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CHARGE DENSITY WAVES IN MIXED
POLYTYPE TAS,

In this chapter the interaction between polytypes and charge density waves in TaS,, a tran-
sition metal dichalcogenide, is studied. First, these concepts are each introduced. After
reference experiments on pristine 1T1-1aS,, mixed polytypes are introduced and we show
they can be distinguished from each other using the observed LEEM spectra. Using dark
field LEEM and uLEED, charge density wave states are observed in the mixed polytypes.
A mixed orientation, twinned commensurate charge density wave state consisting of in-
plane orientational domains is observed. Here, a varying exact orientation of the CDW is
tentatively connected to the domain size.
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8.1 INTRODUCTION

8.1.1 TRANSITION METAL DICHALCOGENIDES

Transition metal dichalcogenides (TMDs) are a class of materials consisting of layers of
transition metal atoms, sandwiched between two layers of chalcogen atoms (S, Se, Te),
giving rise to metal dichalcogenide trilayers. The chalcogens are bonded to the metal by
strong bonds, that vary in character from covalent to ionic, depending on the specific
combination of the metal and chalcogen [211]. However, subsequent chalcogenide lay-
ers are only bonded by much weaker van der Waals interactions. This means that TMDs
are van der Waals materials, which can be exfoliated into atomic layers, like graphene
and hBN (although the thinnest possible ‘atomic’ layer for TMDs actually consists of
three layers of atoms). It also means that these materials are intrinsically 2D-like, with
the direction perpendicular to the layers (typically called the c-axis) different from the
in-plane directions (a-axis, or, if needed ap- and a; -axis).

8.1.2 POLYTYPISM

Each layer of either metal or chalcogen atoms in TMDs is arranged in a trigonal lattice
and occupies one of three sublattices, denoted a,b or c. In general, the atoms within
a TMD layer can be arranged in one of two forms: Either the chalcogens are situated
directly above each other, resulting in a prismatic (Pr) or ‘2H-like’ layer, or the chalcogens
are on two different sublattice sites, resulting in an octahedral (Oc) or ‘1T-like’ layer, as
shown in Figure 8.1.
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Figure 8.1: Top and side view of the atomic structure of polytypes occurring in TaS, . Sulfur atoms
are depicted in yellow, tantalum atoms in dark blue. The 1T polytype (left) has an octahedral (Oc)
arrangement of the sulfurs and a 1-layer unit cell. The 2H polytypes (center and right) have a
prismatic (Pr) arrangement and a 2-layer unit cell. Unlike in MoS;, in 2H-TaS,, the bulk polytype
is2H® with the tantalum atoms directly on top of each other, although 2H® might occur in mixed
stackings.

By stacking these two building blocks in different order and rotations, different bulk
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polytypes are formed: lattice structures with the same atoms in it, but in different rela-
tive positions. Stacking octahedral layers results in the 1T polytype (where the “T” signi-
fies a trigonal unit cell, and the “1” signifies a single van der Waals layer in that unit cell),
stacking prismatic layers in the same orientation results in the 3R polytype (3 vdW lay-
ers in the rhombohedral unit cell), stacking prismatic layers in alternating orientations
results in the 2H polytype (2 vdW layers in a hexagonal unit cell). Notably, depending on
the exact TMD, two different stackings exist, both designated ‘2H’ in literature. Both tan-
talum and niobium based TMDs occur in a stable bulk polytype with a (aba cbc) stack-
ing, with the metal atoms in the same sublattice, which we will denote 2H2 in this work,
as all three of the trigonal sublattices are occupied. On the other hand, Mo(S,Se, Te), and
W based TMDs occur in a (aba bab) stacking, which we will here denote ZHO, as from a
top-view atoms occur in hexagons [212]. For some TMDs, more complicated bulk poly-
types, consisting of a mixture of layer types, are reported, e.g. 4H, and 4Hj, in TaS(e)»,
consisting of two 2H-like layers, separated by 1T-like layers [212, 213].

