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Abstract. This study investigates the structural and electronic properties of 1T-TaS: using scanning tunneling microscopy
(STM) and complementary Fourier analysis. The objective was to correlate surface morphology with the emergence of
commensurate charge density wave (CDW) order and to quantify the periodicities governing its modulation. High-
resolution STM imaging revealed both the atomic lattice and the superimposed CDW, with measured lattice constant of
0.343 £ 0.02 nm and CDW periodicities of 1.1 = 0.05 nm and 2.0 + 0.05 nm. Fourier transforms confirmed reciprocal
vectors 0f 2.9 £ 0.1 nm™! for the lattice and 0.5-0.9 + 0.1 nm™! for the CDW, rotated by approximately 30° with respect
to the atomic lattice, consistent with a commensurate v/13 x v/13 reconstruction. Surface roughness characterization
showed root-mean-square variations of 3.5 + 0.2 nm and terrace widths of only 25-40 nm, reflecting the brittle nature of
the crystal and highlighting constraints for achieving atomically stable imaging. Bias-dependent measurements
demonstrated contrast inversion between filled and empty states, providing direct evidence of the electronic origin of the
CDW. These results confirm the robustness of CDW ordering in 1T-TaS., address the research objective of linking
morphology with electronic superstructures, and highlight both the opportunities and challenges of using this material as
a platform for studying correlated electron phenomena in low-dimensional solids.

Keywords: scanning tunneling microscopy, charge density waves, surface roughness, nanomorphology, Fourier analysis,
commensurate superstructure.

1. Introduction

Charge density waves (CDWSs) are collective electronic phenomena where conduction
electrons couple strongly with the underlying lattice, producing a periodic modulation of both charge
density and atomic positions [1]. The concept originates from Rudolf Peierls [2], who first explained
how, in a one-dimensional crystal, periodic lattice distortions can open band gaps at multiples of:

k== (1)
in the electronic dispersion E (k). In the ground state, electrons occupy states up to the Fermi level at
kp ==+ = (2)

— 2a

lowering the electronic energy. This distortion becomes energetically favorable if the electronic
energy gain outweighs the elastic cost, below a characteristic Peierls transition temperature. As a
result, the CDW state can drive a transition from a metallic to a semiconducting or insulating phase.
Although Peierls’ mechanism is most direct in one dimension, CDWs have also been observed in
two- and three-dimensional materials, where the theoretical description is more complex but no less
significant [2].

Transition-metal dichalcogenides (TMDs) provide a particularly rich platform for
investigating CDWs due to their layered structures and weak interlayer van der Waals bonding.
Among them, 1T-TaS: has attracted sustained attention as a model system [3]. In its 1T polytype,
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each tantalum layer is sandwiched between sulfur layers, producing a quasi-two-dimensional
structure that readily exhibits CDW instabilities. The system undergoes multiple phase transitions:
below 183 K, a fully commensurate CDW forms; between 183 K and 353 K, a nearly commensurate
phase with mixed commensurate and incommensurate domains emerges; and above 353 K, the
material stabilizes an incommensurate CDW phase. In real-space imaging, these modulations appear

as a V13x /13 “star-of-David” superlattice rotated by 30° relative to the atomic lattice. Scanning
tunneling microscopy (STM) is uniquely capable of resolving this superlattice by directly probing the
electronic density of states superimposed on the atomic lattice.

Recent experimental advances have expanded the understanding of CDWs in TaS: and related
TMDs. [4] demonstrated nanoscale coexistence of commensurate and nearly commensurate CDWSs
using low-temperature STM. [5] highlighted the interplay between CDW order and Mott insulating
behavior. [6] revealed metastable hidden CDW states induced by ultrafast optical pulses, opening
pathways to switchable phases. [7] showed strain-induced tuning of CDW periodicity and stability,
emphasizing the sensitivity of CDW order to external perturbations. More recently, [8] reported
interlayer-stacking-driven switching between Mott- and band-insulating states in bulk TaS., while [9]
observed proximity-induced CDW order in graphene/TaS: heterostructures with a concurrent
reduction of the Mott gap. Thermal stabilization of hidden metallic CDW states has also been
achieved by quenching [10], and epitaxial growth has enabled spiral TaS: structures with tunable
electron correlations. Furthermore, STM studies by [11] revealed intradomain chirality in the nearly
commensurate phase, while [12] mapped atomistic domain-wall networks forming a honeycomb
lattice of metallic states. Collectively, these works underscore the robustness and tunability of CDWs
in TaS:, as well as their intimate connection to correlated electron phenomena.

