 063034 (2009).
18J. Kraft, M. G. Ramsey, and F. P. Netzer, Phys. Rev. B 55, 5384 (1997).
19G. Kresse and J. Furthm€uller, Comput. Mater. Sci. 6, 15 (1996).
20G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
21H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
22J. Tersoff and D. R. Hamann, Phys. Rev. B 31, 805 (1985).
23K. Takayanagi, Y. Tanishiro, M. Takahashi, and S. Takahashi, J. Vac. Sci.

Technol. A 3, 1502 (1985).
24G.-X. Qian and D. J. Chadi, Phys. Rev. B 35, 1288 (1987).
25D.-H. Oh, M. K. Kim, J. H. Nam, I. Song, C.-Y. Park, S. H. Woo, H.-N.

Hwang, C. C. Hwang, and J. R. Ahn, Phys. Rev. B 77, 155430 (2008).
26G. Krausch, T. Detzel, R. Fink, B. Luckscheiter, R. Platzer, U. W€ohrmann,

and G. Schatz, Phys. Rev. Lett. 68, 377 (1992).
27J.-L. Li, J.-F. Jia, X.-J. Liang, X. Liu, J.-Z. Wang, Q.-K. Xue, Z.-Q. Li,

J. S. Tse, Z. Zhang, and S. B. Zhang, Phys. Rev. Lett. 88, 066101 (2002).

201611-5 Shin et al. Appl. Phys. Lett. 102, 201611 (2013)

Downloaded 26 May 2013 to 115.145.136.138. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/nphys2051
http://dx.doi.org/10.1103/PhysRevLett.82.4898
http://dx.doi.org/10.1038/ncomms1056
http://dx.doi.org/10.1103/PhysRevLett.105.116102
http://dx.doi.org/10.1038/nature04166
http://dx.doi.org/10.1088/0953-8984/21/1/013002
http://dx.doi.org/10.1088/0953-8984/22/8/084026
http://dx.doi.org/10.1088/0034-4885/58/9/002
http://dx.doi.org/10.1063/1.1401788
http://dx.doi.org/10.1088/1367-2630/11/6/063034
http://dx.doi.org/10.1103/PhysRevB.55.5384
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.31.805
http://dx.doi.org/10.1116/1.573160
http://dx.doi.org/10.1116/1.573160
http://dx.doi.org/10.1103/PhysRevB.35.1288
http://dx.doi.org/10.1103/PhysRevB.77.155430
http://dx.doi.org/10.1103/PhysRevLett.68.377
http://dx.doi.org/10.1103/PhysRevLett.88.066101

