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ABSTRACT

Mirror twin-domain boundary (MTB) in monolayer MoSe2 represents a (quasi) one-dimensional
metallic system. Its electronic properties, particularly the low-energy excitations in the so-called
4|4P-type MTB, have drawn considerable research attention. Reports of quantum well states,
charge density waves, and the Tomonaga-Luttinger liquid (TLL) have all been made. Here, by
controlling the lengths of the MTBs and employing different substrates, we reveal by low-
temperature scanning tunneling microscopy/spectroscopy Friedel oscillations and quantum
confinement effect causing the charge density modulations along the defect. The results are
inconsistent with charge density waves. Interestingly, for graphene supported samples, TLL in the

MTBs is suggested, while that grown on gold, an ordinary Fermi liquid is indicated.

KEYWORDS: 1D metal; mirror twin-domain boundary; quantum well states; Friedel oscillation,

Tomonaga-Luttinger liquid

Recently in the studies of monolayer (ML) transition-metal dichalcogenides (TMDs), mirror
twin-domain boundaries (MTBSs), especially the so-called 4|4P type seen commonly in epitaxial
MoSez, have drawn much attention.'* These defects behave as metals. Being sandwiched between
semiconducting pristine TMD domains and supported by insulating or weakly coupled van der
Waals (vdW) substrates such as the highly oriented pyrolytic graphite (HOPG) or graphene, these
MTBs represent (quasi) one-dimensional (1D) systems exhibiting properties and physics that are
pertinent to 1D metals. The density and length of the MTBs are controllable, which have

application potentials in chemistry and electronics. Over the past decades, a number of 1D systems



have been intensively studied, including, for example, carbon nanotubes,>® semiconductor
nanowires,®!* metal chains adsorbed on a semiconductor,'? nanowire bundles,®® and quasi-1D
organic conductors.** Some interesting properties were revealed in these 1D metals. For instance,
1D metals knowingly are prone to the Peierls instability and exhibit a metal-insulator transition,
generating charge density waves (CDW) at low-temperature.>’ Electron-electron interaction in
1D systems invalidates the Landau description of Fermi liquids and is instead described by the

Tomonaga-Luttinger liquid (TLL) theory '®2° and characterized by properties like spin-charge

separation, power-law suppression of electronic density-of-states (DOS) near the Fermi level ( EF

),242% modified decay rate of Friedel oscillations ?* etc. The TLL has been reportedly observed in
various (quasi) 1D systems by transport,® 1% 2527 scanning tunneling spectroscopy,* 12232829 gng
photoemission spectroscopy %% 3! studies. For the MTBs in ML MoSe2, TLL was also suggested
by a photoemission spectroscopy experiment,® whereas a low-temperature scanning tunneling
microscopy and spectroscopy (LT-STMY/S) study pointed to the Peierls-type CDW.2 A similar
CDW has been suggested in the MTBs formed in MoTe2.32 On the other hand, Liu et al. reported
quantum well states (QWS) in finite length MTBs.! Jolie et al. provided experimental evidences
of spin-charge separation and thus the TLL in the so-called 4|4E type MTB in MoS2.* These
conflictive results stem partly from the coincidence of the Fermi wave-vector kr (~1/3a) and the
Moiré periodicity (~3a) in the system (i.e., MoSez-on-graphene) and that the QWS and CDW both

give rise to energy gaps at E_ . Indeed, MTBs in as-grown MoSe: are usually short, so quantum

F
confinement effect can always be prominent, making the identification of QWS against CDW
difficult in experiments.

In this work, we present a detailed room-temperature (RT) and LT-STM/S study of the common

4|4P type MTBs in MoSe2 with changing lengths and grown on different substrates by molecular-



beam epitaxy (MBE). Networks of the 4|4P-MTBs form readily in epitaxial MoSe2 ML and their
density is tunable by changing the MBE conditions.®® As a result, MTBs of varying lengths and
densities are achieved, making it possible to study the phenomena and physics of 1D metals. By
examining the electronic properties of such defects of varying lengths at low temperatures (~5 K
and 77 K), we show evidence of Friedel oscillation, the QWS and the TLL for HOPG/graphene
supported samples. The MTBs in Au-supported samples conform to the ordinary Fermi liquid
behavior while the QWS remains conspicuous in finite length defects. Charge density modulations

along the MTBs are observable even at RT, suggesting that they are unlikely associated with CDW.

