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Charge density wave order in 1D mirror twin
boundaries of single-layer MoSe,

Sara Barja?*", Sebastian Wickenburg"?", Zhen-Fei Liu"?, Yi Zhang>*, Hyejin Ryu3,
Miguel M. Ugeda®®’, Zahid Hussain?, Zhi-Xun Shen2, Sung-Kwan Mo3, Ed Wong'?,
Miquel B. Salmeron?>°, Feng Wang®>'°, Michael F. Crommie?>'°, D, Frank Ogletree"?*,

Jeffrey B. Neaton?>'° and Alexander Weber-Bargioni

We provide direct evidence for the existence of isolated,
one-dimensional charge density waves at mirror twin bound-
aries (MTBs) of single-layer semiconducting MoSe,. Such
MTBs have been previously observed by transmission electron
microscopy and have been predicted to be metallic in MoSe,
and MoS,"”. Our low-temperature scanning tunnelling mi-
croscopy/spectroscopy measurements revealed a substantial
bandgap of 100 meV opening at the Fermi energy in the
otherwise metallic one-dimensional structures. We found a
periodic modulation in the density of states along the MTB,
with a wavelength of approximately three lattice constants. In
addition to mapping the energy-dependent density of states,
we determined the atomic structure and bonding of the MTB
through simultaneous high-resolution non-contact atomic
force microscopy. Density functional theory calculations based
on the observed structure reproduced both the gap opening and
the spatially resolved density of states.

Properties of two-dimensional (2D) transition metal dichalco-
genides (TMDs) are highly sensitive to the presence of defects, and
a detailed understanding of their structure may lead to tailoring
of material properties through ‘defect engineering’ Intrinsic defects
have been studied extensively in graphene®'*. Defects in 2D semi-
conductors have been explored to a lesser extent, but are expected to
substantially modify material properties. 2D TMD semiconductors
are particularly interesting because they exhibit direct bandgaps
in the visible range""*, high charge-carrier mobility'*"’, extraordi-
narily enhanced light-matter interactions'®' and potential appli-
cations in novel optoelectronic devices***. Individual atomic-scale
defects in 2D TMDs are expected to modify charge transport* or in-
troduce ferromagnetism®, whereas one-dimensional defects such as
grain boundaries and edges may alter electronic' and optical prop-
erties"?, and introduce magnetic? or catalytic®** functionality.

Here we report the direct observation of one-dimensional (1D)
charge density waves (CDWs) intrinsic to the conducting MTBs
of monolayer MoSe,. A 1D CDW is a macroscopic quantum state,
where atoms in a 1D metallic system relax and break translational

1,2%

symmetry to reduce total energy by opening a small bandgap at
the Fermi energy (E:) and modulating the charge density at the
periodicity of the lattice distortion®*'. Although CDW order has
been observed in 2D TMD metals such as NbSe, and TiSe, at low
temperature’>*, CDWs have not previously been associated with 2D
TMD semiconductors.

Most studies of 1D CDWs have been performed on ensembles
of CDWs in conducting polymers, quasi-one-dimensional metals
or self-assembled atomic chains adsorbed on semiconducting
surfaces, where inter-CDW coupling can significantly impact CDW
properties**. The CDWSs observed here are electronically isolated
from one another, and have truly one-dimensional character,
forming an atomically precise model system to explore intrinsic
CDW phenomena. We observed CDWs along 1D networks of
MTBs in monolayer crystals of MoSe, grown by molecular beam
epitaxy. Various morphologies have been proposed for MTBs in 2D
semiconductors'™%’, and scanning tunnelling microscopy (STM)
experiments have identified 1D metallic wires along boundaries in
single-layer MoSe,>”. Our combined STM and non-contact atomic
force microscopy (nc-AFM) studies have confirmed that these 1D
wires are in fact MTBs.

We used low-temperature (4.5K) scanning tunnelling
microscopy/spectroscopy (STM/STS) to detect the CDW bandgap
along MTBs in single-layer MoSe, and to spatially map the charge
density modulations. We found that the MTB CDW was intrinsic to
MoSe,, and independent of substrate coupling. We determined the
atomic structure of the MTB with parallel high-resolution nc-AFM.
On the basis of this MTB structural model, we investigated the
electronic structure by first-principles density functional theory
(DFT) calculations. The calculated local density of states (LDOS)
for the CDW reproduced the experimental STS spectra and charge
density maps.

