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Metallic transition metal dichalcogenides like tantalum diselenide (TaSez) exhibit exciting
behaviors at low temperatures, including the emergence of charge density wave (CDW) states.
In this work, density functional theory (DFT) is used to catalogue influences of van der Waals
interactions and reduced dimensionality on the CDW atomic structures as a function of
thickness, with the former effect being most strongly present between the layers of bulk TaSez,
slightly reduced in few-layer TaSe2, and effectively absent in monolayer (1L) TaSez. To support
the validity of the DFT models, experimental Raman data is provided for monolayer, bilayer,
and bulk TaSe: in the spectral range 165 cm™ to 215 cm™!. The phonons seen in the experimental
Raman spectra are compared with the results calculated from the DFT models as a function of
temperature and layer number. The matching of data and calculations substantiates the model’s
description of the CDW structural formation as a function of thickness, which is shown in depth
for 1L through 6L systems. These results highlight the importance of understanding interlayer
interactions, which are pervasive in many quantum phenomena involving two-dimensional

confinement.
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1. Introduction

Layered two-dimensional (2D) materials, specifically, transition metal dichalcogenides
(TMDs), are a subject of ongoing interest because of the exciting properties that emerge as a
result of reduced dimensionality.!!*] These materials also display many interesting quantum
phase changes, including superconductivity, moire patterns,'*) charge (CDW), and spin (SDW)
density waves. Particularly, the CDW phase in various polymorphous of TaSez, TaS2, NbSez,
VSe:z and TiSe2 has inspired many groups to investigate this phase’s potential for applications
in quantum information science.>%! Early investigations surrounding CDW phase transitions
were mostly focused on bulk TMDs, with such transitions attributed to multiple mechanisms
such as Fermi surface nesting,”! saddle point singularities,®® and electron-phonon
interactions.”'3] However, applications for quantum devices often require devices to be
constructed from few-layer material, to maximize the tunability of the material’s properties.'¥
Since van der Waals (vdW) interactions and reduced dimensionality contribute heavily to layer-
dependent properties, comparisons should be made between monolayer (1L), few-layer systems
and bulk, to learn more about how these effects contribute to structural formation, and more
specifically, to the formation of CDW states.[!5-2]

Various works have been published, which, in their own merit, make observations or
calculations that directly involve the effect of vdW interactions and reduced dimensionality on
the CDW phase.!'” 21261 Though many of those studies explored CDWs in TaSe: and related

5,119:21.27-301 gpecific details on the layer-by-layer evolution of atomic structures and the

material
formation of CDW phases are lacking. Some examples of structural studies include work by
Ryu et al., where they discussed the unique formation of triangular structures during the CDW
phase transition in the 2D limits of 1T-TaSe2."”) Another work reports the formation of a
unidirectional (striped) CDW phase in NbSe2.*”) Though some of the details of CDW phase

transitions in the 2D limit are known, the intricacies of how the atomic structures and phonon

modes evolve as a result of vdW interactions still require further investigations.
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In this work, the focus will be primarily on vdW interactions, which are expected to
become more prominent as the number of layers in a material increases, due to periodicity along
the direction normal to those layers. In the 1L case, the vdW interactions become negligible

19 which also occurs in the direction

compared with an effect like reduced dimensionality,
normal to the TMD layer. Additionally, the increased disorder seen in 1L atomic displacements
at finite temperatures leads to a strong fluctuation in charge-ordered states, preventing the
formation of long-range, coherent CDW states in the 2D limit.*!) Such disorder is not as
resilient in bulk systems since atoms have increased interactions with neighboring layers,
thereby restricting any atoms’ small oscillations around their ideal positions.

