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Atomistic view of impurities interacting with a quasi-one-dimensional charge density wave
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Atomistic details of the interaction of impurities with quasi-one-dimensional charge density wave (CDW) are
revealed by scanning tunneling microscopy. Oxygen and pentacene adsorbates are utilized as strongly and weakly
interacting impurities, respectively, on the well-known CDW state of the In atomic wire array on the Si(111)
surface. Distinct CDW pinning configurations are identified for oxygen impurities with different atomic structures,
indicating the strong pinning. The governing role of local strain field for the strong pinning is elucidated. In
contrast, a few different pinning configurations occur for a unique adsorption structure of pentacene indicating a
weak pinning. Pentacene molecules commonly induce characteristic phase shifts, which readily couple with other
phase defects, in particular, solitons in order to avoid interwire phase misfits. This work provides the mechanism
and methodology for the atomic scale control over phases, solitons, and domain boundaries of CDW.
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I. INTRODUCTION

Physical properties of broken symmetry ground states, such
as superconducting and charge density wave (CDW) states, are
often drastically affected by impurities. In particular, impuri-
ties in CDW systems are related to the finite correlation length
and the pinning of collective modes [1]. While the impurity-
CDW interaction has been extensively studied with micro-
scopic theoretical models [2–4], experimental approaches have
largely replied on macroscopic or spatially averaging probes
such as transport, optical, and x-ray measurements [5–7].
This has certainly imposed limitation on directly testing
and developing theoretical concepts, such as weak or strong
pinning of CDW phases and collective excitations [2–4]. In
this respect, scanning tunneling microscopy (STM) can be
an ideal tool since it can directly map local charge densities
in atomic scale and identify individual impurities. For bulk
quasi-two-dimensional (2D) CDW materials, a few pioneering
STM studies reported impurity-induced CDW modifications
such as the suppression of the CDW local amplitude and long
range order and the pinning of domain boundaries [8–10].
However, individual bulk impurities were not clearly identified
and characterized on the surface layers imaged by STM,
which made it difficult to address the role of individual
impurities and the pinning mechanism. For bulk quasi-1D
CDW systems [11–13], there is no detailed STM study on the
CDW-impurity interaction in the level of individual impurities,
to the best of our knowledge.

In contrast to conventional 1D CDW materials, a surface
CDW system such as the In atomic wire array on Si(111)
can be an ideal playground for the atomic scale investigation
of the CDW-impurity interaction due to the convenience of
the impurity control and characterization as adsorbates. This
system is composed of a monolayer of In self-organized into
a wire array and exhibits a metal-insulator transition at a tran-
sition temperature (Tc) of 125 K into the CDW state [14,15].
Due to the double Peierls-distorted chain structure of a single
wire, four degenerate CDW ground states are possible (Fig. 1),
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which lead to the Z4 topological order [16]. While various
adsorbates were already investigated on this system [17–25]
for their atomic structures and their effects on the local or
global change of Tc [17,20–23,26,27], no detailed study on
the microscopic CDW perturbation by individual adsorbates
is available.

In this work, we perform an extensive STM study for atomic
and molecular impurities, oxygen [24,25] and pentacene (Pn,
C22H14), adsorbed on the In atomic wire array above and
below Tc. Below Tc, oxygen adatoms in different adsorption
structures pin the phase of CDW distinctly, which can be well
explained by the lattice strain fields imposed by adsorbates.
These cases correspond to the strong impurity pinning [2–4].
In contrast, Pn molecules in a unique adsorption structure
produce a few different CDW pinning configurations indicat-
ing a weak pinning. These pinning configurations, however,
share the characteristic CDW phase shift. This phase shift
easily traps other phase defects such as domain walls and
solitons [16,28] in order to minimize the interwire interaction
energy. The present results open a route toward controlling
local phases, solitons, and domain walls of CDW systems.

II. EXPERIMENTS

The experiments were conducted using two commer-
cial ultrahigh-vacuum STM’s: a variable temperature STM
(Omicron) for room temperature (RT) measurements and a
cryogenic STM (Unisoku) at 78 K. An n-doped Si(111) surface
was cleaned by repeated heating up to 1500 K. The In atomic
wire array was prepared by depositing one monolayer of In
onto a clean Si(111)7 × 7 surface at 570 K [14]. Oxygen atoms
were carefully dosed at RT by backfilling the STM chamber
with O2 gas and pentacene molecules were deposited at RT
through a homebuilt effusion cell.