8.1.3 CHARGE DENSITY WAVES

Many TMDs, with their 2D-like nature, exhibit Charge Density Waves / Periodic Lattice
Distortions behavior (CDW / PLD, the combined effects will be referred to as CDW in
this work) at low temperatures, i.e. a new, larger periodicity spontaneously forms as the
atomic positions over several unit cells and the associated electron density reorder to
exchange electronic (band) energy with Coulomb energy of the atomic core positions.
However, both the exact periodicity of the CDW with respect to the atomic lattice (some
common in-plane periodicities being 3 x 3 and /13 x /13, although more complicated
stripe-phases also occur) as well as the temperature dependence vary strongly between
TMDs. In general, CDW behavior has a strong influence on the temperature-dependent
properties of the material, making it interesting for applications. Furthermore, CDW, and
its cousin spin density waves (SDW), are closely related to superconductivity in these
materials, although it seems unclear if the CDW behavior competes with superconduc-
tivity or, alternatively, is a necessary component [214].

CDW behavior is the (two- or) three-dimensional equivalent of the Peierls transi-
tion, where dimerisation of a mono-atomic chain occurs at half-filling of the electron
band [215]. The three-dimensional extension of the Peierls mechanism, Fermi surface
nesting, suggests the need for large parallel parts of the Fermi surface to be connected by
a CDW wave vector and therefore a strongly anisotropic Fermi surface, such as occurs in
quasi-1D and -2D materials. In practice however, the Peierls mechanism is severely lim-
ited as amodel. It suggests that in the 1D case, a CDW should always occur atlow enough
energy, but it was later realized the effect can already be suppressed in the presence of
electron-electron interaction [216]. It turns out that more generally Fermi surface nest-
ing has little to no predictive power for real materials, beyond materials with a strong
1D-like nature, i.e. atomic chains.

To properly model the CDW behavior in TMDs, Fermi surface nesting is therefore
not sufficient. Instead, the combination of both the atomic cores and the electrons in
the bands needs to be taken into account, including the electron-phonon coupling and
its dependence on the relevant wave vectors [20, 217]. This does however significantly
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increase the theoretical effort needed to understand the causes of CDW behavior. This is
especially true in some materials, such as TaS,, where the relative phase of the in-plane
CDW in subsequent van der Waals layers is relevant [218-220].

8.1.4 TANTALUM DISULFIDE
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Figure 8.2: CDWs in 1T-TaS,. Schematic showing the different diffraction peaks for the different
CDW phases occurring in TaSy, incommensurate (IC), nearly commensurate (NC) and commen-
surate (C), with relevant parameters indicated. The atomic Bragg peaks of the TaS, are indicated
in blue, the IC-CDW peaks in red. (See also Figure 1.1c for a real space schematic of the CDW.) For
the commensurate and nearly commensurate phase, the CDW peaks are indicted in orange and
CDW peaks of the second possible orientation of the CDW (B-phase, vs a-phase) are indicated in
green.

The specific TMD studied here, TaS;, exists in two bulk polytypes, 1T-TaS, and 2H-
TaS;. They have slightly different in-plane lattice constants, a = 0.336 nm and a = 0.331 nm
respectively.! The former is meta-stable at room temperature, and can be acquired by
quenching a crystal from high temperatures. Both polytypes exhibit CDW behavior.
The 2H polytype only exhibits an (almost) commensurate 3 x 3 CDW below T, = 75K in
bulk [221], with the T rising up beyond 130K in the monolayer [222, 223]. However, the
bulk 1T-Ta$S; polytype exhibits a more complicated set of CDW states. Starting from high
temperatures, at T ~ 540K the crystal transitions into an incommensurate v/13 x v/13
CDW (IC-CDW) state, where the wave vectors of the CDW are parallel to the atomic lat-
tice vectors (Figure 8.2a). At T = 350K, the material undergoes a transition to a nearly
commensurate CDW state (NC-CDW, Figure 8.2b). In this state, the CDW vectors keep

the same length as in the IC-CDW state, but rotate to 8x¢c = 10.9°. This is close to the

commensurate angle of ¢ = arccos (#ﬁ) =~ 13.9°, corresponding to a realspace CDW

vector of 3ap +a;. However, in this state, it remains discommensurate with respect to
the atomic lattice. This slight mismatch results in superdomains much larger than the

v 13 x v/13 domains. At room temperature, the size of these NC-CDW superdomains can

IThis slight difference in lattice constant can cause stacking domains just like in graphene on SiC as described
in Chapter 7, see e.g. Ref. [17].
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be expressed in terms of the mismatch between 6 ¢ and the commensurate angle 0¢:

= a _ 0.336nm
" 2sin(@c-0nc)  2sin(13.9° —10.9°)

=7nm 8.1)

This has been confirmed directly using STM [224], but also indirectly with X-ray diffrac-
tion [219]. The mismatch in k-space decreases (and therefore the real space period in-
creases) for lower temperatures.