The material of focus in this work is 2H-TaSe>, which exhibits an incommensurate (IC-)
CDW phase between 122 K and 90 K, as well as a commensurate CDW phase below 90 K_.[*1:32]
This material was chosen because it has already been used in the development of Hall devices,
optoelectronics, and similar applications.l**3¢! Additionally, since the superconducting phase
transition of 2H-TaSez occurs at 0.2 K, the corresponding phase does not coexist with CDW
phase, making it easier to interpret calculations and experimental data. To date, CDW formation
in 1L and few-layer 2H-TaSe> still remains a subject of debate, warranting an elaborate
investigation like the one presented here.''> 37*}] To understand the impact of the vdW
interactions on CDW phases, several multilayer structures (up to six layers) have been
investigated, to explain the structural formation of the CDW phase. Knowledge of the structural

formation of CDW phases will be crucial for devices whose functionality depends on activating

certain phase transitions in few-layer 2H-TaSe2 or similar materials.

2. Regime of Reduced Dimensionality
To begin the analysis, there are two conditions that will be most relevant to the
discussion - vdW interactions and reduced dimensionality. These two conditions are of roughly

opposite influence on this metallic system. For instance, if one considers the two extreme cases
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of 1L and bulk systems, it will be logically clear that the vdW interaction, a layer-dependent
effect, is highly important in the bulk case, as it is responsible for holding the layers together.
In the case of a 1L system, the effect is negligible due to a lack of adjacent neighbors with
which to interact. The opposite logical treatment can be expected for reduced dimensionality,
namely, that by its very definition, this condition will lead to certain observations in the 1L and
few-layer cases that are absent in the bulk case, since dimensionality is restored. The key
question is: to what degree should one expect vdW interactions to affect the structural formation
of CDW phases? If it does, the next logical question is: how many layers must a system have
to exhibit signs of a cross-over point whereby vdW and dimensionality swap their roles as the
primary determining factor of structural rearrangement? The DFT models presented herein
include vdW interactions in the code, and therefore allow investigating such a “rivalry”. In
interpreting our results, we make the additional and reasonable assumption that reduced
dimensionality implies reduced vdW interactions, since decreasing the layer number physically
removes more of the material that would have contributed to vdW interactions.

A structural comparison was first made between 1L and bulk 2H-TaSe:. The reason for
doing so was to establish expected structural formation and electronic behaviors at the two
extreme limits. The first step in determining the initial structures for this study was to relax the
atomic position and lattice vectors of the bulk 2H-TaSe> unit cell (point group Deh). The
optimized lattice constants (atasez = 0.339 nm and crase2 = 1.22 nm) agreed within the range of
values from previous computational studies.!'”> 2% 4% 45 Relaxed structural parameters, such as
lattice constants, bond length and intralayer distance, have been tabulated in Table S1. Starting
with this relaxed bulk structure, a 1L (point group Dsn) and bulk supercell with 9-unit cells (3
x 3 x 1) were constructed. The trigonal prismatic structure of 2H-TaSe> can be found in Figure
S1. Varying the electronic temperature in discrete steps (see SI for details on the methodology),
the evolution of the structure as a function of temperature, and the formation of the CDW state,

1s modelled.
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Figure 1. Evolution of the electron densities as temperature decreases. (a) 1L case, atomic
plane containing the Ta atoms. The formation of a rhombus-like structure occurs near 70 K
that decomposes into a structure with a triangular appearance at 10 K, indicating the
localization of charges. Such triangular formations are marked by the blue and white triangles.
(b) In the bulk case, the plane containing the Ta atoms shows a triangular formation first (70
K), then decomposes into a striped lattice at 10 K. (c) No significant changes are seen, as a
function of T, for the Se electronic densities, neither in the 1L nor in the (d) bulk case.
Electron densities are shown at key temperature steps in Figure 1 for both 1L and bulk
TaSe2. Results for temperatures of 300 K, 110 K, 70 K, and 10 K are shown for Ta atoms,
whereas only the initial and final structural configurations (300 K and 10 K) are shown for the
Se atoms. This reduced picture for Se atoms was shown because no significant changes are seen
between high and low temperature states, in either the 1L or bulk cases, indicating that it is the
Ta atoms that contribute the most, in terms of atomic rearrangement, during the CDW transition.
Despite not contributing heavily to atomic rearrangements, the Se will still have an important
role in the interpretation of DFT predictions discussed later. In Figure 1 (a) and (b), the
temperatures of 110 K and 70 K show structures in the IC-CDW and C-CDW phase,
respectively, with the green and blue corresponding to areas of higher and lower charge density,