Despite these advances, key questions remain. In particular, the correlation between surface
morphology—including roughness, terrace width, and step density—and the visibility and stability
of CDW order remains underexplored. While prior studies have largely focused either on electronic
structure or on phase transitions, few have systematically integrated roughness quantification,
reciprocal-space analysis, and bias-dependent STM imaging. This gap limits the ability to disentangle
intrinsic CDW features from surface-induced artifacts.

We hypothesize that a combined methodology integrating topographic roughness analysis,
Fourier transform mapping of periodicities, and bias-dependent STM contrast can establish a direct
link between the surface morphology of TaS: and the stability of its CDW ordering.

The objective of this study is therefore to: (i) characterize the surface nanomorphology of 1T-
TaS., (i1) resolve both atomic and CDW periodicities in real and reciprocal space, and (iii) determine
how surface roughness and terrace size influence the stability and observability of CDW
superstructures. By uniting structural and electronic perspectives, this work provides a
comprehensive experimental framework for understanding collective electronic phenomena in
layered dichalcogenides.

2. Methods

The choice of 1T-TaS: as the object of investigation is motivated by its layered crystal
structure and the presence of a commensurate CDW state at low temperatures, which make it a
prototypical system for studying collective electronic phenomena in low-dimensional solids. The
material is also known to exhibit a Mott—Hubbard insulating phase arising from strong electron—
electron correlations, rendering it a rare example where CDW order and Mott physics coexist in a
single compound. This duality places 1T-TaS: at the center of modern solid-state research, as it
enables direct exploration of the interplay between lattice instabilities, electron correlations, and low-
dimensional confinement. Furthermore, its layered van der Waals nature facilitates preparation of
atomically clean surfaces for STM, while also making the compound attractive for potential
applications in nanoscale electronic and optoelectronic devices.
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Experiments were conducted using a STM in order to resolve the surface electronic structure
of layered transition-metal dichalcogenides. The procedure followed a well-established sequence
aimed at ensuring tip stability, surface cleanliness, and high-resolution imaging down to the atomic
scale. All measurements were performed at room temperature under ultrahigh vacuum (UHV)
conditions, unless otherwise specified.

A mechanically cut Pt-Ir tip was prepared and tested on highly oriented pyrolytic graphite
(HOPG), a standard calibration substrate widely used due to its atomically flat terraces and easily
resolvable hexagonal lattice. Atomic resolution of the HOPG surface was required as a criterion of
tip sharpness and stability. The test scan was performed at a sample bias of 50 mV and a tunneling
set-point current of 1 nA, conditions optimized for the visualization of individual carbon atoms on
the HOPG basal plane [13].

Following tip verification, the substrate was replaced by the TaS: crystal, cleaved in situ to
expose a clean surface. The initial approach was performed with an image size of ~100 nm, a sample
bias of 20 mV, and a tunneling set-point of 4 nA. Under these conditions, the surface terraces
characteristic of layered dichalcogenides became visible, providing a reference for subsequent high-
resolution scans. In cases where contamination or unstable tunneling conditions were encountered, a
controlled voltage pulse (“tip cleaning pulse”) was applied, or the sample was re-approached at a
different lateral position.

Once an atomically clean terrace was identified, the scan area was reduced to approximately
(30 nm)? in order to resolve the commensurate CDW modulation inherent to TaS.. Progressive
zooming into regions exhibiting well-defined periodic contrast enabled a gradual increase in spatial
resolution. To achieve atomic resolution of the underlying Ta and S lattice, the set-point current was
carefully increased to ~30 nA, with simultaneous adjustment of the integral (1) and proportional (P)
gains of the feedback loop to maintain stability. The necessity of withdrawing and re-approaching the
sample during these adjustments was dictated by the nonlinear response of the tunneling junction
under high current densities, a common consideration in STM practice [14].

After reaching atomic resolution, further optimization of feedback gain parameters was
performed to minimize scan-induced distortions and thermal drift. Increasing the number of sampling
points per scan line yielded smoother topographic images and improved spatial fidelity. Post-
processing of the acquired data included the application of a glitch filter to remove spurious spikes,
noise filtering to reduce electronic background fluctuations, and background subtraction or scan-line
leveling to eliminate systematic distortions introduced by piezoelectric scanner creep. These
corrections do not alter the physical content of the images but enhance the visibility of the intrinsic
surface periodicities and local electronic modulations.