RESULTS AND DISCUSSIONS

Atomic and Electronic Structures of 4/4P-MTBs. Fig. 1a presents an STM image of an
epitaxial MoSe2 ML grown on graphene, revealing a dense MTB network with each MTB segment
approximately 5 nm long. The density and length of the MTBs are controllable by changing the
MBE condition or by performing post-growth annealing. For example, upon annealing the sample

of Fig. 1la at ~700°C for 1 hour, more isolated and longer MTBs are obtained (see Fig. 1b).

Surrounding each MTB defect are two semiconducting MoSe2 domains having a bandgap of ~2.1
eV as measured by STS.% 3435 The atomic structure of the defect has already been established (Fig.
1c) and the corresponding electronic structure as calculated from the density functional theory
(DFT) is shown in Fig. 1d.%® 37 In the latter, we have upshifted the Fermi level to a value that
matches with our experiment,? i.e., at k ~ 0.36 A, The dispersions labeled ‘1’ and ‘2’ (red color)
in the gap region of pristine MoSe2 ML are from the MTB, signifying the metallic property of the

1D defect. The simplicity of the band structure near the Fermi level makes the MTB an ideal



system for studying properties related to the dimensionality, electron interaction and quantum

confinement effect, etc.

Quantum Well States in Finite-Length MTBs. In Fig. 2a, we show a set of STS spectra taken

on the MTBs of different lengths, revealing a prominent feature of gap opening at the Fermi level

E . The size of the energy gap E, increases with decreasing MTB length L. Fig. 2b summarizes

the data collected from a number of defects with lengths ranging from 3.1 nm to 40.7 nm and

measured by STS at ~5 K. As seen, the data can be reasonably fitted by E, ~1/L (solid line). The

latter is one of the signatures of the TLL as will be discussed below. For now, we draw attention
of another, albeit less apparent, feature in the spectra, i.e., a periodic variation of the DOS with

energy (visible in the top spectrum in Fig. 2a), signifying the QWS due to finite length of the

defects. The QWS is best visualized by the color plot of Fig. 2c which shows the measured ;L\'/ as

functions of energy (vertical axis) and position (horizontal) along the MTB. Spatial modulations
of the charge density as well as energy quantization are clearly discerned. The number of
modulation periods increases with energy, from 4 (at about -0.26 eV) to 7 (around +0.18 eV). This
appears consistent with the dispersion of the defect-band ‘1’ in Fig. 1c. At energy ~0.2 eV, a much
enhanced intensity is noted, which corresponds to the emergence of band 2’. Above 0.2 eV, there
are degenerate states due to the overlapping bands ‘1’ and ‘2’, complicating the data.

Consistent with Fig. 2a, a much wider energy gap than the expected QWS gap is observed at the

Fermi level (0 eV). This extra gap at EF may be attributed to a Coulomb blockade effect, or the

charge-gap, of the TLL.**® Indeed, interacting electrons in 1D behave as the TLL, and if confined

in finite lengths, not only their energies become quantized, but also that a zero-mode gap is created



at Fermi level due to Coulomb blockade. This zero-mode gap has been found to be inversely

proportional to L,**° which describes well our experimental data of Fig. 2b.

The assignment that electrons in MTBs are TLL in the graphene-supported samples implies
strong electron-electron interaction in the MTBs and a weak coupling with the graphene (and
HOPG) substrate. The latter has been indicated by some previous theoretical investigations.®® %
If, on the other hand, tunneling of electrons between MTBs and the substrate is significant or
electron-electron interaction becomes suppressed due to, e.g., the screening effect, the MTBs
would no longer behave as the TLL. For comparison, we have grown a MoSe2 film on Au(110)
substrate, in which MTBs are also seen as exemplified in Figs. 3a and 3b. Spatially-resolved STS
spectra of such a MTB is presented in Fig. 3c, in which the QWS are again clearly discerned.
Hence, the QWS in finite-length MTBs are unequivocal irrespective of the substrates used,

HOPG/graphene or Au(110).

