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Nature of lattice distortion in one-dimensional dangling-bond wires on Si and C
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The structure of one-dimensional “dangling-bond wires” fabricated on H-passivated Si and di&@@ind
surfaces has been determined by first-principles calculations. The dangling-bond wir@@@D 8khibits a
lattice distortion with an alternating up and down displacement, whereas such a distortion is suppressed in that
on C(001). These contrasting behaviors for both cases are attributed to the different chemical trend of Si and
C dangling bonds in a rehybridization of the dangling orbital. Our analysis shows that the underlying mecha-
nism of the lattice distortion in the dangling-bond wire ori0B1) is not related with a Peierls instability, but
is analogous to that of the dimer reconstruction at the cle@0%i surface.
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Recently, the scanning tunneling microscd@M) has lated with diamond thin film growth. On @021 a lattice
been used to manipulate single atoms on surfaces includingdjstortion is found to be pronounced with a height difference
lateral movement and vertical transteand therefore it be- of 0.74 A between the up and down Si atoms in the DB wire
comes a unique tool capable of fabricating atomic-scalésee Fig. 1b)], accompanying the metal-insulator transition
structures as well as imaging surface structures. An imporwith a band gap of greater than 0.36 eV. On the other hand,
tant example of such fabrication of nanostructures is théhe DB wire on Q00D in which a half-filled surface state is
dangling-bond(DB) wire?> which can be produced by the Present with a ngsted segment of the Fgrmi ;urface does not
selective removal of hydrogen atoms from an H_passivateéhow a Pe|er|s InStabI|Ity W|th |att|ce d|St0rt|0n. Therefore
Si(001) surface along the Si dimer rojgee Fig. 1a)]. This
DB wire has a single dangling bond per Si atom, offering a
one-dimensional1D) metallic system with a half-filled sur-
face state in the energy gap. Thus, a Peierls instability of the
1D metal is expected to drive a metal-insulator transition,
accompanying a charge-density wave and a lattice distortior
with a doubled periodicity. y&-G

In their density-functional theoryDFT) calculation for [i °
the DB wire on an H-passivated (801 surface, Watanabe
et al® predicted the presence of the Peierls instability that
accompanies a metal-insulator transition and a lattice distor-
tion. A recent STM study by Hitosuggt al* observed an
alternating vertical displacemefite., up and downof the
surface Si atoms composing the DB wire o1i0Bil). Based
on the experimental observations and DFT calculations of
several DB wires with different lengths, Hitosugi al.
claimed that the observed lattice distortion can be describec
by a Jahn-Teller distortion, with charge redistribution along
the DB wire (i.e., almost a unit charge transfer from the
down Si atom to the up Si atonand pairing of the second-
layer Si atoms. Thus, the lattice distortion in the DB wire on
Si(00) was explained by the different mechanisms, i.e., the
Peierls and the Jahn-Tellérdistortion for the infinite- and
the finite-length wire, respectively.