III. RESULTS AND DISCUSSIONS

Above Tc, a single In atomic wire on Si(111) consists
of two In zigzag chains as separated by Si zigzag chains
with a 4 × 1 unit cell Fig. 1(a) [15,29]. In STM images,
the protrusions with a periodicity of a0 [the lattice constant
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FIG. 1. (a) RT STM images of three different oxygen adsorp-
tion structures on the In atomic wires (Vs = −0.4 V, It = 50 pA,
2.8 nm × 2.3 nm) with corresponding structure models; red (gray)
balls represent the indium (silicon) atoms and the blue balls oxygen
adatoms. (b) Similar STM image of a pentacene adsorbate (Vs =
−0.2 V, It = 50 pA, 43 nm × 24 nm) and the corresponding model.
(c) Four different CDW ground state structures of In atomic wires
at low temperature. Colored ovals represent CDW maxima shown in
filled state STSM images.

of Si(111)] along In chains correspond to the sites between
outer In atoms [Figs. 1(a) and 1(b)] [15]. Below Tc, the
so-called hexagon structure is formed through a combination
of dimerizations along two In zigzag chains [Fig. 1(c)] [30,31].
These hexagons are identified as oval protrusions in filled
state STM images [colored ovals in Figs. 1(c) and 2] [32].
Due to the presence of double In zigzag chains and possible
dimerization along each chain, four different CDW hexagon
configurations are allowed to degenerate [Fig. 1(c)], which
constitute a Z4 topological insulator [16]. Three different
characteristic solitons, or intrinsic phase shifters, are required
to connect fourfold-degenerate ground states [16]. Under the
interwire interaction, the CDW phase exhibits a 2D ordered
8 × 2 structure (Fig. 2) and phase defects (point defects) tend
to aggregate to form connected domain boundaries between
patches with different CDW ground states [Fig. 2(b)] (see
Supplemental Material [33]).

The adsorption structures of oxygen adatoms on In atomic
wires were detailed in the previous studies [24,25]. Figure 1(a)
shows three different major adsorption structures identified

at RT [24]. In the most popular adsorption structure, α, the
oxygen adatom sits on the center of one In zigzag chain. The
β structure has a similar site, but the oxygen adatom immerses
below the In chain with extra bonding with Si atoms under-
neath. In the other structure γ , the oxygen adatom adsorbs
between two In zigzag chains [24]. A typical STM image of
In atomic wires with oxygen adsorbates below Tc is displayed
in Fig. 2(a). The positions of adsorbates in different structures
are indicated in Fig. 2(b). α adsorbates are dominating within
the well ordered CDW domains and the minority species β

and γ prefer to sit within the domain boundaries where the
CDW phase shifts exist (see Supplemental Material [33]). This
tendency is confirmed in a large set of STM images taken at
different sample preparations.

The characteristic preference in adsorption sites are related
to the different CDW phase pinning by oxygen adsorbates,
which is revealed in the closeup images of Figs. 2(c), 2(d),
and 2(e). The α adsorbate occupies only single CDW hexagon
unit and does not cause further perturbation into the CDW
lattice. In sharp contrast, β and γ structures flip the CDW
hexagons without an exception to induce a characteristic phase
shift. This unusual “flip” type of phase shift cannot occur
in conventional commensurate CDW systems but is made
possible by the presence of double Peierls chains within a
single wire. That is, in the phase flip, only one of the zigzag
chains has a phase shift [Figs. 3(b) and 3(c)] (see Supplemental
Material [33]). This breaks the ×8 interwire order, which
would be energetically unfavorable. A majority of β and γ

adsorbates, close to one-third of them, are found in domain
boundaries of the 8 × 2 phase, while α without any phase
shift is distributed over ordered domains. Since the adsorption
occurs at RT well above Tc, we can conclude that the phase
shifting adsorbates pin domain boundaries during cooling
through Tc.