Below T = 200K the CDW undergoes a final transition and becomes commensurate
(C-CDW) corresponding to a perfect match to the atomic lattice at 3ap + 1a; and a ro-
tation of the CDW vector of 8¢ = 13.9° with respect to the atomic lattice vector (Fig-
ure 8.2¢). In the atomic plane, this corresponds to 12 tantalum atoms in the unit cell
moving towards the central final tantalum atom in a ‘star-of-David’ pattern.

The relative in-plane phase of the CDW in subsequent layers gives rise to an extra
out-of-plane periodicity. While both the IC-CDW and the NC-CDW have a periodicity of
3 van der Waals layers along the c-axis (corresponding to face-centered cubic stacking
of the CDW phases), literature states that the C-CDW either has a periodicity of 13 layers
(iterating the center of the star-of-David over all 13 tantalum atoms in the in-plane unit
cell) or is not periodic at all [218, 219].

The transition to C-CDW also incurs a transition to insulating behavior, just like in
the simple Peierls model [213]. Finally, there are reports of stripe phases when warming
the sample up from the C-CDW state [225] and “hidden” states accessed by laser excita-
tion at low temperatures [226].

It is worth noting at this point that both the NC-CDW and C-CDW can exist in two
equivalent mirror variants, referred to as a-phase and $-phase (green and orange in Fig-
ure 8.2). In a bulk 1T-TaS, sample, the whole sample exhibits a single orientation (which
is then labeled «), but mixtures of both orientations can be induced by, for example,
voltage pulses from an STM tip [227].

8.1.5 TOWARDS 2D

With the advent of TMDs as two-dimensional materials, CDWs in TMDs have received
renewed interest. The CDWs extend out-of-plane in the TMDs. As the stacking of layers
actually seems to play a role in stabilizing the CDW, let alone the fact that most CDW
states have a periodicity of more than one van der Waals layer, the behavior of CDWs in
the 2D limit has been an interesting open question. However, in addition to thickness,
a number of other aspects seem to influence the CDW and the critical temperatures of
its phase transitions, such as electrical or chemical doping, strain induced during exfo-
liation, increasing current densities in transport measurements, and even plain cracks
in the sample and oxidation from ambient air. Unfortunately, all these factors become
increasingly relevant when exfoliating a crystal to thinner layers.

These and other factors, as the following will show, complicate the study of how the
CDW behavior changes for thinner samples closer to the true 2D limit using transport
experiments or optical probes, as any change measured can be contributed either to (ap-
proaching) the 2D limit, or to one of these other extrinsic factors [228]. Here, we use Low-
Energy Electron Microscopy (LEEM) to study local aspects of CDWs in TaS,. Previous
results using (Ultrafast) Low-Energy Electron Diffraction ((U)LEED) already showed that
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low-energy electrons can be used to detect the presence of CDW, in particular in TaS,
with CDWs above room temperature [218, 229]. Unlike these pure diffraction techniques
LEEM can correlate the observation of CDWs with real space features using pLEED and
dark field imaging modes, and thus help to distinguish the effect of (local) artifacts from
intrinsic effects.

Beyond studying two-dimensional condensed matter physics, the second big poten-
tial of van der Waals materials is the possibility to combine different lattices and material
properties by stacking layers. Arguably, the most famous example of this is supercon-
ductivity due to a flat band in ‘magic’ angle twisted bilayer graphene (See Chapter 6).
Bottom-up combining 2D van der Waals layers does however suffer from the same com-
plicating factors as described above. To study the layer interactions and the 2D limit of
the CDW in TaS; and to try to avoid these issues, we will use an alternative approach
here: by partially converting a single 1T crystal to 2H by annealing, we create a het-
erostack of 1T-like and 2H-like layers without the need to exfoliate single layers [230].