Image acquisition and feedback control were carried out using the microscope’s proprietary
control software, while subsequent data processing employed standard analysis tools (WSxM [15]
and Gwyddion [16]) for filtering, leveling, and Fourier analysis of surface modulations. Statistical
analysis of periodicities in the CDW superlattice was conducted by fitting two-dimensional Fourier
peaks, with the lattice constants extracted via Gaussian peak fitting.

3. Results and Discussion
The Fourier-transformed STM images of 1T-TaS: reveal distinct reciprocal-space features

corresponding to both the atomic lattice and the CDW modulation. Figure 1 presents the topographic
image of the surface together with its corresponding fast Fourier transform (FFT).
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Figure 1-STM topography of 1T-TaS: (left) and corresponding FFT image (right), showing
reciprocal lattice peaks associated with both the atomic lattice and the CDW modulation

Two hexagonal structures are distinguished in reciprocal space. The outer hexagon
corresponds to the reciprocal lattice of the atomic TaS: structure, while the inner hexagon originates
from the CDW superlattice. Due to the inverse relationship between real and reciprocal spaces, the
larger real-space periodicity of the CDW appears as a smaller vector length in k-space (Figure 2).
Furthermore, the reciprocal lattice is rotated by approximately 30° relative to the real-space lattice,

consistent with the commensurate v13 x +/13 superstructure (star-of-David cluster).
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Figure 2 — Annotated STM and FFT images of 1T-TaS., highlighting real-space (yellow) and
reciprocal-space (green) periodicities

The quantitative values of the extracted periodicities are summarized in Table 1.

Table 1 — Comparison of real-space and reciprocal-space periodicities for atomic lattice and CDW

in 1T-TaS:
Feature Reciprocal vector (nm™)  Real-space periodicity (nm) Interpretation
Atomic lattice (outer) 29+0.1 0.343 £ 0.02 TaS: lattice constant (ao)
CDW (inner, small) 09+0.1 1.1+0.05 Short CDW periodicity
CDW (inner, large) 0.5+ 0.05 2.0+0.05 Long CDW periodicity (V13 x V13

superstructure)
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From the FFT analysis, the atomic lattice periodicity of 0.343 £ 0.02 nm agrees with
established crystallographic values for TaS:, while the CDW modulation length scales of 1.1-2.0 nm
are consistent with the commensurate CDW reported in literature [17], [18]. The simultaneous
observation of both atomic and CDW peaks confirms the dual ordering of the material, where
electron—phonon coupling stabilizes a superlattice modulation coexisting with the underlying atomic
framework.

The data illustrate the hierarchical ordering in 1T-TaS.: the atomic lattice provides the
fundamental hexagonal framework, while the CDW manifests as a secondary modulation locked to
it. The 30° rotation of the CDW reciprocal lattice relative to the atomic lattice is a direct consequence

of the commensurate v13 x /13 ordering. Our findings corroborate recent STM and diffraction
studies that emphasize the stability of the commensurate CDW phase and its interplay with electron
correlations [19], [20]. Minor variations in CDW periodicity between different scan regions are
attributed to local strain or tip-induced perturbations, as also noted in prior high-resolution STM
work.

In addition to reciprocal-lattice and CDW analysis, the surface morphology of 1T-TaS: was
examined to evaluate its roughness and nanoscale texture. The layered nature of transition-metal
dichalcogenides is characterized by strong intralayer covalent bonding and weak van der Waals
interactions between layers. This results in a material that can be easily cleaved but is mechanically
brittle, leading to the formation of irregular terraces and step edges after exfoliation (Figure 3). A
detailed understanding of these structural features is crucial for STM, as terrace size, step distribution,
and surface roughness directly influence tunneling stability and the ability to resolve delicate
electronic modulations such as CDWs.
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Figure 3 — STM topography of the 1T-TaS: surface across a 350 x 350 nm? scan. The height
variation ranges between —8 nm and +8 nm, revealing brittle fracture-induced terrace formation

The Figure 3 shows height variations on the order of £8 nm across the scanned region. This
indicates that cleaved TaS. does not produce large atomically flat terraces, but instead displays
plateau-like regions of limited size, separated by irregular steps. Such morphology arises from the
weaker bonding between adjacent TaS: planes, which increases susceptibility to fracture during
cleavage.

Roughness analysis demonstrates that the TaS: surface exhibits pronounced nanoscale
inhomogeneity. In contrast to HOPG, where terraces may extend for hundreds of nanometers [21],
TaS: terraces typically terminate after only 25-40 nm. This has practical implications: while HOPG
is commonly used for tip calibration due to its stability, TaS: requires careful optimization of feedback
parameters to achieve atomic resolution because of its intrinsically rougher surface [8].
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The quantitative assessment of roughness parameters is summarized in Table 2.