In this paper, we present a DFT calculation for the DB
wire on H-passivated 8101) using the generalized-gradient
approximation (GGA). Note that all previous DFT
calculationd™ were performed within the local-density ap-  FIG. 1. Optimized structure of the DB wire on H-passivated
proximation (LDA). In order to shed light on the origin of Si(001): the top and side views @) the 4x 1 structure andb) the
the lattice distortion observed in the DB wire or{(&l1), we  4X2 structure. For the DB wire on H-passivated0Ql) the two
also investigate the structural and electronic properties of theide views are given itc). The large and small circles represent Si
DB wires on H-passivated (G01). Such an additional study (or C) and H atoms, respectively. The rectangles in the top views of
will stimulate the fabrication of atomic-scale structures on(a and(b) represent the % 1 and 4<2 unit cells, respectively. The
C(001), which is of particular technological importance re- x andy directions ard 110] and[110], respectively.
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FIG. 2. Surface band structure
of the DB wire on H-passivated
Si(001): (a) the 4% 1 structure and
(b) the 4X 2 structure. The corre-
sponding ones for the DB wire on
H-passivated W01 are given in
(c) and(d). The inset in(a) shows
the surface Brillouin zone of the
4Xx1 unit cell. The large circles
represent the surface stafe(S;
and S,) of the 4x1 (4x2) DB
structure and the small circles rep-
resent the eigenvalues obtained
from the slab calculations. A dou-
blet of surface states is associated
So with the two different sides of the
gestttese slab.
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the DB wire on @001) is metallic, contrasting with the non- of the single dangling bond are separated, perpendicular to
metallic DB wire on Si001). In the DB wire on Si001) the  the Si dimer row, by an additional H-passivated Si dimer
up (down) Si atom approachesp’(sp?)-like hybridization,  row. The optimized structure is shown in Figal We find
accompanied by charge transfer. Here, the charge transfétat the position of the surface Si atom composing the DB
involves only the Si dimer bond and the two back bofist ~ Wire is lowered by 0.06 A compared to that of the H-bonded
the adjacent dangling bondsThis alternating up and down Si atom. Our band-structure calculation for thex2 DB
distortion is energetically favored as a consequence of th#ire shows that the surface st&ie€rosses the Fermi level at
reduced repulsive Coulomb interaction between rehybridize@most the midpoints of the symmetry lines &f,K,; and
dangling bonds. Thus, the nature of the lattice distortion inl'Jy; [See Fig. 2a)]. This crossing of thé state is found to
the DB wire on Sj001) is analogous to the alternating buck- show no dispersion along thk,K 4, line. It is expected that
led dimer reconstruction at the clear(@l1) surface, rather a charge-density wave coupled to a lattice vibration of wave-
than a Peierls distortion or a Jahn-Teller distortion causingength 2a, along the Si dimer row might lead to a Peierls-
the charge transfer between dangling bonds. like instability. To examine this possibility, we performed an
The total-energy and force calculations were carried oupptimization of the symmetry-unrestricted geometry with a
using density-functional thedtywithin the generalized- doubled periodicity using theX2 unit cell. Our optimized
gradient approximatioh.The Si (C) and H atom are de- structure for the 42 DB wire is shown in Fig. (). The
scribed by norm-conservifigultrasoff) pseudopotentials. A surface Si atoms composing the DB wire are displaced up
periodic slab geometry was employed with 12 atomic layersand down alternatively, yielding a height difference of 0.74
and passivated H atoms on both sides of the slab. Thé& between the up and down atoms. As a consequence of this
vacuum spacing between these slabs is about 10 A. A planeertical relaxation of the surface Si atoms, the second-layer
wave basis set was used with a 15- and 25-Ry cutoff folSi atoms bonding to the up atom move equally toward each
Si(001) and Q001), respectively. Thek space integration other by 0.13 Alsee Fig. 1b)]. This distorted 4 2 structure
was done with 16 and 8 points in the surface Brillouin zoneis found to be more stable than thex4 structure by 43 meV
of the 4x1 and 4x2 unit cells, respectively. All atoms ex- per 4x1 unit cell. The total energy gain results from the
cept the two central planes were allowed to relax along thelectronic contribution due to a band gap opening at the
calculated Hellmann-Feynman forces until all the residuaFermi level[see Fig. 2b)]. We find the direct band gap of
force components were less than 1 mRy/bohr. 0.69(0.68 eV at theK 4, (J,,) point and the indirect one of
We first study the structure of the DB wire on an 0.36 eV betweerK,, andI.
H-passivated $001) surface. Here, we consider an infinite-  There are somewhat large differences between theoretical
length wire by employing the 41 unit cell where the lines calculationd™ for the structural, electronic, and energetic
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TABLE I. Calculated height differencad,, 4, (A) between thg S, and S, [displayed in Fig. &)] at theJ,, point. The cor-
up and down atoms, band gapEy.,(eV), and energy gain responding charge density plots at thg, lgoint are almost

AE(meV) for the 4<2 DB structure on H-passivated(801), in . . f
comparison with previous theoretical results. BdE,, the direct identical with those ally,. The charge character of the oc-

and indirect(in parenthesisband gaps are given together. The dataCUPied Sy (unoccupiedS;) state reveals dangling bonds,
of Hitosugi et al. are for the DB wire containing three dangling Which are localized at the ufslown) Si atoms. Previous the-
bonds, whereas\E in parenthesis represents the value of anoretical studies;® therefore, concluded that a unit charge of

infinite-length DB wire. the dangling bond in the down atom is totally transferred to
the up atom. We need to caution that the different charge
Adyp-gn AE g AE characters of th&, andS, states cannot be regarded as the

Watanabest al? (LDA) 016  0.126(0.029 7 whole charge transfer from the down to the up atom.

