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Domain walls (DWs) in the charge-density-wave (CDW) Mott insulator 17°-TaS, have unique localized states, which
play an important role in exploring the electronic properties of the material. However, the electronic states in DWs in 17 -
TaS; have not been clearly understood, mostly due to the complex structures, phases, and interlayer stacking orders in the
DW areas. Here, we explored the electronic states of DWs in the large-area CDW phase and mosaic phase of 17-TaS, by
scanning tunneling spectroscopy. Due to the different densities of DWs, the electronic states of DWs show distinct features
in these phases. In the large area CDW phase, both the domain and the DWs (DW1, DW2, DW4) have zero conductance
at the Fermi level; while in the mosaic phase, they can be metallic or insulating depending on their environments. In areas
with a high density of DWs, some electronic states were observed both on the DWs and within the domains, indicating
delocalized states over the whole region. Our work contributes to further understanding of the interplay between CDW and

electron correlations in 17°-TaS;.
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Domain walls (DWs) in 17-TaS, have great influences

=101 thyg have

on the electronic properties of the material,|
always been one of the key research directions in this field.
Although the strength of the electron—electron correlation is
similar inside the intrinsic 17-TaS, domains, the correlation
strength decreases where DW's exist.[®) The interplay between
charge density wave (CDW) and electron correlation renders
rich physics in the electronic states of DWs, [1-3:6.11.12]
Intensive experimental and theoretical studies have
demonstrated that DWs with different atomic structures
have different electronic states, ranging from insulating to

3,6.13,141 Byrthermore, the density of DWs also af-

conductive. !
fects the electronic states of the system.[®!3] For example,
17-TaS; will change from a Mott insulator in commensurate
CDW (CCDW) phase to a metal when the density of DWs
increases significantly.!!%!6:171 Tn the CCDW phase, a volt-
age pulse across the tip—sample junction could create DWs in
high density, resulting in a mosaic state that can be metallic.?!
Therefore, the electronic states of DWs are not only deter-
mined by the atomic structures, but also by the density of the
DWs. The complexity of this hinders the understanding of the
electronic states in DWs, which calls for more thorough work
to investigate DWs of different types in different densities.
Here, we present the scanning tunneling spectroscopy
(STS) results on the DWs of 17-TaS; in areas with different

DW densities, namely DWs between large CCDW domains,
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between a large and a small CCDW domain, and in the mo-
saic phase. We found that for DWs between large domains,
the STS on both DWs and the domain edges (DEs), the near-
est intact stars of David (SDs) on the two sides of the DWs
have a V-shaped gap with no spectral weight at Er. For DWs
between a large and a small CCDW domain, the DEs have a
finite spectral weight at Ef, indicating a metallic state, while
the DWs remain insulating. For DWs in the mosaic phase, the
domains can be metallic or insulating. The electronic states
on the domain edges and inside the domains tend to have the
same states. The DWs show states suppression near Er and
share some similar states with the domains.

Our scanning tunneling microscopy/spectroscopy
(STM/S) measurements were carried out in a Createc STM
system in ultrahigh vacuum condition, with a base pressure
better than 5x 10~! mbar, at a low-temperature of 4.3 K. The
1T-TaS; single crystal was purchased from HQ Graphene.
The samples with pre-glued aluminum rods were cleaved at
room temperature in the UHV chamber, and then transferred
to the precooled STM head immediately. STM images were
acquired in the constant current mode.

The 17-TaS; has a commensurate charge density wave
(CCDW) ground state when the temperature is below 180 K, in
which the triangular-latticed Ta atoms deform into SDs where
every 12 Ta atoms contract towards a central Ta site, forming a
V13 x v/13 superlattice!'82!1 (Fig. 1(a)). The CCDW super-
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structure is accompanied by electronic modulations, leaving
only one conduction electron per SDs.!??>-2%1 Strong electron
correlations between SD clusters further lead to a Mott insu-
lating ground state.!?’-3? The SDs have shifted center posi-
tions in different domains. The merge of two domains results
in a domain wall (DW) that consists of one or two incomplete
lines of SDs.!"-13! Judging from the atomic structure, there are
12 possible types of DWs, each of which possesses unique
electronic structures.>!3! In the CCDW phase, DWs usually
locate between large-are domains (Fig. 1(b)). While in the
mosaic phase, the DWs have high density, resulting in domains
with very small areas (Fig. 1(c)).

Figure 2(a) shows an STM image of the CCDW region
with a DW marked by two parallel black dashed lines. The

b) CCDWV phase

(a) (
o °:°o°°00°
YR VY
° ° A 0% &
R DAL
o p_p D, vErs C
° | a
LR A B XY
« ¢

domains (marked by D) have triangular-latticed SDs, while
the DW has a much lower contrast in the STM image at this
scanning parameter. DWs in 17-TaS; can be classified into
12 types, out of which only 3 types of DWs, DW1, DW2 and
DW4, have high frequency of occurrence,[®!3! as shown by
the STM images in Figs. 2(b)-2(d), respectively. The super-
imposed lilac and pink SD models illustrate the relative shifts
of the SD centers in the neighboring domains. Among the
three DWs, DW1 and DW4 consist of only one column of in-
complete SDs, while DW2 is composed of two columns of
incomplete SDs, as indicated by the black dashed lines in each

figure. The DEs, which are the nearest complete SDs on the
two sides of the DWs, are highlighted by the white dashed
lines.