Figure la shows a high-resolution STM image of single-layer
MoSe, grown by molecular beam epitaxy on bilayer graphene
(BLG) on SiC(0001). Sharply defined pairs of identical parallel lines
decorate the MoSe, monolayer. These bright lines have previously
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Figure 1| Morphology and electronic structure of mirror twin boundaries in monolayer MoSe;. a, High-resolution STM image of single-layer MoSe; on
bilayer graphene (Vs =—1.3V, [ =20pA, T=4.5K) showing a 3 x 3 moiré pattern (dashed yellow line, with a single unit cell shown in white) and a
modulation of the electronic states near the MTB with a wavelength of 3ag. There is a 6° misalignment between the moiré lattice (solid yellow line) and the
MTB direction, determined by the MoSe; atomic lattice (dashed white line). b,c, Typical STM dl/dV spectra acquired on pristine monolayer MoSe,/BLG
(b; yellow dot in @) and on a mirror twin boundary (c; blue dot in @) show that the MTB has states throughout the semiconducting gap of monolayer MoSe;.

The dashed box in ¢ indicates a bandgap opened around the Fermi level, Ef.

been described as inversion domain boundaries’. The apparent
height of these features depends strongly on the bias applied
between tip and sample, showing that the STM contrast originates
primarily from the locally modified electronic structure rather
than from topographic features. The contrast of the MTBs was
modulated along their lengths with an average modulation period of
0.98 £ 0.05 nm, equivalent to 2.99 & 0.15 lattice constants of MoSe,.

The contrast modulation observed by STM has previously
been attributed to a superlattice potential induced by the nearly
commensurate 3 X 3 moiré pattern that forms when a monolayer
of MoSe, is atomically aligned with its graphite growth substrate’.
We are able to rule out this explanation for four reasons. First,
we observed moiré pattern periodicities of 2.0, 2.6 and 3.0 lattice
constants as a result of different TMD-graphene registries, whereas
the MTB charge modulation ranged from 2.8 to 3.3 lattice constants
(Fig. 1 and Supplementary Fig. 1). Second, we observed angles of up
to 20 degrees between the moiré pattern and the MTB direction.
This misalignment would break the symmetry of the electronic
structure across the MTB, leading to uneven contrast between
the two parallel lines, which we did not observe (Supplementary
Fig. 1a). Third, we occasionally observed MTBs in second-layer
islands of MoSe, with CDW modulation similar to the monolayer
case, even though the first MoSe, layer screened the second layer
from the graphene potential (Supplementary Fig. 2a,b). Last, we
observed MTBs crossing step edges between single- and bilayer
graphene (Supplementary Fig. 2c). The MTB charge modulation
was unaltered, even though the change in dielectric screening
between single- and bilayer graphene was sufficient to alter the
semiconducting gap of single-layer MoSe,*'. Hence, we conclude
that the MTB charge modulations we observed do not result from
interactions with the graphene substrate, but rather are intrinsic
properties of MoSe, MTBs.

To explore the origin of the charge modulation we measured
and mapped the MoSe, LDOS using STM dI/dV spectroscopy.
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Figure 1b shows a dI/dV spectrum from monolayer MoSe, away
from the MTB, with an electronic bandgap of 2.18¢eV in good
agreement with previous measurements’!. In contrast, dI /dV
spectra acquired on the MTB showed distinct structure within the
semiconducting bandgap (Fig. 1c). A high-resolution view of this
spectrum around E; (Fig. 2a) revealed an energy gap of 73 meV
with sharp peaks at the band edges. The bandgap for each MTB
was constant along its entire length, but we observed different gap
sizes from MTB to MTB. Statistical analysis of 24 different MTBs
at T =4.5K yields an average gap size of 100 meV with a standard
deviation of 40 meV. The dI/dV spectrum also showed satellite
peaks adjacent to both the occupied and unoccupied state band-
edge peaks, offset by 14.2 &= 0.8 meV, independent of the particular
bandgap. The dI/dV conductance maps measured at the satellite
peak energies were modulated with the CDW period. We attribute
these peaks to inelastic features in the ST'S spectra, related to lattice
vibrations, but without a direct role in CDW formation.

To investigate the nature of the MTB bandgap, we studied the
spatial distribution of the electronic band-edge states (¥_ and ¥, in
Fig. 2a) by measuring constant-height dI /dV conductance maps.
Figure 2b shows representative dI/dV maps of the edge states
below (¥_) and above (¥, ) the gap, modulated at the CDW period.
The occupied (blue) and unoccupied (red) state modulations were
spatially out of phase, with nearly constant amplitude along the MTB
(Fig. 2c). We can exclude drift-related artefacts between the two
conductance maps, because they were simultaneously recorded by
changing the bias between the forward and backward scan lines.