respectively. The complete structural evolution of the 1L and bulk systems as a function of

temperature and the systems’ transition into the CDW phase is shown in greater detail (10 K
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increments) in Figure S2 and Figure S3. From that detailed evolution, it is apparent that for
temperatures less than 30 K (below the CDW transition), the formation of a triangular structure
occurs in the 1L case, as opposed to a striped structure formation in the bulk case.

Additional details to note for this comparison of the 1L and bulk structures include one
prominent similarity and three major differences. For the former, a lack of charge density
modulation is observed around the Se atoms; i.e., the Ta atoms dominate the behavior. The first
difference is that the Ta atoms’ displacement starts at 175 K for the 1L, but at a lower
temperature (140 K) for the bulk case as seen in Figure S3. Second and more importantly, a
rhombus-like region of greater charge forms in the 1L case, and although both cases exhibit this
greater charge at 70 K, the bulk case exhibits it in the form of triangular-like regions. Thirdly,
at 10 K, when the C-CDW phase has reached its equilibrium structure, the 1L exhibits two
adjacent triangular regions whereby one region has an accumulation of charge and the adjacent
region has charge depleted. Recall that in the bulk case, rather than forming triangular regions
of charge (or lack of charge), a striped configuration forms whereby a periodic alternation
between charge accumulation and depletion defines the bounds of those stripes.*!

This formation of either triangular or striped structures for 1L or bulk systems,
respectively, gives information about structural order. Incidentally, the structural
rearrangements for the 1L case appear to be more complex as the triangular-like regions are
being formed, a signature of only having short-range order due to negligible vdW interactions.
The bulk case, being consistent with previous experimental observations of the CDW phase in
NbSe2,% continuously forms into a striped structure with decreasing temperature, indicating
the presence of CDW long-range order.

Generally, other than the formation of triangular or striped structures at low
temperatures, the charge distribution has a spherical symmetry very close to that of the Ta atom.
The results confirm that this system is metallic, that the charge modulations completely depend

on the Ta atomic displacement, and that vdW interactions, manifesting in the presence of
6
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neighboring layers in the DFT model, contribute significantly to predicted charge modulation
differences between the 1L and bulk cases during the CDW phase transitions. The next natural
question to ask regards whether or not the presence of interacting, neighboring layers affects
these ground state structural formations and whether there is a coherent layer-dependence that

can link the two extreme cases of 1L and bulk.
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Figure 2. Calculated atomic structures are graphically represented for the (a) 2L and (b) 3L
system at an electronic temperature of 10 K. For the 2L system, whose side-view is seen in
(a), each layer is color-coded for the top and bottom in (c) and (d), respectively. For the 3L
system in (b), each of the two distinct layer structures is shown, with the unitary middle layer
depicted in (d) and the identical top and bottom layers shown in (e).

Understanding how vdW interactions, via layer number, affect the structural formation
of CDW phases requires knowledge from cases intermediate between 1L and bulk. Using DFT,
we investigated the 2L, 3L, 4L, 5L, and 6L cases, with all cases starting from the same type of
super-cells as built for 1L and bulk, and with all cases being examined as the electronic
temperature is reduced from 300 K to 10 K. As the energy landscape is particularly tricky to

explore for this material, given that many local minima are present at similar energies, we also
7
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used CDW-ordered super-cell structures (triangular and stripped) as initial states and relaxed
them while discretely reducing the (electronic) temperature. All results shown below are for the
structures identified as ground state at 10 K. Additional tables and information about the ground
state energy calculations are shown in the Supporting Information.