We note that the correspondence between phase shifts
and oxygen adsorption structures is robust and unique.
The standard model of the CDW-impurity interaction, the
Fukuyama-Lee-Rice (FLR) model [1–4], considers only the
incommensurate CDW with charged impurities to develop
the strong and weak pinning concept. The difference between
the incommensurate and the present commensurate CDW
system is the degeneracy: infinitely degenerate CDW states
of different phases for an incommensurate case but only four
degenerate states for the present case. Although the phase
degree of freedom is much limited, the unique CDW phase
shift for each adsorbate structure indicates unambiguously the
strong pinning case. The contrasting weak pinning case will
be demonstrated below for pentacene adsorbates.

The underlying mechanism of the strong phase locking
by oxygen adsorbates can be understood from their atomic
structures. Deviating from the FLR model, the present oxygen
adsorbates are not charged so as to exclude the possibility
of Coulomb interaction [24]. However, the lattice distortion
induced by adsorbates can affect the CDW state locally
since CDW is based on the electron-lattice interaction.
Figure 3 shows the displacements of In atoms due to the
oxygen adsorption [yellow arrows in Fig. 3(a)] as revealed in
the previous first-principles calculations [24]. The favorable
dimerization configuration around each adsorption structure
can straightforwardly be expected as shown in the figure (white
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FIG. 2. (a) STM image of the In atomic wire array with oxygen adsorbates at 78 K (Vs = −0.5 V, It = 10 pA, and 34 nm × 34 nm in
size). Edges of two 8 × 2 domains (black and yellow empty ovals), oxygens with α structure (red dots), oxygens with β structure (green dots),
and oxygens with γ structure (blue dots) are marked with the domain boundary region (white) in (b). A part of the domain boundary region
where the phase of CDW shifts gradually is enlarged. Popular intrinsic phase defects are indicated by symbols with five purple dots. (c), (d),
and (e) Enlarged STM images and the CDW phase pinning configurations by α, β, and γ adsorption structures. The colored and numbered
ovals indicate different CDW ground states defined in Fig. 1(b). The 8 × 2 unit cell of the 2D ordered CDW state is shown by a dashed
box in (c).

arrows), which in fact matches nicely with the experimental
observation: no phase shifts for α and the phase flip for β and
γ structures. That is, the α structure has a local strain field
coherent to the periodic lattice distortion of CDW, while the

FIG. 3. Schematics of In atom displacements due to the oxygen
adsorption (yellow arrows) and the compatible dimerization config-
uration for the CDW formation (white arrows) around (a) α, (b) β,
and (c) γ oxygen adsorption structures. Colored ovals for different
CDW ground states and the structure models are the same as those in
Fig. 1.

others do not. The coherent strain field of α adsorbates was
recently found to induce local condensation of CDW around
them above Tc [34]. In conclusion, oxygen impurities have
strong pinning effects on the phase of CDW by their local
strain fields, which in turn determines the pinning of CDW
domain walls.

In contrast to the strong pinning, a weakly interacting
impurity would have various different phase pinning configu-
rations based on four different CDW ground states. Figure 4(a)
shows the filled state STM image of In atomic wires with
Pn adsorbates. As reported previously, most of Pn adsorbates
sit perpendicular to wires [35]. The molecules in filled state
STM images exhibit enhanced contrast at both end phenyl
rings, which is typical for Pn adsorbates on surfaces [36]. As
shown in Fig. 1(b), the STM topography indicates that the
central phenyl ring of Pn is symmetrically (mirror symmetric
about the molecular axis) anchored on the Si zigzag chain.
This is slightly different from the previous structure model of
asymmetrically anchored molecules [35]. This model is ruled
out here since we found only a symmetric structure for all
molecules adsorbed perpendicular to wires. Since there is no
dangling bond for In wires and Si zigzag chains on the surface,
the strong covalent bonding interaction between adsorbate
molecules and surface atoms is not possible a priori. In stark
contrast, oxygen adsorbate molecules easily dissociate, as on
many metal surfaces, to produce atomic adsorbates, which
form strong bondings with surface atoms as inserted between
In or In and Si atoms. That is, the weak and strong interaction
of aromatic molecular and atomic adsorbates on the metallic
surface of In/Si(111) is easily understood.