Comparing Fig. 3c and Fig. 2c, an acute feature is however noted, i.e., it lacks the extra gap at

EF in Fig. 3c. This indicates that the MTB in the gold-supported sample does not behave as the

TLL but a Fermi liquid, a striking effect of the substrate. Though the precise nature of it remains
unclear, two factors are believed to be relevant. The first is electronic coupling between the MTBs
and substrates. On graphene, some early theoretical studies indicated weak couplings between
MoSe: and the substrate,®® *° so the MTBs in MoSe2 would behave more like 1D metals. On Au,
on the other hand, due to a different nature of interface interaction, tunneling of electrons between

the MTB and the substrate may be substantial, and if so the MTBs would no longer represent 1D



systems. The second and perhaps a more relevant factor is the screening effect as demonstrated
previously in single-wall carbon nanotubes, where electron-electron interaction became
suppressed by screening from the metallic substrates.? 2% 26:40.41 On graphene, the screening effect
is minimal due to a low density of electrons in graphene, whereas on Au, the high density of
electrons in the substrate can provide strong screening and thus effectively suppresses electron-
electron interaction in the MTBs. This would in turn diminish the TLL and lead to the Fermi liquid
in the MTBs. This, in passing, would also provide a strong hint that the Peierls type CDW is not
relevant here, as the latter is of the single-particle phenomenon and would not exhibit such a
substrate dependence due to screening. We shall return to a further discussion of the CDW in a
later subsection, but the essential point made here is that the QWS is conspicuous in finite-length
MTBs on both graphene, HOPG, and Au, though different substrates may have changed the
character of the quasi particle from the TLL to a Fermi liquid depending on the strength of the

coupling and/or screening effects.

TLL in Graphene/HOPG-Supported MTBs. As noted above, MTBs in graphene/HOPG-
supported MoSe2 ML behave as the TLL. This is further evidenced by the observation of a power-

law suppression of the DOS at E_ for long defects (e.g., > 30 nm) where quantum effect becomes

F

insignificant. Indeed, for long MTBs, we could hardly observe the charge-gap at EF , nor the
QWS. Instead, the measured spectra exhibit an apparent power-law suppression of the DOS close
to the Fermi level, another feature characteristic of the TLL.® 424> As an example, Fig. 4a presents

a spectrum taken at ~5K over a MTB segment of over 35 nm long, and Fig. 4b presents a close-up

spectrum near the Fermi energy. As seen, instead of a gap, a power-law suppression of the DOS,

N(E) o :T'/ may be observed over a substantial energy range of ~300 meV, and a fit by



N(E) ~|E|" results in an exponent a =0.47+0.05. As the temperature is increased to ~77K, the

dl/dV spectrum preserves the same power-law behavior but features a reduced DOS suppression
at zero-bias (Fig. 4c). Such a behavior agrees with the TLL model description of N(E) ~ T and

has been observed in many TLL systems.'? 246 The power-law exponent relates to the Luttinger

parameter KC according to « :(Kc +K* —2)/4 1944 47 \which characterizes the strength of
electron-electron interactions in the system. From the above, we derive a value of KC ~0.28. We

note further that the power-law suppression is consistently observed even if the tip-to-sample

distance is changed in the STS measurements.

Besides DOS suppression at Fermi level, an additional feature that may lend support to the TLL
in graphene-supported MTBs is the DOS peak upshift in energy with decreasing r, the distance
from the 1D wire edge, such that r x E = constant.** 4 Fig. 5a presents a spatially-resolved STS
spectra taken from an isolated MTB but near one end terminated at the ML-MoSe: island edge. A
curve of r x E = 0.49 nm-eV is overlaid in the figure. Fig. 5b plots the same data in a different
format, where each line represents a spectrum taken at a location a distance from one of the MTB
ends as indicated. As is clear, the closer it is to the end of the defect, the higher the energy at which

the DOS is the highest, consistent with the TLL.