8.2 SAMPLE PREPARATION

Samples were prepared from exfoliated flakes. First, flakes were exfoliated using blue
NITTO tape from a 1T-TaS; crystal purchased at hq graphene?. Next, these flakes were
deposited directly onto silicon substrates with only a native oxide. To increase adhesion,
the substrates were treated using an ozone cleaner® for approximately 20 minutes before
flake deposition. This resulted in flakes of bulk-like thickness, i.e. in the order of 100 nm
as measured by AFM (See Figure 8.3).
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Figure 8.3: a, Optical microscopy image of part of a TaS, flake. b, Corresponding AFM topography.
Reproduced under CC-BY from [231]. ¢, Optical overview of the full Si substrate. Red arrow indi-
cates the flake in a,b. Full substrate is approximately 5 x 5 mm. Image taken by J.P. van Soest.

Immediately after deposition from the tape onto the silicon, the substrates with flakes
were mounted with a molybdenum backplate into the loadlock of the LEEM instrument
and pumped down to a pressure lower than 1 x 10"®mbar. This was achieved by exfo-
liating directly next to the instrument, to minimize exposure of exfoliated flakes to air,
resulting in a time between deposition on the substrate and pump down of less than
five minutes. For samples exposed to air for longer periods than this, no CDWs could be

2hq graphene, G. Meirstraat 1, 9728 TB Groningen, The Netherlands, www.hqgraphene . com
3Bioforce nanosciences UV/Ozone ProCleaner, nominal UV intensity of 19.39 mW/ cm?.


www.hqgraphene.com
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observed. After pump down, samples were transferred to the main UHV chamber (base
pressure < 1 x 10~Y mbar) and annealed for at least an hour at a temperature of at least
200°C (see below).

Annealing at a temperature of 200 °C is low enough to preserve the 1T polytype. A
common technique in LEEM experiments to obtain a clean surface is to anneal beyond
450°C in UHV to evaporate any surface adsorbates. Such annealing goes beyond the
stability point of the 1T polytype and will convert parts of the sample to the 2H polytype.

8.3 PRISTINE 1T-TAS,
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Figure 8.4: a,b, Diffraction pattern for full beam illumination (~ 6um across) of pristine 1T-TaSp
respectively just above and just below the transition from incommensurate to nearly commensu-
rate. ¢, Temperature during cooldown integration windows for d is indicated. d, Difference image
of both diffraction patterns.

For pristine 1T-TaS, samples prepared near-situ (as described above) and annealed
at T = 200°C for several hours before cooling down again, weak CDW spots are visible. As
expected for 1T-TaS;, above T ~ 102°C (as measured using the IR-camera of the system)*
an IC-CDW is present with the CDW vectors along the reciprocal atomic lattice vectors,
and below T =~ 102°C a NC-CDW is present with the CDW vectors rotated away to almost
av/13 x V13 grid, as shown in Figure 8.4. The measured IC-NC transition temperature is

4This is therefore an approximate value: all temperatures reported in this work are measured with an IR-
camera without absolute calibration.




128 8: CHARGE DENSITY WAVES IN MIXED POLYTYPE TAS,

23K higher than values reported in literature, but this is well within the expected inaccu-
racy of the temperature measurement using the IR-camera.

However, we find surface quality to be far from optimal. This is evident by three
aspects of the imaging: a high background intensity in the diffraction images obscuring
the CDW spots, low contrast and smudging of features in real space images and finally
contamination buildup during prolonged imaging at energies above ~ 5 eV.

Diffraction spectra pristine 1T-TaS;
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Figure 8.5: LEED spectrum of pristine 1T-TaS, for the zeroth-order spot (blue) and two types of
first-order diffraction spots (orange and green, as indicated in inset). The gain of the detector was
actively tuned during the measurement as described in Section 3.3. Despite this, the NC-CDW
spots (red and purple dashed) are very weak and hardly rise above the noise.