When the surface with Pn adsorbates is cooled below
Tc, we find that molecules are distributed over both 8 × 2
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FIG. 4. (a) STM image of In atomic wires with pentacene adsorbates at 78 K (Vs = −0.5 V, It = 10 pA, and 33 nm × 33 nm in size).
Edges of 8 × 2 domains (black and yellow empty ovals), domain boundary regions, pentacene molecules, and phase defects are marked in
(b) in the same way as Fig. 2(b). The extra green and blue boxes indicate solitons stationary trapped and imaged. (c) and (d) Enlarged STM
images (top) and CDW phase shift configurations with structure models (bottom and also overlaid in the STM images) for two particular Pn
adsorbates within the domain boundary region. (e) and (f) Similar STM images for Pn adsorbates within the ordered CDW domains, which in
most cases are coupled with solitons (green and blue boxes).

CDW domains and domain wall regions without a noticeable
preference. This is distinct from oxygen adsorbates [Figs. 6(a)
and 6(b)] and is related to the weak pinning interaction of
Pn adsorbates and solitons. The enlarged STM images in
Fig. 4 uncover the detailed relationship between CDW and
a Pn adsorbate. Figures 4(c) and 4(d) show the STM images
for Pn molecules within domain boundary regions. Here, one
can find that Pn adsorbates induce two different phase shift
configurations. It is obvious that the phase shift induced by Pn
adsorbates is not unique, while most of them induce the phase
flip as in the cases of β and γ oxygen structures. As discussed
for oxygens, the phase flip induced by Pn molecules causes
them to reside on domain boundary regions.

However, the substantial population of molecules within
the ordered 8 × 2 domains, then, looks very much strange.
We note very interestingly that most of these molecules are
attached with solitons as indicated in Fig. 4(b) and detailed in
Figs. 4(e) and 4(f). The molecule shown in Fig. 4(f) is coupled
with two soliton phase shifters. These solitons eliminate the
local phase shift induced by the adsorbate, which obviously
allow the Pn adsorbate to be located within the ordered domain
without causing an interwire phase misfit of a large energy
cost. For the other molecule shown in Fig. 4(e), the soliton is
attached only in the upper wire but there is no phase shift in
the bottom wire. This case is not rare as shown in Fig. 4(b) and
corroborates further that the phase pinning by Pn adsorbates is
weak and clearly contrasted with the case of the strong pinning
by oxygen adsorbates. However, the weak pinning nature of
Pn molecular adsorbates has a deviating feature from the weak
pinning of an incommensurate CDW system formulated in
the FLR model [1–3]. In the FLR model, the weak pinning
leads to the excitation of “collective” modes. Such collective

phase modes are not possible in a commensurate system. We,
however, think that the excitation of the collective mode is in
line with the trapping of solitons observed here in a sense to
gradually relax the local phase shift induced by an impurity.

The microscopic pinning mechanism of Pn could be
very much different from that of oxygen adsorbates since
a Pn molecule has no direct covalent bonding with surface
atoms to induce any substantial lattice strain. While the
clear confirmation is beyond the scope of the present work,
we note that the observed CDW hexagon configurations
[summarized in Fig. 4(d)] can roughly be explained when we
assume a hindered area of the CDW maxima (ovals) around
a molecule as depicted in the figure. Since the charge density
maxima of CDW are basically the bonding state of the Peierls
dimerization, we suggest that the pinning in this case can be
explained in a similar way to the steric hinderance between
molecules; the avoided overlap of molecular orbitals and the
CDW bonding (or antibonding) orbitals. We finally comment
on the soliton trapping of Pn adsorbates. It is fully shown
above that the impurities with phase shifts such as Pn and β

and γ oxygen structures has strong tendency to couple with
other phase shifters such as domain boundaries or solitons.
This tendency can qualitatively be understood by the presence
of the substantial interwire interaction to make the interwire
phase misfit costly. In turn, this interwire interaction and
the phase shifting impurities apparently provide substantial
pinning potentials for domain boundaries and solitons, which
can be exploited further.

In the present work, we show the weak and strong pinning
of CDW by individual atomic scale impurities and address
the underlying mechanism based on the local lattice strain
field and the interwire interaction. The phase shifts induced by
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impurities in turn couple readily with domain boundaries and
solitons. The pinning phenomena revealed here for CDW, its
domain boundaries, and solitons by adsorbate impurities pave
the way to microscopic control over this interesting quantum
state of solids and its local excitations.
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