Charge Density Modulation — the QWS, Friedel Oscillation, Moiré and CDW. A feature in
all STM measurements of the MTBs is the apparent intensity modulations with period ~3a, i.e.,
triple the lattice constant of MoSez along the defect. While an early study attributed such
modulations to the QWS and Moiré potentials,* others suggested them to reflect the CDW.2 %8 As

pointed out before, the difficulty in identifying the true origin of such STM intensity modulation



lies in the coincidence of the Fermi wave-vector kr with the inverse of the Moire periodicity (~3a)

for MoSez-on-graphene. Meanwhile, both QWS and CDW give rise to energy gaps at EF :
Scattering by defects or the intersections of the MTBs can also lead to charge modulations per the
interference of the scattered electron waves. In below, we shall show evidence that the charge
density modulations of period ~3a is more related to the QWS or interference effect rather than
Moiré and the CDW.

As already mentioned, a 1D metal is unstable at LT against Peierls transition, where lattice

distortion leads to a gap opening at EF , giving rise to charge density waves of wave-vector ~2k.

The gap size depends on the strength of electron-electron interaction, which determines the
temperature of CDW transition. In a previous study, a CDW gap of ~0.1 eV was suggested in the
MTBs in MoSe2 ML, which implies a transition temperature of ~200 K as was subsequently
observed by transport measurements.® We have however performed STM measurements at RT, an
example of which is shown in Fig. 6a. Intensity modulations of period ~0.93 nm remains visible,
which is thus inconsistent with the early prediction of the CDW transition at ~200 K. In fact,
looking at the MTBs in Au(110)-supported MoSe: (Fig. 3), careful measurement of the modulation
period shows a bias dependence: it is in average ~1.17 nm when imaged at -0.1 V but ~1.10 nm at
+0.1 V. If it were CDW, the same modulation period would be expected but with a phase shift of
.2 We note further that in MTBs supported on Au(110), no Moiré pattern is present, so the effect
of Moiré potential may also be ruled out as the cause of the observed charge density modulations.

An additional feature that does not align well with the CDW is the length-dependent energy gap

at E_ as presented in Fig. 2b. Indeed, gap opening at E

= may be taken as one of the signatures

F
of CDW formation, though there also are cases where CDW does not necessarily lead to energy

gaps, especially in higher dimensional systems.*® %° If however a gap does open as shown in the



cases of finite-length MTBs, the gap size would be constant rather than inversely length-
dependent. Besides, for long MTBs, we failed to measure the DOS gaps but only a suppression at
the Fermi level (see Fig. 4). These findings are all inconsistent with the CDW. We have in fact
performed some DFT calculations by, e.g., artificially distorting the regular MTB structure (Fig.
1c) to introduce the 3a periodicity by compressing every three-unit cell by 5 pm, 10 pm or 15 pm,
respectively. After relaxation, all returned to the undistorted structure, which agrees with others 2
and suggests that the distorted lattices are not stable. As a matter of fact, MTBs in MoSe: are not
exactly 1D metals of the Peierls model. While electrons are very much confined to 1D along the
MTBs, the lattice extends in two-dimensions where atoms in the MTB core are bonded covalently
with the neighboring MoSe2. So the phononic system is two-dimensional, and any lattice distortion
along the MTB inevitably results in stresses in the whole MoSez2 lattice with huge strain energies.
It is therefore not surprising for the system not to exhibit the Peierls instability. With this said, we
however wish to point out that CDW may form without invoking lattice distortions but by other
effects due to electron interactions via, e.g., the Overhauser mechanism.>2 Indeed in a recent
DFT study by incorporating a Hubbard potential in the MTBs, spin and charge density waves have
been suggested.*® The point we wish to make is that for the MTBs in ML-MoSez, our STM data,
including RT-STM, bias-dependent modulation periods, lack of energy gap in long MTBs but
length-dependent gaps for short MTBs, as well as the substrate effect elaborated earlier, all point
to inconsistencies with the CDW. The charge density modulations seen in experiments are better
explained by the quantum confinement and interference effects as discussed below.