Owing to the finite length of MoSe, MTBs, the reported intensity
modulations have been discussed in terms of quantum well states’.
This cannot explain the LDOS features we observed (Fig. 2b),
because MTBs as long as 30 nm showed uniform LDOS modulation,
whereas the modulation amplitude should decay away from the
ends of the MTB in the case of quantum confinement. Furthermore,
we observed the same modulation periodicity for energies up to
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Figure 2 | Local density of states of mirror twin boundaries with an energy gap around the Fermi level. a, High-resolution STM dI/dV spectrum of a mirror
twin boundary on monolayer MoSe;/BLG showing an energy gap of 73 meV. 0 V sample voltage represents Er. b, Representative d//dV constant-height
conductance maps recorded at voltages corresponding to edges states below (¥_) and above (W) the gap. Brighter regions indicate a larger DOS. ¢, Line
profile of the dI/dV maps in b for occupied (blue) and empty (red) states, showing that the maxima for two states are spatially out of phase.
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Figure 3 | Atomic resolution nc-AFM image of a mirror twin boundary reveals the precise atomic structure. a, STM topographic image of a mirror twin
boundary in monolayer MoSe,/BLG (Vs =—15V, [ =10pA, T=4.5K). Inset: small region of the main STM image away from the MTB, where the colour
contrast has been adjusted to show the atomic lattice. b, Line profile through the STM image (orange line) showing the significant electronic contribution
to the STM signal near the MTB. ¢, Nc-AFM image measured in same area and with the same CO-functionalized as a. Se (Mo) atom positions are indicated
by yellow (blue) circles at the bottom of the figure. The Se atoms (bright areas, yellow) form an uninterrupted hexagonal lattice, whereas the Mo atoms
(dark areas, blue) switch their positions within the indicated unit cells of the Se (black diamonds) between the two sides of the MTB. This assignment was
corroborated by simulation of the frequency shift image (upper part of the figure above the white dashed line). d, Line profile of the nc-AFM image (green
line) with the Se (yellow) and Mo (blue) atom positions overlaid, showing the mirror symmetry of the Mo lattice across the MTB.
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Figure 4 | Effect of a Peierls distortion on the electronic band structure of mirror twin boundaries in monolayer MoSe; from DFT calculations.

a, Schematic of the tripled cell along the MTB (solid black lines). The unit cell along the MTB, with length g, is highlighted in grey. Red arrows indicate the
induced distortions of the atomic positions near the MTB. An expanded view of the red-boxed regions is shown below. b, Calculated electronic band
structure of the metallic state near the edge of the folded Brillouin zone (;t/3a). It shows a gap opening when a Peierls distortion of 5 pm was introduced
(red), whereas no gap exists for the undistorted system (blue). Note that the DFT gap opens at 0.175 eV above Ef (set to 0 eV). ¢, Projected density of
states (PDOS) showing the gap opening when a Peierls distortion was introduced (red), along with the experimental STM dl/dV spectrum (grey). The
calculated PDOS has been shifted by —0.175 eV to centre the gap at Er (see text). d, Local DOS maps of the occupied (¥_) and unoccupied (¥ ) states of
the distorted MTB, showing out-of-phase modulations similar to the experimental conductance maps.

500 meV from the gap (Supplementary Fig. 6), whereas a quantum
well would be expected to show wavelength dispersion.

We believe our STM images, spectra and conductance maps
are best explained by charge density wave order intrinsic to MTBs
in MoSe,. Our conclusion follows from the fact that we observed
a bandgap in an otherwise metallic electronic structure; a MTB
contrast modulation period near three times the lattice constant;
and occupied and unoccupied states at the bandgap that were
spatially out of phase. These observations were independent of the
substrate registry.

To further support this claim, we determined the atomic-scale
morphology of the MTB. Although high-resolution STM images
revealed the atomic structure of the MoSe, layer away from the
MTRB, electronic contributions dominated STM contrast near the
line defect (Fig. 3a), making it impossible to resolve the MTB
atomic structure by STM. Therefore, we performed nc-AFM using
CO-functionalized tips* for enhanced spatial resolution. Because
nc-AFM frequency shifts are not affected by the electronic structure
near Eg, we could obtain atomically resolved images of the MTB.
Figure 3¢ shows the nc-AFM frequency shift image taken at the
same location and with the same tip as the STM image in Fig. 3a,
unambiguously identifying the precise atomic geometry of the MTB.