Fig. 1. Schematic of atomic structure of 17-TaS,. (a) Side view and top-view atomic structure of 17-TaS;. The superimposed black lines show
the SD. (b) The atomic structure of DW in the CCDW phase. The two domains are superimposed with lilac and pink SD superlattices. The
DW is marked by two parallel black dashed lines. (c) The atomic structure of DWs in the mosaic phase. Different domains are superimposed
with SD superlattices with different colors. The DWs are marked by parallel black dashed lines.
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Fig. 2. STM images and STS on DWs between large domains in 17-TaS,. (a) Large-area STM image of CCDW domains and a DW in the upper left part of the
image. The black dashed lines highlight the position of the DW. (b)—(d) Zoom-in STM images of DW1, DW2, DW4, superimposed with the schematic lilac
and pink DS superlattice. Domain walls with deformed SDs are marked by dashed black lines. Domain edges with complete SDs nearest to the DWs on both
sides are drawn out by the white dashed lines. The black arrows show the vectors of the relative phase shifts of the CDW pattern between the two domains.
(e) dI/dV spectra taken on the CCDW domain region (black), DW1 (purple), DW2 (blue) and DW4 (green). The horizontal dashed lines represent the zero
spectral weight of each STS. The STS curves are vertically shifted for clarity. (f) d//dV spectra taken on the CCDW domain region (black), DE1 (purple),
DE2 (blue) and DE4 (green). STM scanning parameters in (a)—(d): bias voltage applied to the sample Vs = —1 V, tunneling current /; = 10 pA. STS parameters
in (e) and (f): Vs = —0.1 V, [; = 10 pA, the modulated output voltage from the lock-in amplifier Vo = 5 mV, modulation frequency fioq = 761 Hz. Scale

bars: 8 nm in (a) and 1 nm in (b)—(d).
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The dI/dV spectra taken on both DWs and DEs in
Figs. 2(e) and 2(f) show a V-shaped gap instead of a Mott gap
around the Fermi level. The incomplete SDs in DWs are ac-
companied by the changes of the onsite Coulomb repulsion en-
ergy U, therefore reduce the width of the Mott gap.[®% Once
breaking the long range CDW order, the Mott gap of DWs
turns into a V-shaped gap, because the peaks corresponding to
the upper Hubbard band (UHB) and the lower Hubbard band
(LHB) become broader and closer to the Fermi level. For all
the DWs and DEs in Fig. 2, the spectral weight at the Fermi
level is zero. The dI/dV spectra taken at the second nearest
SD neighbors to the DWs returns to a normal Mott gap, in-
dicating that the electronic states of these SDs are no longer
subject to the influence of DWs.

In the DW regions, the incomplete SDs can no longer trap
the unpaired 5d electrons at the center of SD, which leads to
the weakening of Coulomb interaction together with increas-
ing of electron hopping between adjacent SDs. Therefore, the
lower Hubbard band and the upper Hubbard band shift towards
the Fermi level, resulting in Mott collapse with a V-shaped gap
on the DWs. For the DE regions, although the SDs are intact,
they are still affected by the delocalized 5d electrons in the
DW regions, rendering a similar V-shaped gap as that on the
DWs.

Next, we created a mosaic phase by applying voltage
pulses from the STM tip.[":>#! Since the periodicity is signif-
icantly broken in the mosaic region, the electronic states of
DWs and domains can be fairly complicated.!>*1 We first
focus on the edge area of the mosaic region, where the DWs
are relatively sparse, as shown in the large-area STM image in
Fig. 3(a). The black dashed lines mark the edges of a large do-
main (Dr) and a triangular shaped small domain (Dgs), which
are separated by a DW2. The zoom-in STM image in Fig. 3(b)
shows the DW2 (marked by the parallel black dashed lines),
the domain edges to the Dy, and Dg side (DEL and DEg, by
white dashed lines), and the two domains.

The D, has similar electronic states as those in large-area
CCDW domains, as shown by the pink curve in Fig. 3(c).
However, the STS of Dg has a metallic V-shape around the
Fermi level (green curve in Fig. 3(c)), which is a feature for
small domains in the mosaic region due to the reduction of
electron correlation as reported by published works.!"-?! Fur-
thermore, there are additional free electrons released by the
Mott collapse to make the metallic state, indicating the elec-
tron correlation in Dg should be even weaker than that in the
DWs in large-area CCDW regions as shown in Fig. 2. Similar
to the STS of DW2 in Fig. 2, there is also a V-shaped gap in the
dI/dV spectra of DW?2 in Fig. 3(c) (the red curve), whereas
the states at the unoccupied energies look very different. For
the domain edges though, the STS on both DEy and DEg have
a V-shape with finite spectral weight around the Fermi level,
which is different from the case in large-area CCDW where
the DE2 is insulating. The higher density of domain walls
leads to weaker electronic correlations compared to the large-

area CCDW regions, resulting in more delocalized 5d elec-
trons contributing to the metallic state on the domain edges.