Especially the contamination buildup is detrimental to any spectral imaging, with
visible contamination buildup and signal deterioration during a single sweep of the land-
ing energy. However, to serve as a reference for what is to follow, a LEED spectrum,
where reflectivity for various diffraction spots is recorded as a function of landing energy
Ep [29], was measured on this surface in the NC-CDW state and is shown in Figure 8.5
5. In addition to the spectrum of the specular reflection, which corresponds to a bright
field LEEM spectrum (as obtained for the mixed polytypes in the following), the spectra

SLEED-1V, LEED-I(V), LEED-IV spectrum, (for Low Energy Electron Diffraction Intensity vs Voltage) and their
equivalent terms using LEEM and even LEER spectrum (Low Energy Electron Reflectivity spectrum) are used
throughout literature to denote similar measurements. Here, LEED spectrum and LEEM spectrum are used
to distinguish between diffraction and real space data, but the redundant TV’ moniker is dropped, as mea-
surements are properly normalized and therefore correspond to reflectivity as a function of landing energy
and it can be easily confused with current-voltage transport measurements.
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of two first order Bragg peaks are shown. Although the absolute intensity values at higher
landing energies are lowered due to contamination, the relative positions of maxima and
minima can still serve as a reference. A final note on these spectra: Just like in MoS; [31],
neighboring first order peaks are inequivalent due to the 3-fold symmetry of the lattice.
Similarly, although the spectra of the CDW-peaks barely rise above the background in-
tensity, they also show signs of a 3-fold symmetry.

To reduce contamination buildup and contamination-induced beam damage, sam-
ples were annealed at temperatures beyond 450°C. Although this did reduce contamina-
tion buildup to workable levels, it has an additional effect of partially converting the 1T
polytype to 2H, yielding a more complicated material system, as explained in the next
section.

8.4 MIXED POLYTYPES

Before considering the results on mixed polytype samples, we consider the complexity
of mixed polytypes. Due to the limited penetration depth of electrons at LEEM energies,
in general the top layer contributes most to the reflectivity spectrum, with each subse-
quent layer contributing exponentially less. Therefore, we start out considering only two
layers of TaS,. For a bilayer of TaS,, with each layer either 1T-like or 2H-like, several
inequivalent stackings exist, even when taking into account rotation, mirror symmetry
and relative in-plane position, as relevant for bright field LEEM (and without taking into
account CDWs).
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Figure 8.6: (left) Schematic of possible stackings of two layers of TaS, either of the Oc or Pr type.
Labels (abc) indicate the sublattice positions of the atoms in the layer. (right): Stacking of pristine
and (heat-treated) mixed state TaS; as measured by HR-TEM, scalebars are 2nm. Reproduced
under CC-BY from Ref. [230].

Due to the three atomic layers in the unit cell, stacking these two layers has the same
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complexity as stacking six graphene layers: subsequent layers can not occupy the same
sublattice, leaving two out of three sublattices as a possibility for each added layer (in
graphene, equivalently, the subsequent empty sublattices can not occupy the same po-
sition to obtain a Bernal stacking). Therefore, before taking symmetries into account,
there are 2° = 32 possible stackings.

However, taking into account the symmetries and the fact that all layers are formed
from a pristine 1T crystal, only thirteen possible stackings remain®, as all 1T layers must
have the same orientation and sublattice (as corroborated by High resolution transmis-
sion electron microscopy (HR-TEM) data, see Figure 8.6):

e Oc-on-Oc: 1 option (bulk-like 1T)
¢ Oc-on-Pr: 4 options (2 for the top sulfur of the Pr layer times 2 for the Ta).
e Pr-on-Oc: 4 options (similarly).

e Pr-on-Pr: 4 options (2x 3R-like stacking (Ta on top of S or S on top of Ta), 2H®,
and 2H%).

Notably, using HR-TEM in Ref. [230] no 3R-like stacking was observed and all subse-
quent 2H-like layers were 2H®, as opposed to the supposedly 2H% in bulk.

As suggested by this number of different possibilities to stack only two layers, a wide
variety of LEEM spectra could be expected if annealing results in a state of mixed poly-
types.

However, if energy differences between different stackings are too large, some of
these stacking options might still not occur. To compare, the authors of Ref. [17] re-
port on STM observations of two Oc-on-Pr stackings, with the other two options not oc-
curring, because the low temperature laser-induced polytype transformation they apply
only influences the top-most sulfur layer. The fact that the parallel domain boundaries
in their results are twinned, i.e. move closely together in pairs, does indicate an energy
difference between the observed stackings, but at the same time show that the energy
difference is small enough for both stackings to co-exist.