Figure 2 summarizes the first portion of these DFT findings. The 2L ground state
structure, shown in Figure 2 (a), shows a clear symmetry when comparing the top and bottom
layers, graphically represented in pink and blue, respectively (see Figure 2 (c) and (d)). This
symmetry is equivalent to a 180° rotation. Finding similar structural features in the top and
bottom layer supports this configuration being the ground state, not just a local minimum, as
there are no physical reasons for the top and bottom to be different. More interestingly, no major
differences are found between 2L structural arrangement on each atomic plane and 1L structure
at 10 K (Figure S2). This lack of structural change between the 1L and 2L cases most likely
indicates that vdW interaction have only slightly increased in importance in the 2L material, so
that the reduced dimensionality still dictate the electronic and ionic configurations. Other results
of these calculations, like interlayer distances and bond lengths, are reported in the first two
sections of the supporting information.

In the 3L case, shown in Figure 2 (b), a departure from the usual triangular structure is
observed. The middle layer continues to maintain its triangular structure, seen in Figure 2 (d)
(blue), but the identical top and bottom layers, represented by an orange color in Figure 2 (e),
begin to change in such a way that the smaller triangular features in the 1L case are no longer
part of the structure. Instead, each of the larger triangular features becomes connected by a new

periodic pattern reminiscent of a striped feature with missing components.
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Figure 3. Calculated atomic structures are graphically represented for the 4L system at an
electronic temperature of 10 K. The side-view is shown in (a) and each layer is color-coded to
indicate the inherent symmetry in the system. The top and bottom layer (pink) are shown in
(b), with the three black dots serving as a point of reference to the graphical representation.
As depicted, the symmetry between the pink layers is a rotational one, needing only a 180°
turn to match. The same representation holds true for the inner two layers, shown in (c).

The 4L case is shown in Figure 3, with the side view in (a) and the two types of layers
in (b) and (c), represented by the colors pink and blue, respectively. The middle two layers in
blue retain an identical appearance to the 2L case, whereby the layers are rotated 180° with
respect to each other. The outer two layers in pink, however, continue the gradual
transformation from the outer layers of the 3L case. The appearance of striped features becomes

more obvious in this case, and one should note that this phenomenon has only occurred with

outer layers thus far.

3. Regime of van der Waals Interactions
In Figure 4, the 5L case is shown and this case marks a subtle, but more crucial change

in the trends that have been seen in the structures so far. Though the outer two layers continue

9
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to bear resemblance to the 1L system with its triangular structure, the middle layers distinctly
adopt an appearance incrementally closer to the bulk case — i.e. the formation of striped
structures. One intuitive way to picture this argument is that, as one goes from 1L to 6L, the
first deviation away from the triangular structure of the central most layer (or layers for an even
number) occurs at SL. This is a gradual step towards having the internal layers of a thicker-
layered system eventually match the bulk case, in the limit of tens of layers. A more quantifiable
way of describing this transition is through counting the Ta bonds needed to form one structure
or the other. For instance, to transform the triangular (1L) structure to a striped (bulk) structure
(for a single plane so as to match the images), 22 Ta bonds must be added inside the supercell.[*”]
This number does not change until the 5L case, at which point 16 Ta bonds must be added to

match the striped structure. It will be shown that the 6L case also requires its central-most layers

to form 16 additional Ta bonds to match the bulk case.
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Figure 4. Calculated atomic structures are graphically represented for the SL system at an

electronic temperature of 10 K. The side-view is shown in (a) and each layer is color-coded to

indicate the inherent symmetry in the system. The top and bottom layer (pink) are shown in
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(b), whereas the middle layer (orange) is shown in (c¢) and the two remaining inner layers
(blue) are shown in (d).