Indeed, as presented earlier, QWS are ubiquitous in finite-length MTBs supported on both
graphene and Au(110) substrates. The QWS inevitably causes charge density modulations. During

imaging at low bias, the STM contrast comes predominantly from states close to the Fermi energy,
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and the modulation period will thus not far from that of 1/kr. Comparing the MTBs on Au(110)
versus that on graphene/HOPG, we note the modulation periods are slightly different, i.e, ~1.12
nm on Au and ~0.93 nm on graphene/HOPG by averaging over many STM measurements. This
may be explained by a relative Fermi level shift between the two samples due to work-function
and DOS differences. Often, especially in long MTBs, we observe STM intensity modulations of
non-uniform amplitudes along the defect. Examples are shown in Fig. 6b and 6¢ for the MTBs on
HOPG and Au(110), respectively, where the modulations are seen to be the strongest near the
defect or edge of the MTB and decrease gradually as one moves away. This behavior is describable
by the Friedel oscillations. For that on Au, which is a Fermi liquid as discussed earlier, the intensity

is found to decay per the relation of p ~ 1/x,%* > while for the MTB on graphene/HOPG, it is TLL
and the modulation amplitude decays at a slower rate according to p~Xx ¢, where K. is the
Luttinger parameter.?* The insets in Figs. 6b and 6¢ show plots of such relations with K_ = 0.28

being chosen in Fig. 6b per the result of Fig. 3, showing the satisfactory agreements.

CONCLUSION

We use RT- and LT-STMY/S to reveal that the commonly observed 4|4P type MTBs in epitaxial
MoSe2 ML host quantum well states, which is the dominant factor for the observed intensity
modulations in STM micrographs. For graphene/HOPG supported samples, signatures of
Tomonaga-Luttinger liquid are observed, which include the opening of the charge gaps at the
Fermi level for short MTBs and the power-law DOS suppression in long MTBs. The former shows
an inverse relation with MTB length. Friedel oscillations close to the MTB edge and/or defects

also conform to the TLL in graphene/HOPG supported samples. On Au(110), MTBs behave as

11



Fermi liquids. In any case, CDW is not evident by our RT-STM measurements and by comparing
results between samples grown on graphene/HOPG and Au(110) substrates. The effect of Moiré
potential is also ruled out. The data suggest the important role of interface interaction between the
MTBs and substrates, e.g., by the tunneling and screening effects, in determining the electronic
properties of the MTBs. It provides an interesting 1D system for studying low-dimensional and

correlated physics.

METHODS

Sample Preparations. Depositions of ML MoSe2 were carried out in an MBE chamber having
the background pressure of 10°° Torr. The flux of molybdenum was generated from an e-beam
evaporator operated at a power of ~50 W, and that of selenium was delivered by a Knudsen cell
held at 125°C. For the depositions on vdW substrates, HOPG or epitaxial graphene obtained by
annealing SiC wafer at ~1100°C in a Si flux were used. The temperature of the substrate during
growth was ~500°C. The growth rate was about 0.5 MLs/hr as limited by the flux of Mo (~1.5x10*
atoms/cm?-s), which was about 10 times lower than Se flux (~1.2x10* molecules/cm?-s). The
growing surface was monitored by reflection high-energy electron diffraction (RHEED) operated
at 15 keV. Upon completion of ~ 1 ML MoSe2 deposition, the film was capped by an amorphous
Se layer deposited at room-temperature, where the streaky RHEED patterns of MoSe2 changed
into diffusive one. It was then taken out of the MBE chamber and transferred to a standalone
Unisoku 1500 STM system, in which a post-growth annealing procedure was adopted at 700°C for
1 hour to desorb the Se capping layer as well as to tune the density and thus the length of twin

domain boundary defects in MoSe2. For deposition of ML MoSe2 on crystalline Au(110), the

substrate was cleaned by Ar* bombardment (1.0 keV, 3 x 10 Torr), followed by annealing at

12



~600°C. It was then transferred into the adjacent MBE chamber for MoSez growth. The deposition

conditions were the same as described above, so was the procedure for subsequent STM

measurements.