We used the well-established atomic structure of MoSe, away
from the MTB to interpret the nc-AFM image contrast. At the small
tip-sample separation used here, brighter areas (higher frequency
shifts) in nc-AFM images are generally due to short-range repulsive
Pauli forces, whereas darker areas (lower frequency shifts) are due to
long-range attractive van der Waals or electrostatic forces. Following
this intuitive picture, we attribute the hexagonal lattice of bright
features (yellow) to the higher-lying Se atoms, which were close
enough to the tip to generate repulsive forces, and the dark features
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(blue) to the lower-lying Mo atoms, whose larger distance from
the tip resulted in purely attractive forces. The MTB consisted
of an atomic line of bright Se atoms surrounded by a region of
attractive forces even stronger than in the unperturbed MoSe,. We
believe the stronger dark contrast is due to a higher density of Mo
atoms, where each Se atom is bound to four Mo atoms instead of
three. Simulations of the nc-AFM image contrast using previously
established methods* (inset in the upper part of Fig. 3c) supported
this structural model. The Se atoms form a continuous hexagonal
lattice across the boundary, whereas the Mo atom positions are
reflected across the single-atom-wide line defect (Fig. 3d), forming a
mirror twin boundary*”. All of the MTB structures we investigated
were identical.

We computed the MTB electronic structure using DFT within
the generalized gradient approximation of Perdew, Burke, and
Ernzerhof (PBE)* using our MTB structural model and a simulation
cell height of one unit cell along the MTB (grey area in Fig. 4a),
similar to those used in previous work for both MoSe,* and MoS,”’.
Our DFT calculations found a metallic band originating from states
in the MTB, which crossed E; about one third of the way along the
I'-X Brillouin zone direction. This band was absent in calculations
of pristine monolayer MoSe, (Supplementary Fig. 4b). Inclusion
of spin-orbit coupling did not substantially modify the DFT band
structure, although a degeneracy of states around the midpoint of
the Brillouin zone was lifted (Supplementary Fig. 4c). The signif-
icant dispersion of the metallic band, combined with the in-plane
screening from outside the MTB region and from the substrate,
suggest that electron—electron interactions are not responsible for
the CDW ordering observed here.

CDW order can result from a Peierls instability’’, where a
periodic lattice distortion opens a gap at Ej, reducing the total

NATURE PHYSICS | VOL 12 | AUGUST 2016 | www.nature.com/naturephysics

© 2016 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nphys3730
www.nature.com/naturephysics

NATURE PHYSICS poi: 10.1038/NPHYS3730 LETTERS

energy of the system, and leading to a charge density modulation
with a period that reflects the lattice distortion. Because the
experimentally observed charge density modulation was three times
the lattice constant within measurement precision, we tripled the
size of our DFT simulation cell along the MTB (Fig. 4a). Relaxing the
DFT geometry did not lead to a spontaneous Peierls distortion and
CDW formation. This was not unexpected because the calculated
metallic state did not cross Ey at exactly one third of the Brillouin
zone size. As a result, such a Peierls distortion will not lower the
calculated total energy of the system, because only a small part of
the band structure is modified (Supplementary Fig. 5d) above E
near the edge of the folded Brillouin zone.

To theoretically explore the effects of Peierls distortions on the
MTB electronic structure, we introduced lattice distortions along
the MTB with the periodicity of the enlarged simulation cell.
Figure 4a illustrates one such distortion, where the red arrows
indicate displacements of 5 pm along the line defect. As shown in
Fig. 4b, this opened a 50 meV bandgap at the edge of the folded
Brillouin zone. Not surprisingly, the gap did not open exactly at
Eg, because the metallic band computed with DFT-PBE for the
undistorted MTB in the tripled cell does not cross Ep exactly
at the edge of the folded Brillouin zone. Instead, the calculated
gap opened 0.175eV above Ep. After aligning the bandgaps in
our calculated DOS and our measured dI/dV spectrum (Fig. 4c),
we found excellent agreement between experiment and theory,
including features as far away as 0.5eV from E;. Moreover, the
spatial distribution of the computed LDOS perfectly reproduces the
experimental maps (Fig. 4d): the calculated ¥_ (¥, ) states below
(above) the gap are seen to exhibit the same shape, periodicity and
spatial phase shift as observed in our measurements.

From our calculations, we found that different types of
distortions with tripled periodicity along the MTB led to
qualitatively similar gaps near the edge of the folded Brillouin
zone. Crucially, our calculations showed that distortions with
doubled periodicity did not result in gap formation (Supplementary
Fig. 5a,c). Furthermore, we found that the magnitude of the
calculated gap was linear with the lattice distortion amplitude
we introduced, consistent with the expected behaviour of a
CDW associated with a Peierls distortion®. This may explain
experimentally observed variations in the gap size between MTBs.
Both the strain inherent to MTBs, as well as local strains in the
adjacent MoSe, twin domains (Supplementary Fig. 3), could
influence the magnitude of the distortion.