8.4.1 SPECTRA
Indeed, after annealing at 450°C, a cleaner surface is achieved than when annealed at
lower temperatures’, as indicated by higher contrast LEEM images and a higher intensity
of the Bragg peaks compared to secondary electrons.

For almost all samples, a complex set of areas with different reflectivity appears, even
after annealing overnight, suggesting indeed a state of mixed polytypes, as previously
reported in TEM work [230].

8From (unpublished) twisted MoS; data, it is known that relative lattice positions are relevant to the BF LEEM
spectra, as contrast is observed in ~ 0° (3R-like) stacked layers and the spectra both show differences com-
pared to 2H-like stacking.

“There is one alternative explanation for the observed behavior that could be considered. By the nature of the
exfoliation process, there are two types of flake surface: a surface that was in contact with the tape, and surface
that was cleaved of the crystal upon transfer to the substrate, which never touched the tape. If a crystal still
contains trace amounts of different polytypes, the internal lattice mismatch would cause it to preferentially
tear in this area, especially on the last transfer, causing clean, but mixed polytype surfaces.
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Figure 8.7: a, PCA decomposition visualizations of BF-LEEM spectra for 0-80 eV [35] b, Same, but
starting at 80eV up to 150 eV. ¢, LEEM spectra of different mixed polytypes. Curves are offset for
clarity, with spectra resembling 1T at the top and those more similar to 2H below. The yellow curve
(third from top) most closely resembles the pristine 1T curve in Figure 8.5. A slight mismatch at
80 eV is due to the changes between taking the two parts of these IV curves. (Separate datasets at
same location). For comparison, ab-initio calculations of 1T-TaS; and 2H-TaS,, both without any
CDW taken into account, are shown as dashed and dashed-dotted respectively.

Recording reflectivity as a function of Ej using real space bright field (i.e. using the
specular reflection), we observe at least twelve different area types, as shown in Fig-
ure 8.7a,b, visualized using the PCA decomposition described in Chapter 3. Some dif-
ferences in the spectra themselves (Figure 8.7c¢) are very subtle, corresponding to a small
shift in the energy direction, but other spectra show larger deviations.

The observed spectra split into two categories: about half of the curves are similar
to the curve of pristine, low temperature annealed 1T-TaS, in Figure 8.5, with a steep
minimum directly at 0 eV, minima around 80 and 120 eV and a maximum around 100
eV. These spectra are shown at the top of Figure8.7c. The other set of curves has op-
posite traits, with only a very shallow minimum around 0 eV and large plateaus of high
intensity around 80 and 120 eV. These are shown at the bottom of Figure 8.7¢. Unfortu-
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nately, comparison of these spectra to theory using standard calculations is complicated
by the presence of CDW and the single experimental curve available per area type in
bright field LEEM experiments. Ab-initio calculations (as described in Refs. [116-118])
of the bulk 1T and 2H polytypes are shown dashed and dashed-dotted in Figure 8.7c. A
rudimentary tensorLEED approach similarly not taking into account the CDW, but sim-
ulating different stackings of Pr and Oc layers has further confirmed this and addition-
ally suggests that the other observed differences could indeed be attributed to different
stackings (See Figure D.3 in Appendix D) [232]. However, for a specific assignment of the
different LEEM spectra to specific stackings, ab-initio calculations of different stackings
are needed and in addition spectra of 1T-like areas above the IC-CDW onset are needed
to assess the influence of the CDW on the BF-LEEM spectra.

8.5 CHARGE DENSITY WAVE STATES

Figure 8.8: pLEED patterns of
different areas at elevated tem-
peratures. Frame colors corre-
spond to spectra of similar ar-
eas in Figure 8.7. The 1T-like ar-
eas (a,c) show ICCDW spots, the
2H-like area (b) does not show
any CDW spots. Very low inten-
sity IC-CDW spots are visible in C
2H-like (d), which could be due
to a CDW in a lower layer. How- O ~ O“ d
ever, it can not be excluded that N
these are from edges around
the 2H-like area, but within the
aperture. Color assignment of
(c) is not 100% certain, a mix of
areas might be present there as
itlies outside of the area imaged
in Figure 8.7. All diffraction pat-
terns were taken at Ey = 56 eV,
T =~ 233°C.