The final case of 6L is shown in Figure 5. What becomes evident in this case is that,

more than in 5L, the internal structure of the material tends towards stripe-like arrangements,

as in the bulk case. Specifically, all four internal layers (Figure 5 (c) and (d)) begin to manifest

a striped structure with a symmetry seen in lower even-numbered cases. The outermost layers,

in pink, appear to revert to a triangular structure like that seen in the 2L and 3L cases. This is

reasonable, as the overall strength of the vdW interaction is still limited (only 6 layers), and it

is at its lowest on the outermost layers. Therefore, more than 6 layers are needed for bulk-like

behavior, similarly with findings for other properties, 8 but 5 or 6 layers are enough to

identify the general mechanism for such a transition and, roughly, the crossover point between

reduced dimensionality or vdW interactions having the stronger influence on the CDW structure.
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Figure 5. Calculated atomic structures are graphically represented for the 6L system at an
electronic temperature of 10 K. The side-view is shown in (a) and each layer is color-coded to
indicate the inherent symmetry in the system. Three black dots serve as a point of reference to
indicate a 180° rotational symmetry. The top and bottom layer (pink) are shown in (b). (c)
The same representation holds true for the second and fifth layers (orange), as well as the (d)
center two layers (blue).
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4. Experimental Results

Thus far, it has been demonstrated with DFT calculations that the presence of additional
layers, and thus a more significant magnitude of vdW interactions, leads to a gradual, yet well-
defined transition between having CDW phases represented by triangular versus striped
structures. To validate this model, it was used to predict a set of CDW Raman modes for the 1L
case, with the intent of making a comparison with experimental data. A similar comparison
between Raman results obtained from this DFT model and experimental data has been detailed
for the bulk case in recent work.!??! For frequencies greater than 170 cm™ and a temperature of
5 K (shaded region of Figure 6a), experimental Raman spectra show CDW modes in the 1L,

2L, and bulk cases.
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Figure 6. (a) Experimentally observed Raman spectra for the range between 170 cm™ and
215 cm’!. Four illustrated peaks are drawn into the region containing the predicted CDW
modes for the 1L case. (b) All four Raman-active, DFT-calculated CDW modes in the 1L case
are plotted as a function of electronic temperature (o). Corresponding illustrations of the
lattice modes are shown in (c)-(f) in order of increasing frequency, determined at the lowest
temperature. Only the mode in (e) emerges in the C-CDW phase, whereas all others appear in
the IC-CDW phase.
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For the 1L case, four Raman-active modes in the CDW phase emerged from the DFT
calculations. They are indicated by Gaussian peaks in Figure 6 (a). The experimental spectrum
displays a single, broad peak roughly between 185 cm™ and 215 cm™, that consumes all four
DFT peaks, therefore validating the DFT model. Though four CDW modes are seen in the bulk
spectra as well, those peaks are redshifted with respect to those in the 1L and do not exhibit the
same vibrational behavior as the ones described below.!*)

In addition to identifying modes, DFT allows one to investigate them as a function of
temperature and in terms of vibration directions. The four predicted Raman-active CDW modes
are plotted as a function of temperature (smearing factor) in Figure 6 (b) and their vibration
directions are shown in Figure 6 (¢) - (f). These results show that the vibration and the evolution
of each mode are different, with three of them appearing in the IC-CDW phase and one
emerging in the C-CDW phase.

The 1L mode at 203.5 cm™!, whose vibration is shown in Figure 6 (), only appears at
temperatures below 60 K, which is well within the C-CDW phase. It is a circular mode and
does not shift in frequency as the temperature decreases. This circular mode involves Ta atoms
vibrating in the counterclockwise direction whereas both layers of Se atoms vibrate in the
clockwise direction. This circular mode was also seen in the bulk case.'*’] Additional
temperature-dependent details for all four 1L modes are shown in section five of the supporting
information.