Characterizations. Subsequent STM/STS measurements were carried out at 77K or 5K under
a base pressure 1x1071° Torr. The constant-current mode of scanning was adopted, and the
tunneling current was 100pA. The dI/dV spectra were obtained by a lock-in amplifier at 1.009 kHz.
Tungsten tips calibrated on single-crystal Ag(111) surface were used for the scanning. Room
temperature STM measurement were done in an Omicron STM system under a base pressure 3x10°

10 Torr.

DFT Calculations. The first-principles calculations were performed by using the density
functional theory (DFT) as coded in the Vienna ab initio simulation package (VASP). The
projector augmented wave (PAW) method was used to describe the electron core interactions with
the cutoff energy 500 eV. The Perdew-Burke-Ernzerhof (PBE) formalism of generalized gradient
approximation (GGA) was applied to treat the exchange-correlation, and the BZ was sampled by

a k-point mesh 11 x 1 x 1 in the self-consistency cycle.
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FIGURE CAPTIONS:

Figure. 1. Atomic and electronic structures of MTBs in MoSez. (a) STM image (image size: 15
x 10 nm?, sample bias: +0.4 V) showing the triangular network of MTBs (bright contrast double
lines) in an MBE-grown MoSe2 ML. (b) STM image (image size: 30 x 20 nm?, sample bias: —1.0
V) showing MTBs in a post-annealed MoSez ML. (c) Stick-and-ball model of a MTB in MoSe2
(top and side view), where purple and green balls represent Mo and Se atoms respectively. (d)
DFT calculated band structure, where states (e.g., ‘1’ and ‘2”) of the MTB are highlighted in red.

Black and light-blue lines are states from the bulk and edges of MoSe2 ML ribbon, respectively.

Figure. 2. Quantum well states in finite length MTBs. (a) STS spectra (;i\'/ on a logarithmic scale)

taken from the MTBs of three different lengths as indicated. (b) The DOS gap at Fermi level

measured by STS as function of MTB lengths. The red line represents a least-square fitting by

Eg ~1/L. (c) Spatially-resolved STS spectra of a MTB of total length ~7 nm but measured for a

length of ~5 nm in the middle.

Figure. 3. MTB in MoSe2 ML grown on Au(110). (a-b) STM images (sizes: 14 x 14 nm?) of a
MTB loop acquired at the sample bias of (a) +0.1 V and (b) —0.1 V. (c¢) Spatially-resolved STS

spectra of a MTB of total length ~10 nm but measured for a length of ~7 nm in the middle region.
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Figure. 4. DOS power-law suppression at E_ in long MTBs. (a) a STS spectrum obtained under

F

~5K from a MTB of total length ~35 nm. (b) A close-up view of (a) over a narrow energy range.

The red line represents a fit of the data by the power-law N(E) ~ |E|“ with an exponent & =0.47

. (c) A STS spectrum measured under ~77K.

Figure. 5. DOS peak energy as a function of tip position. (a) spatially-resolved STS taken near

one end (defined as the origin) of a MTB, and the red line represents a fit by E ~constant/r. (b) the

;L\'/ spectra taken at different locations on the MTB as indicated, showing the peak energy shift

with STM tip position.

Figure. 6. Charge Density Modulations in MTBs. (a) Room-temperature STM image (sample bias:
+0.5V) of a MoSe2 monolayer grown on HOPG substrate. (b) Main: STM image showing an

isolated MTB on HOPG substrate (size: 20 x 20 nm?, sample bias: —1V). Inset: Line profile of the
intensity modulations along the marked line. Red curve is a plot of the p~x " relation with K,

=0.28. (c) Main: STM image of an MTB triangle on Au(110) substrate (size: 20 x 20 nm?, sample
bias: +0.1V). Inset: Line profile of the intensity modulation along one segment of the MTB as

marked by the thin line. Red curve shows the p ~ 1/x relation.
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