<n

Upon cooling down well below the IC-CDW threshold, the assignment into two classes
of 1T-like and 2H-like areas is further corroborated by the yLEED measurements in Fig-
ure 8.8: taking diffraction patterns of single areas, 1T-like areas have (varying degrees
of) IC-CDW order, which is absent in 2H-like areas, as expected for the respective bulk
polytypes.

A difference compared to measurements on pristine 1T samples is that upon cooling
down further to below T = 125°C, a twin rotational order CDW appears, i.e. both the a
and B phase coexisting, as shown in Figure 8.9a. Notably, this transition temperature is
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Figure 8.9: a, Diffraction pattern of an annealed sample at 56 eV, taken after cooling, with an illu-
mination aperture of 2 um effective diameter. A twin pattern of CDW peaks is visible, i.e. including
both a and B phase peaks. b,c, Detected diffraction peaks in the pristine sample. Same data as
Figure8.5. d, Difference image of b,c with the detected twist angle 0 ¢ between the NC phase
and the IC phase (which is parallel to the atomic lattice). The reported angles are the average of
all six angles to cancel out experimental distortions of the diffraction plane. e, Crop of a with the
detected diffraction peaks and the twist angle 8 ;¢ with respect to the atomic lattice.

about 23°C higher than for the pristine IC-NC transition.® What is more, when heating
again, the IC-CDW spots only start appearing at T = 136°C, and the diffraction spots cor-
responding to twinned phases remain all the way up to T = 168°C, indicating a relatively
large hysteresis and coexistence of all three phases in the illuminated area.

In the twin rotational CDW order, the angle between the CDW vector and the atomic
lattice is measured to be O¢cpw = 13.7° (Figure 8.9¢), while for the pristine NC-CDW we
measure Oyc = 10.9° (Figure 8.9d). Furthermore, the second order CDW bragg peaks

8This difference between temperatures is significant as these were measured on the same instrument. Al-
though the accuracy of the measurements using the IR-camera is relatively low, the measurements should be
precise to within 5K.
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are as sharp as the first order peaks, i.e. no broadening due to splitting is observed (cf.
Figure 8.4). As the observed CDW angle is much closer to commensurate than observed
for the nearly-commensurate state and splitting is expected for the NC-CDW state, we
conclude that the measured state is actually a twinned commensurate CDW (tC-CDW),
even though the expected (and observed) CDW around room temperature in pristine
1T-TaS; is nearly commensurate.

This twinned rotational pattern has been observed before in the early days of TEM
measurements [213, 233]. At the time, it was also concluded that the pattern actually
corresponds to tC-CDW (as opposed to a NC variant). The pattern was attributed to a
4H,, polytype, with alternating layers of Oc and Pr layers of alternating rotation, as no in-
plane spatial domains for these CDW orders were observed. This polytype would allow
separate Oc layers on top of each other to exhibit opposing orientations, with adjacent
Pr layers providing a sufficiently different environment to allow for the CDW state to be
commensurate and the projection along the c-axis of the TEM measurement causing the
superposition of both sets of peaks. However, as will become clear in the following, our
observations do not match this attribution.

8.5.1 IN-PLANE CDW DOMAINS

In the previous section we described pLEED measurements, which already use the unique
capability of a LEEM to do local LEED measurements of areas imaged. A further obvi-
ous capability of LEEM to apply to charge density wave order is Dark Field imaging to
directly observe the spatial distribution of the CDWs.

Contrary to earlier TEM measurements on the twin rotational state, we do observe in-
plane rotational domains when imaging using the tC-CDW diffraction spots, as shown
in Figure 8.10. Comparing different dark field images, 1T-like areas exhibit two comple-
mentary sets of bright domains, as shown by composite images in Figure 8.10, with one
corresponding to the a phase, and the other to the § phase, i.e. rotated in the opposite
direction with respect to the atomic lattice directions. These domains were observed in
multiple samples prepared in the way described (and confirmed semi-independently at
the TU Chemnitz by P. Schidlich, see Figure D.5).