The three remaining 1L modes emerge in the IC-CDW phase, characterized by a crystal
symmetry containing an orthorhombic structure.** 4% > Two of them undergo a slight blueshift
as the temperature decreases, and all of them have different vibration patterns (see Figure 6 (c),
(d), and (f), respectively): (i) a stretching bond mode (198.1 cm™); (ii) a breathing mode (201.5
cm™); and (iii) a triangular mode (207 cm™). The stretching mode (i) emerges around 130 K
and involves vibrations roughly along the Se-Ta bond direction. The Ta atoms’ vibrations are

negligible compared to those of the Se atoms in this mode, with each layer of Se atoms vibrating
13
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in the same direction. The breathing mode (ii) emerges in the 1L spectra due to the breaking of
translational symmetry along the z-axis,>!) which is consistent with the fact that no breathing
modes were found in the bulk within a similar range of frequencies. According to the DFT
calculations, the top and bottom layers of Se atoms vibrate in the opposite direction, with Ta
vibrations being negligible. This breathing mode also depends on intralayer coupling and the
atomic displacement of Ta atoms. The final CDW mode is the triangular mode (iii) (see Figure
6 (f)), where Se atoms’ vibrations form two opposite triangles. The vibration directions of the
Se and Ta atoms resemble a general breathing mode, with the top and bottom layers of Se
vibrating in opposite directions and the Ta atoms’ vibrations are negligible. All in all, the
predicted CDW modes in the 1L case were verified by the experimental data, giving support to
the total DFT model whereby the atomic structure of the CDW phase goes from being triangular

in the few-layer limit to becoming a striped structure in the bulk limit.

5. Conclusion

In this work, DFT was used to learn about the effects of vdW interactions on the atomic
structure of CDW phases in 2H-TaSez. Each system, from 1L through 6L, was investigated,
resulting in the observation that short-range structural order, associated with the triangular
structures of the 1L case, gradually transformed into the well-known striped structures seen in
the bulk case. A defining thickness in this transformation was the SL system, where the CDW
phase structure most noticeably departs from having a triangular structure in its middle layers
to a more striped-like configuration. To grant some additional support to the model, we used it
to predict four CDW modes for 1L that were not well-covered in the literature. Overall, the
methods underlying this work can be extended to other 2D materials and explain the effects of

vdW interactions on both their optical properties and quantum phase transitions.

6. Experimental Section/Methods

14



WILEY-VCH

Calculations were carried out using DFT as implemented in PWSCF code.®?** Within
the local-density approximations (LDA), the Perdew-Zunger (PZ) exchange and correlation
functionals were employed for the geometry optimizations and phonon calculations.> A LDA
exchange-correlation functional was used because it yielded a better description of the optical
properties of the material than does the general-gradient approximation (GGA).’®) Norm-
conserving pseudopotentials were utilized for describing the interactions between core and
valence electrons.%”- 38!

All the DFT calculations were performed at a thermal temperature of 0 K, but to model
the temperature-dependent formation of the CDW states, the electronic temperature was
modulated. This modulation can be done by tuning the smearing factor o, a parameter which
describes the Fermi-Dirac distribution, to qualitatively assess the effect of temperature on the
phonon properties of the system and the Kohn anomaly.* 43621 We validated the approach of
modeling real temperature effects with electronic temperature variations by computing the
lattice expansion as a function of temperature and comparing it with experimental results.
Corrections to the DFT calculations were implemented to account for London dispersion
interactions, as documented in other work that also deals with the chemistry of large systems.®*
%4 These works from Grimme et al. summarize the applications and benefits of pursuing and
developing approximate DFT.