Table 2 — Surface roughness and terrace morphology parameters of 1T-TaS.

Parameter Value Description
RMS roughness (Rq) 35+0.2 nm Root-mean-square height_va_riation, sensitive to larger
eviations
Average roughness (Ra) 28+ 0.2nm Arithmetic average of height fluctuations
Maximum peak-to-valley (Rz)  16.4 £ 0.5 nm Largest vertical difference across the scanned area
Average terrace width 25 -40 nm Typical lateral dimension of flat terraces before step termination

The RMS roughness of 3.5 £ 0.2 nm and the peak-to-valley difference of 16.4 + 0.5 nm
confirm the presence of significant topographic variation. These values are substantially larger than
those typically measured for HOPG [21], highlighting the inherently brittle nature of TaS.. The
terrace width of 25-40 nm illustrates the limited lateral coherence of atomically flat regions, which
is an important constraint for high-resolution STM studies.

Overall, the roughness and nanomorphology analysis reveals that TaS. surfaces are
intrinsically rougher and less stable than classical calibration substrates. These structural features
must be carefully considered during STM imaging, as they can influence tunneling stability and affect
the interpretation of observed electronic ordering phenomena. Nevertheless, the brittle nature of TaS:
is a fundamental property of its layered structure and provides valuable insight into the interplay
between mechanical stability and electronic modulation in transition-metal dichalcogenides.

Figure 4 illustrates the large-scale surface morphology of cleaved 1T-TaS. terraces, while
Figure 5 shows the same surface imaged at higher resolution, where the CDW modulation becomes
visible.
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Figure 3 — STM topography of the 1T-TaS- Figure 4 — High-resolution STM topography of
surface, showing step edges and terrace 1T-TaS, revealing commensurate CDW
boundaries ordering within a (31 nm)2 scan area

Dom

At the larger scan size (Figure 4), the TaS. surface is characterized by terraces and step edges
typical of layered dichalcogenides. These features confirm the brittle nature of the crystal and the
weak interlayer bonding, consistent with the roughness analysis discussed earlier. The flat terraces
represent regions where tunneling conditions remain stable, providing suitable areas for further high-
resolution imaging.

When the scan is reduced to the nanometer scale (Figure 5), a periodic modulation
superimposed on the atomic lattice becomes clearly visible. This modulation corresponds to the

commensurate CDW phase of 1T-TaS., which manifests as a v/13 x v/13 superstructure rotated by
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30° relative to the underlying lattice. The CDW originates from the strong coupling between
conduction electrons and lattice vibrations (electron—phonon coupling), which drives a periodic
lattice distortion accompanied by electronic density redistribution. In real space, this appears as the
formation of "star-of-David" clusters, where thirteen Ta atoms reorganize into a commensurate unit
cell.

The ability to directly resolve the CDW pattern in STM imaging demonstrates both the high
structural quality of the surface and the sensitivity of the technique to correlated electronic states. The
periodicity observed in Figure 5 (~1.2-2.0 nm) matches the values extracted from FFT analysis
(Figures 1-2), thereby providing reciprocal and real-space consistency of the results. Importantly, the
visibility of the CDW depends on tunneling parameters: higher set-point currents and optimized
feedback gains enhance the contrast of the superlattice, while surface roughness and tip instability
can obscure the modulation.

From a physical perspective, the observation of CDW order at room temperature underscores
the strong electron—phonon coupling in 1T-TaS.. Unlike in some related dichalcogenides where CDW
phases are suppressed by thermal fluctuations, TaS: exhibits robust long-range ordering, making it a
prototypical platform for investigating collective electron phenomena. Furthermore, the
commensurate CDW phase is known to coexist with strong electronic correlations, leading to Mott
insulating behavior, which positions 1T-TaS. at the intersection of structural and electronic
instabilities.