(c)
“Ds\\f//
DEs

> W

o

~

= [ DW2
g&\/\/
DL
05 0 0.5

.Sample bias (V)

Fig. 3. STM images and STS on DW2 in a mosaic region with relatively
sparse DWs in 17-TaS,. (a) Large-area STM image of an area composed
of mosaic domains separated by sparse domain walls. Superimposed black
dashed lines enclose two typical domains. (b) Zoom-in STM image of the
same DW?2 as highlighted in (a). DW2 is circled by the parallel black dashed
lines. Domain edges with complete SDs nearest to the deformation SDs on
both sides are drawn out by the white dashed lines. The colorful circles mark
the positions where d//dV spectra are taken. (c) d/dV spectra taken at D,
(pink), Dg (green), the domain edge near the large domain (DE;, purple),
the domain edge near the small domain (DEg, blue) and DW2 (red). The
horizontal dashed lines represent zero spectral weight of each STS. The STS
curves are vertically shifted for clarity. STM scanning parameters in (a) and
(b): Vs = —1V, Iy = 10 pA. STS parameters in (¢): Vs = —0.1 V, [; = 10 pA,
Vinod =5 mV, finod = 761 Hz. Scale bars: 5 nm in (a) and 2.5 nm in (b).

For the mosaic region with intensive DWs, the long-range
ordered CCDW pattern is divided into small pieces of poly-
gons separated by DWs, as shown by the black dashed lines
in Fig. 4(a). We have performed STS characterizations on
multiple DWs and domains. For domains, the electron states
are V-shaped, like the ones on the DWs or DEs in the large-
area CCDW region. We noticed that the spectral weight at the
Fermi level varies in different domains. For example, the light
blue curve (domain D) in Fig. 4(b) is insulating, while the dark
blue curve (domain D’) is metallic. Some published works in-
dicate that dense DWs not only change the localized Coulomb
repulsion, but also change the bandwidth.[33-31 Also, the
vertical stacking orders of different domains may contribute
to the varied electronic states. 3]

The STS taken at DW1, DW2,8, and DW4 all display a
V-shape feature (the green, red and purple curves in Fig. 4(b)),
among which DW4 has more spectral weight at the Fermi
level, whereas the other DWs have near zero conductance near
the Fermi level. What’s more, the spectra taken at both DWs
and domains of the mosaic region seem to share some similar
states at —40 meV, +50 meV and +200 meV, as indicated by
the orange dotted vertical lines in Fig. 4(b), although the rela-
tive intensity of these peaks varies on different sites. There-
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fore, we can infer that in the mosaic area, the influence of
breaking the long-range CDW order spreads from the original
one or two columns of DW SDs to the entire mosaic region.

dr/av
f

—06 0 06
Sample bias (V)

Fig. 4. STM image and STS on DWs in a mosaic region in 17-TaS,. (a) STM
image of mosaic domains separated by dense DWs. The black dashed lines
show the edges of the domains. The types of DWs are marked in the figure.
The colorful circles show the positions where the dI/dV spectra were taken.
(b) dI/dV spectra taken in domains (light blue and dark blue), DW1 (green),
DW2,8 (red) and DW4 (purple). The horizontal dashed lines represent zero
spectral weight of each STS, while the vertical dotted orange lines mark peaks
shared by several STS. The STS curves are vertically shifted for clarity. STM
scanning parameters in (a): Vs = —1 V, Iy = 10 pA. STS parameters in (b):
Vs =—=0.1V, i = 10 pA, Vinod = 5 meV, finoq = 761 Hz. Scale bar: 4 nm.

Compared with previous works on mosaic phase in which
the whole region shows a metallic state,!'2] our work discov-
ers that there are also insulating regions both within domains
and on DWs in the mosaic phase. With the high density of
DWs, the delocalization of 5d electrons in the DWs has strong
influence on the intact SDs, resulting in a complete Mott col-
lapse not only on DWs and DEs, but also within the domains.
Some studies suggest that the additional free electrons released
by Mott collapse may form quasi-particle energy bands that
split into bonding and anti-bonding states,®! which may be a
possible reason for the insulating areas in the mosaic phase
observed in this work. However, due to the complexity of the
type of DWs and the size of domains, further investigations
are still needed to elucidate the mechanism for the electronic
states in the mosaic phase.

In conclusion, we demonstrated that the large-area
CCDW phase in I/T-TaS; has a zero conductance around the
Fermi level both in domains and at DW1, DW2, DW4 and their
DEs. However, in the mosaic region, the electronic states are
very complicated. Besides the shared feature of a V-shaped
spectra around the Fermi level, the domains, DWs, and DEs
can be metallic or insulating, which seem to be highly affected
by the neighboring environment. Our work provides detailed
information on the electronic states in both large-area CCDW
and mosaic phases, which may contribute to better understand-
ing of the interplay of CDW and electron correlations in /7-
TaSg.
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