Starting with the relaxed 1L structure, we constructed a supercell with 9 unit cells (3 x
3 x 1) and use a sufficiently large vacuum (20 A) in the vertical direction to neglect any
interaction between neighboring supercells. The kinetic energy cutoff of the plane-wave
expansion is taken as 520 eV. All of the geometric structures were fully relaxed until the force
on each atom was less than 0.002 eV A"!, and the energy-convergence criterion was 1 x 107 eV.
For the unit cell and supercell structure relaxation, a 16 x 16 x 16 and 3 x 3 x 8§ k-point grid
was used, respectively. For the phonon calculations, we used a 4 x 4 x 4 uniform g-grid for the

unit cell and only performed gamma point phonon calculations for the supercell.
15
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For complementary experimental data, mechanically exfoliated, single crystals of 2H-
TaSe2 on Si/SiO2 substrates (300 nm oxide layer) were prepared. During Raman spectrum
acquisition, a 515 nm laser excitation was used at a sample temperature of both 5 K and 300 K.
The scattered light was collected through a triple-grating spectrometer to enable low-frequency
(down to approximately 10 cm™) measurements.
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Density functional theory is used to catalogue influences of van der Waals interactions and
reduced dimensionality on atomic structures of single- and multilayer TaSe: at both room
temperature and below the charge density wave critical temperature. These results highlight
the importance of understanding interlayer interactions that are pervasive in many quantum
phenomena involving two-dimensional confinement.

S. Chowdhury, A. F. Rigosi, H. M. Hill, A. Briggs, D. B. Newell, H. Berger, A. R. Hight
Walker, and F. Tavazza®

Influence of Dimensionality on the Charge Density Wave Phase of 2H-TaSe;
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§I. Crystal structure of bulk and monolayer 2H-TaSe:

§1I. Structural parameters

§II1. Evolution of structure with temperature for monolayer 2H-TaSe>

§IV. Evolution of structure with temperature for bulk 2H-TaSe:

§V. Temperature-dependent evolution of the four 1L modes

§ VL. Other layer-dependent properties

§1. Crystal structure of bulk and monolayer 2H-TaSe::

(d)

Fig S1: Representative structures of 2H-TaSe2 monolayer (1L) and bulk. Ta and Se atoms are
shown as blue and yellow atoms, respectively. (a) The bulk crystal structure of 2H-TaSe2. (b)
The trigonal prismatic coordination of 2H-TaSe: phase. To investigate the CDW structure, we
constructed a 3 x 3 x 1 supercell. In (c) and (d) we have shown the 3 x 3 x 1 supercell of bulk

and 1L 2H-TaSez, respectively.

22



WILEY-VCH

§1I. Structural parameters:

a0 (A) ¢ (A) dscse (A)  |dsera ()
Bulk Exp! 3.43 12.71£0.04 3.35+£0.02 [2.59+0.01
Bulk-DFT? 3.37 12.34 3.37 2.53
1L-DFT 3.38 - 3.50 2.61
2L-DFT 3.37 - 3.49 2.60
3L-DFT 3.39 - 3.47 2.59
4L-DFT 3.39 - 3.45 2.59
SL-DFT 3.39 - 3.43 2.58
6L-DFT 3.39 - 3.41 2.58

Table S1. Lattice parameters, bond length (Se-Ta), and the distance between Se-Se atomic

layers of unit cell of 2H-TaSe: are calculated using DFT.

§III. Evolution of structure with temperature for monolayer 2H-TaSe.:
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Fig S2. DFT-calculated atomic rearrangement driven by the formation of the CDW phase for
1L 2H-TaSe:, viewed from above. Ta-Ta bonds (blue lines) are drawn for a Ta atom

separation of about 0.340 nm.

§1V. Evolution of structure with temperature for bulk 2H-TaSe;:

Ny @ 2N O 0 o\
/)

V(?Xezo' W,

Fig S3. DFT-calculated atomic rearrangement driven by the formation of the CDW phase for
bulk 2H-TaSe», viewed from above. Ta-Ta bonds (blue lines) are drawn for a Ta atom

separation of about 0.340 nm.