Figures 6-8 present a detailed STM analysis of the commensurate CDW phase in 1T-TaS..
At intermediate resolution (Figure 6), a periodic modulation is observed across the surface,
corresponding to the long-range CDW superstructure. The modulation remains robust over large
terraces, confirming the stability of the commensurate CDW phase even at room temperature.
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Figure 6 — STM topography of 1T-TaS: showing commensurate CDW modulation (11 x 11
nm2 scan)

To quantify the CDW periodicity, length measurements were performed along principal
crystallographic axes (Figure 7). The mean horizontal period was determined as a, = 3.433 A, and the
vertical period as a, = 4.633 A, consistent with theoretical lattice parameters. The CDW
superstructure exhibits maxima with an average separation of 1.216 nm horizontally and 2.078 nm
vertically, corresponding to lattice periods of at’ = 3.377 A and a,’ = 5.772 A, respectively. These
values are in good agreement with the commensurate +/13 x /13 reconstruction reported in prior
studies.
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Figure 7 — Length measurement of CDW periodicity across 13 unit cells (left) and statistical
average of modulation spacing (right)

In addition to translational periodicities, the angular relationship between CDW maxima was
investigated using the Measure Angle tool (Figure 8). An angle of 109.5° was extracted between
adjacent maxima, compared to the ideal hexagonal arrangement value of 120°. This small deviation
is attributed to image distortions arising from tip asymmetry, thermal drift of the sample, or non-
linear creep of the piezoelectric scanner. Such effects are well known in high-resolution STM
measurements and do not affect the overall identification of the commensurate CDW state.
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Figure 8 — Angular measurements of CDW maxima showing deviation from the ideal
hexagonal 120° geometry
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Finally, Figure 9 compares STM images of the same region under opposite tip polarities (+30
mV and —30 mV). A clear contrast inversion is observed: positive bias highlights filled states, while
negative bias reveals empty states of the density of states (DOS). This contrast inversion is consistent
with the band structure of 1T-TaS., where the electronic DOS near the Fermi energy (E,) is
asymmetric due to the splitting of electronic states into three distinct bands in the 2D system. At
higher bias voltages, the DOS becomes nearly symmetric, but close to E, the asymmetry enhances
CDW visibility and bias-dependent contrast.
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Figure 9 — STM topographies of the same CDW, illustrating contrast inversion between filled and
empty states

The combined analysis demonstrates that the CDW in 1T-TaS: forms a commensurate v13x

/13 superstructure rotated by 30° relative to the underlying atomic lattice. Its periodicities (~1.2-2.0
nm) and near-hexagonal angular arrangement confirm the strong electron—phonon coupling
responsible for the CDW transition. The contrast inversion observed under opposite bias voltages
provides direct evidence of the CDW’s electronic origin: filled and empty states are modulated in
antiphase, producing a charge ordering pattern visible in STM imaging.

Deviations in measured angles and lattice constants arise primarily from instrumental effects
(tip shape, piezo creep, drift), but overall, the experimental results closely reflect theoretical
expectations. These findings are in excellent agreement with recent STM and spectroscopic studies
[13], which emphasize the robustness of CDW ordering in TaS. and its coexistence with strong
correlation effects leading to a Mott insulating ground state.

4. Conclusions

1. STM of 1T-TaS: successfully resolved both the atomic lattice and the commensurate CDW
modulation. The atomic lattice constant was measured as 0.343 + 0.02 nm, while the CDW exhibited
periodicities of 1.1 + 0.05 nm and 2.0 + 0.05 nm, consistent with the V13 x V13 superstructure.

2. FFT analysis confirmed the coexistence of atomic and CDW order, with reciprocal vectors
0f 2.9+ 0.1 nm™! (atomic lattice) and 0.5-0.9 £ 0.1 nm™' (CDW). The reciprocal lattice was rotated
by ~30° relative to the real-space lattice, confirming the commensurate nature of the CDW.

3. Surface morphology characterization revealed significant roughness: RMS = 3.5 + 0.2 nm,
Ra = 2.8 + 0.2 nm, and peak-to-valley variation = 16.4 £ 0.5 nm. Average terrace widths of 25-40
nm indicated brittle cleavage and limited lateral flatness.

4. Bias-dependent imaging demonstrated a clear contrast inversion between filled and empty
states at +30 mV and —-30 mV, providing direct evidence of the CDW’s electronic origin and its
coupling to the density of states near the Fermi level.

5. The study addressed the research objective of correlating surface morphology with
electronic superstructures in 1T-TaS., highlighting the dual influence of atomic structure and
electron—phonon interactions on observed patterns.

6. The findings contribute to a better understanding of CDW formation and stability in layered
dichalcogenides and can inform the design of future nanoscale devices exploiting CDW-related
phenomena.
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7. Limitations of the present study include measurement deviations due to tip asymmetry,

thermal drift, and piezo non-linearity. Future work should employ temperature-dependent STM and
spectroscopic mapping to resolve dynamic aspects of CDW evolution and correlation effects in
greater detail.
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