Hitosugi et al® (LDA) 0.50 47(54) In order to examine the charge redistribution occurring in
Bowler and Fishér(LDA) 067 105 the E_)B wire on S(001), we calculate the valence charge
This work (GGA) 0.74 0.68(0.36 43 density for the 4<.1 and 4<x2 DB structure§: Cqmpared to
the 4x 1 result[Fig. 4a)], the charge densities in thex®
%Reference 3. [Figs. 4b) and 4c)] clearly show that the charge of the Si
PReference 4. dimer bond when the dangling bond Si atom is (dpwn)
‘Reference 5. atom is depletedaccumulated This accumulationdeple-

_ _ _ tion) is accompanied by a depletigaccumulation from (at)
properties of the DB wire on 8101). The LDA calculation  the upper region of the atom. As a result, the Si dimer-bond
carried out by Watanabet al” gives too small height differ- length involving the ugdown) atom increase&lecreasedo
ence between the up and down atomsl(, 4,=0.16 A) and_ dp=2.46 (2.39 A, compared to 2.41 A in the %1 DB
a band gap 4 E,;=0.126 and 0.025 eMand an energy gain - srycture(see Table . Note that the back bonds of the up
(AE=7 meV/DB) due to the lattice distortiofsee Table )l (down) atom show the same trend by increasidgcreasiny
This underestimation compared to other calculafidmeay  the bond length ad;,=2.40(2.32 A, compared to 2.34 A
be due to the use of leds points, i.e., only four(two) K iy the 4x 1 DB structure. Thus, it is likely that the Si dimer
points in the surface Brillouin zone of thex4l (4X2) unit  pond and the two back bonds connecting to the(dmwn)
cell. The three other calculations including the present ongtom contribute to charge accumulati¢gepletion in the
give similar values fol\d,, 4, ranging from 0.50 t0 0.74 A, ypper region of the ugdown) atom, leading to the bond
but the LDA calculation of Bowler and Fislfegives t00  reordering ofsp(sp?)-like hybridization. We can have more
large an energy gainAE=105 meV/DB) compared to the jnformation about the charge redistribution in the DB wire
LDA result (54 meV/DB) of Hitosugiet al* and the present by comparing the charge densit{sgs. 4b) and 4c)] of the
GGA result(43 meV/DB. . 4 2 DB structure with thafFig. 4(d)] of the clean SD0Y)-

In Fig. 3, we plot the charge density of the surface state$ x 2 syrface, where dimer structures are alternatively buck-
led along the dimer row. We see that the contours around the
up and down atoms in the DB wire are quantitatively similar
to those at the clean ®01) surface and that the ionic H-Si
bond is formed by pulling electrons from the H-bonded Si
atom. The diminution of Si charge due to the formation of
the Si-H bond is seen along the Si dimer bond in Figp) 4
where the 0.0&/bohr contour, present for the clean surface
[see Fig. 4d)], is missing. Such diminution weakens in Fig.
4(c), where H is bonded to the up atom of the Si dimer,
because the larger charge of the up atom due to dimer buck-
ling takes part in the formation of the Si-H bond. Note that
our calculated energy difference between the12 and 2
X 2 structures of the clean ®01) surface is 85 meV/dimer.
Considering that the DB wire is obtained by H passivation
on one side of Si dimers, this energy gain exactly corre-
sponds to that due to the lattice distortion in the DB wire
(AE=43 meV/DB). Thus, the nature of the lattice distortion
in the DB wire on Si00)) is similar in charge density and
energy to that of the alternating buckled dimer reconstruction

FIG. 3. Charge characters @) the occupied §;) and(b) the  at the clean $001) surface. _ _
unoccupied §,) surface state of the X2 DB structure on Next, we present our results for the atomic and electronic
H-passivated $001). The charge densities are obtained atdpe  Structures of the DB wire on an H-passivate@(@) surface.
point. The first contour line is at 0.0a¥boh? with spacings of ~ The optimized structure for the>41 DB structure is shown
0.001e/bohP. In (a) and(b) the left-side plot is drawn in the ver- in Fig. 1(c). Similar to the case on @01), the position of
tical yz plane indicated as the dotted line in the right-side plot.  the surface C atoms composing the DB wire is lowered by
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FIG. 4. Contour plots of the valence charge density for variou

structuresi(a) the 4X1 DB structure on H-passivated(801), (b)
and (c) the 4x2 DB structure on H-passivated (801), (d) the