§V. Temperature-dependent evolution of the four 1L modes

e —

10K 50 K 60 K
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Fig S7. A circular mode at 203.5 cm™ appears in the C-CDW phase below 60 K. Se atoms’
vibrations are exhibited in a clockwise direction whereas those of the Ta atoms are exhibited

in an counterclockwise direction.

10K 60 K l

122K 90 K

Fig S9. A stretching mode at 198.1 cm™ appears in the IC-CDW phase below 122 K.

10K 70 K l

122K 90 K

Fig S8. A breathing mode at 201.5 cm™! appears in the IC-CDW phase below 122 K.
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10K 60 K ‘
%‘

122K 90 K

Fig S9. A Triangular mode at 207.0 cm™! appears in the IC-CDW phase below 122 K.

§VI. Other layer-dependent properties

3.60

3.55

w

n

S
Il

»

=

W
1

Distance (A)

—&— Intralayers (Se-Se)
3.40{ —® Interlayers

Exp Se-Se = 3.35+0.02 (A)
Exp Interlayer = 3.59 £0.02 (A)

IL 2L 3L 4L 5L  6LBulk-DFT
Layers Number

3.35

Fig S10. The plot below shows both the interlayer spacing and intralayer Se-Se bond lengths
as a function of layer-number. These values occur for the ground state calculations of each
system and compared with experimental results.! It should be noted that layer dependent
CDW changes can arise partly as a result of the Se atom distances, especially when taking

into account the additional layers as one approaches the bulk case. For instance, a greater
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layer number may naturally lead to a tighter spacing between Se atoms (both interlayer and

intralayer), and such tightening may intuitively restrict the formation of the triangular features

characteristic of the 1L case.

Case # Atoms | Our Ground Hexagonal Triangle Stripes (Ry)
State (Ry) (Ry) (Ry)

1L 27 -436.6878284 | -436.6857197 | -436.6878284 | -436.6750233

2L 54 -873.4848246 | -873.4821631 | -873.4848246 | -873.4614378

3L 81 -1310.259769 | -1310.248813 | -1310.25121 | -1310.228917

4L 108 -1747.035897 | -1747.009374 | -1747.027003 | -1746.998097

5L 135 -2183.811245 | -2183.751586 | -2183.796355 | -2183.768461

6L 162 -2620.612133 | -2620.513384 | -2620.601293 | -2620.564843

Bulk 54 -873.5879935 | -873.5701258 | -873.5923611

Case # Atoms | Hex. (Ryd Tri. (Ryd Striped (Ryd Our Result
per atom) per atom) | per atom) (Ryd per atom)

1L 27 -16.17355 -16.17362 | -16.17315 -16.17362

2L 54 -16.17560 -16.17564 | -16.17521 -16.17564

3L 81 -16.17591 -16.17594 | -16.17567 -16.17605

4L 108 -16.17601 -16.17618 | -16.17591 -16.17626

5L 135 -16.17594 -16.17627 | -16.17606 -16.17638

6L 162 -16.17601 -16.17655 | -16.17633 -16.17662

Bulk 54 -16.17756 -16.17722 | -16.17764

Table S2. Ground state energies for various cases, with considerations given to specific
sublattices present in the CDW phase for 1L-like cases (manifesting as triangular sublattices)

and bulk-like cases (manifesting as striped sublattices).
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TaSe2 - Energy comparison

-16.172
1L 2L 3L aL 5L 6L Bulk
= -16.173
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« 16175 —-Ours (Ryd/at)
S
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w "\\
*
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System thickness

Fig S11. A graphical representation of the latter half of Table S2 is shown here for clarity.

Energy Comparison
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Fig S12. A graphical representation of the latter half of Table S2 is shown here with the
horizontal axis representing the reciprocal quantity of number of layers. For instance, the bulk
case (infinite layers) marks the origin of the horizontal axis, whereas the 1L case marks the

axis upper bound (unity).
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