Although introducing a Peierls distortion of just 5pm was
sufficient to reproduce the observed CDW electronic structure,
we note that this would be below the spatial resolution of our
nc-AFM measurements. In addition, because DFT-PBE calculations
are well known to underestimate bandgaps, we expect that the true
gap would be slightly larger than predicted here. The fact that an
induced MTB lattice distortion with tripled periodicity opened a
gap near Eg, and that the calculated LDOS agrees well with both the
experimental dI /dV curves and the spatially resolved conductance
maps, together provide strong support for the existence of one-
dimensional CDW order intrinsic to MoSe, MTBs.

In conclusion, we observed the formation of one-dimensional
charge density waves along MTBs in MoSe,, fully characterized
by combined STS/nc-AFM measurements, and supported by
DFT calculations. The MoSe, MTB illustrates how hierarchical
defects can add functionality to 2D TMDs, and specifically
provides an exceptional model to study the physics of symmetry
breaking in one-dimensional correlated systems. It presents new
opportunities to study the charge transport in such systems,
including Frohlich conduction, as well as the effects of pinning due
to point defects or adatoms, and confinement due to intersections
between macroscopically interconnected CDWs within a one-
dimensional network.
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Methods
The experiments were carried out on high-quality single layers of MoSe, grown by
molecular beam epitaxy on epitaxial bilayer graphene (BLG) on 6H-SiC(0001). The
structural quality and the coverage of the submonolayer MoSe, samples were
characterized by in situ reflection high-energy electron diffraction (RHEED),
low-energy electron diffraction (LEED) and core-level photoemission spectroscopy
(PES) at the HERS endstation of beamline 10.0.1, Advance Light Source, Lawrence
Berkeley National Laboratory?'.

STM/nc-AFM imaging and STS measurements were performed at T'=4.5Kin
a commercial Createc ultrahigh vacuum (UHV) system equipped with an
STM/qPlus sensor. The modulation period varied slightly from MTB to MTB. The
average periodicity was measured to be 0.98 &= 0.05 nm (2.99 = 0.15 lattice
constants) over 56 different MTB using the simultaneously resolved MoSe, lattice
and taking the lattice parameter to be @, =0.329nm (errors are given by the
standard deviation). STS differential conductance (dI /dV) point spectra and
spatial maps were measured in constant-height mode using standard lock-in
techniques (f =775Hz, V,,,; =2.1mV, T =4.5K). dI /dV spectra from Au(111)
were used as an STS reference to control tip quality. The averaged experimental
bandgap (100 mV =+ 40 mV) was obtained by statistical analysis of 24 different
MTBs on several samples and using different tip preparations (error is given by the
standard deviation). Bandgap widths were measured from peak to peak. Nc-AFM
images were recorded by measuring the frequency shift of the qPlus resonator
(sensor frequency f, ~30kHz, Q~225,000) in constant-height mode with an
oscillation amplitude of 180 pm. Nc-AFM images were measured at a sample bias
V,=—50mV, using a tip functionalized with a single CO molecule*’. STM/STS
data were analysed and rendered using WSxM software*.
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DFT calculations were performed with the generalized gradient approximation
of PBE* using the Vienna Ab initio Simulation Package (VASP)*, which makes use
of a plane-wave basis and projector augmented-wave pseudopotentials with a
plane-wave cutoff of 225 eV. We imposed periodic boundary conditions along the
MTB direction, and added 10 A of vacuum on each side of the structure along the
other two directions. The supercell lattice parameter was 3.33 A along the MTB
direction, equivalent to the optimized DFT-PBE lattice constant for one-layer
MoSe,, and was 66.14 A and 23.32 A, respectively, along the other two directions.
The atomic positions were optimized until the Hellmann-Feynman force on each
atom was less than 0.04eV A~1. A 1 x 18 x 1 k-mesh was used in the relaxation of
the unit cell structure, with 18 k-points sampled along the MTB direction. All
electronic structure calculations were performed using optimized geometries and
were converged with respect to the length of the structure perpendicular to the
MTB direction. The CDW electronic structure was calculated usinga 1 x 18 x 1
k-mesh for the unit cell, and a 1 x 6 x 1 k-mesh for the supercell containing three
unit cells. Non-spin-polarized calculations were performed, as it has been shown
that this particular type of MTB structure” is not spin polarized. We found that
inclusion of spin-orbit interactions did not qualitatively change the band structure.
The band structure was calculated using 51 k-points sampled along the
MTB direction.
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