Si(001)-2X 2 surface(e) the 4x1 DB structure on H-passivated

S
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TABLE I1l. Calculated bond lengths for the DB wires and the
clean surfaces. For the definitionsdyf, d;», anddp, see Fig. 1).
The data in parentheses represent the bond lengths associated with
the down atom.

dD d12 dD’
4x1-DB/Si(001) 2.41 2.34 2.42
4% 2-DB/Si(001) 2.46(2.39 2.40(2.32) 2.42
Si(001)-2% 2 2.36 2.40(2.35
4x1-DB/C(001) 1.59 1.49 1.62
C(00D)-2x 1 1.39 1.51

band structurdFig. 2(d)] does not show a metal-insulator
transition with the band gap at the Fermi level. The charge
density plot[Fig. 4(e)] of the DB wire on @001) shows a
large difference along the C dimer, compared to fig.

4(f)] of the clean @01-2X% 1 surface. In the latter a maxi-
mum of the huge charge accumulation exists in the center of
the C dimer with a magnitude of greater than 0.2060hr,
whereas in the former such accumulated charge of a strong
double bond disappears by the formation of the C-H bond.
As a result, the C dimer-bond length in the DB wire in-
creases aslp=1.59 A, compared to 1.39 A in (©01)-2

X1 (see Table ll. Despite this weakened bonding of C
dimer in the DB wire the lattice distortion accompanied by
charge transfer does not occur.

The absence of lattice distortion in the DB wire o(0Q1)
indicates that the charge redistribution which produces the
bond reordering of dangling bonds is not so favorable as the
case of the DB wire on 8001). This contrasting behavior in
the charge redistribution can be traced to the strong C-C
bonding, caused by more localized @ Brbitals due to the
absence of core orbitals. The electronic energy gain ob-
tained by charge redistribution cannot prevail over the larger
elastic energy cost of a lattice distortion on thé0@l) DB
wire. In this sense, the DB wire on H-passivate(D@)
involves the same structural propensity as the cle€0Q
surface, where a symmetric dimer reconstruction with a 2
X 1 unit cell is favored.

In conclusion, our comparative theoretical studies for the

C(001), and (f) the Q001)-2x 1 surface. The two different cuts DB Wwires on S$S{001) and GO01) clarify the underlying

through the up and down atoms are given(lm and (c), respec-
tively. Two kinds of contour spacings i@), (b), and(c) are used.
The first thin line is at 0.00&bohf with spacings of
0.008e/bohe. The first thick line is at 0.088/bohr with a spac-
ing of 0.04 between thick lines. Ifd) the first contour line is at
0.008e/bohe with spacings of 0.00&/bohf. In (e) and (f) the

first contour line is at 0.018/boh’ with spacings of
0.018e/bohP. The arrows in(a), (b), (c), and (d) represent the
contour line of 0.072/bohP.

mechanism of the lattice distortion observed in the former.
The origin of the lattice distortion in the DB wire on($00

is a strong bond reordering of dangling orbitals by charge
redistribution, therefore diminishing repulsive interaction be-
tween the dangling bond&! Our results do not support
previous proposed mechanisms such as a Peierls distortion
and a Jahn-Teller distortion accompanying the charge trans-
fer between dangling bonds. Finally, we wish to emphasize
that the DB wire on @O01) is one of the few cases of a
conductingatomic wire on an insulator.

0.10 A compared to that of the H-bonded C atom. The Fermi

surface of this structure has a nested vectokg 2 This work was supported by the National Science Foun-
=mla, A™* (a,=2.526 A), as the Fermi-level crossing of dation under Grant No. DMR-0073546, the Welch Founda-
the S state occurs at the midpoints of the symmetry linestion (Houston, Texas National Partnership for Advanced
JyaKs andI'Jy, [see Fig. 2o)]. Thus, a Peierls instability Computational Infrastructure at UC San Diego, and the Ad-
might be expected, but we cannot find any lattice distortiorvanced Computing Center for Engineering and Scidite
within a 4x 2 periodicity and therefore the obtained surfaceUniversity of Texas at Austin
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