Although all 2H-like areas appear white in these images, no diffraction spots corre-
sponding to CDWs were observed in any 2H-like area, just like in Figure 8.8b. However,
2H-like areas exhibited a much higher background intensity in diffraction at the imaging
energy used, indicating a higher inelastic electron reflectivity of the 2H-like areas than
in the 1T-like areas. (A fit of the diffraction peak profiles can be found in Appendix D,
Figure D.6.) Furthermore, close inspection of the composite DF images in Figure8.10
reveals that the domains in 1T-like areas occur in two different intensities (a boundary
between a bright and dark area is indicated with a dark red line in Figure 8.7b). From
the overlap of these DF images with the area used for spectral imaging in Figure 8.7, we
conclude that the area corresponding to the dark green curve in Figure 8.7 (sixth from
top) exhibits a dimmer CDW than the area corresponding to the ochre one (third from
the top; this spectrum is closest to the pristine 1T spectrum). As both of these spectra
are 1T-like, they are both assumed to have an Oc top layer. This indicates an influence
of the layer below on the observed magnitude of the CDW. The increased contrast even
suggests that no vertical mixing of the orientation domains occurs, i.e. that a-phase do-
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Figure 8.10: a, Zoom of the tC-CDW diffraction pattern shown in Figure 8.9a indicating the aper-
ture positions used for Dark Field LEEM. b-d, Composite Dark Field of CDW domains, using spots
indicated in a of slightly different areas (c uses different but equivalent spots as d). By using three
spots, of which two equivalent, the one orientation appears green, while the other appears purple,
as both the red and the blue channel contribute there. Large areas of white correspond to 2H-like
areas. Circular spots of white in b correspond to contamination due to puLEED measurements in
Figure 8.8. In dark red the edge of a bright CDW domain is indicated (see main text). Half rings in
¢,d correspond to contamination at the edge of the beam during the measurement of the spectra
in Figure 8.7: the boundary of the field-of-view of that measurement is indicated with dark blue
lines.

mains in the ochre areas do not lie on top of  domains in the layer below, or vice versa.
Although a relative phase shift of the CDW in the underlying layer with respect to the
CDW in the top layer could cause bright field and dark field contrast, the strict equiva-
lency of the brightness of the different dark fields and the fact that the orientational (a
versus f phase) domains are much smaller than these areas indicates that these differ-
ences are caused by the polytype of the underlying layer.
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Figure 8.11: a, Composite Dark Field image with twin rotational domains in green and purple. b,
Temperature during temperature cycling experiment. Vertical lines indicate times of subsequent
images, the time span during which the data in Figure 8.8 was taken is shaded gray. c-e, Dark Field
LEEM images of the same area after heat cycling to IC-CDW. The domains reappear in a similar
fashion, but orientation (« or f8) are uncorrelated to earlier cycles.

A question in the case of any observation of domains in a complicated system like
this would be whether the observed domains are not simply a result of pinning to extrin-
sic defects, which could have been generated by the annealing or during exfoliation. To
check this, the sample was thermally cycled into the IC-CDW state and back. As shown
in Figure 8.11, similar domains reform after thermal cycling, but the shapes (i.e. what
position on the sample is a or B-phase) is uncorrelated to the previous cycle, indicating
the domains are no direct consequence of sample geometry or local strain.

8.6 DISCUSSION

To consider the implications of the observed tC-CDW state with in-plane domains and
what it means for the NC-CDW state in pristine 1T-TaS;, we first need to reconsider the
role of the ~ 7 nm diameter superdomains in the NC-CDW caused by the near-commen-
surability. Although the presence of these superdomains at room temperature and the
apparent suppression of the CDW amplitude at the domain boundaries in STM (See e.g.
Ref. [225, 234]) are sometimes seen as an indication of a low spatial coherence, they
are in fact the opposite, as the phase of the CDW shifts consistently over the length
scale of multiple domains. Therefore, a high spatial coherence is needed for the NC-
CDW to be energetically favorable over the C-CDW. Furthermore, the fact that meso-
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scopic/macroscopic pristine bulk samples exhibit only a single orientation of the CDW
(i.e. only a-phase, both at room temperature / NC-CDW as well as low temperature C-
CDW) also indicates very high spatial coherence.

The hexagonal superdomains are similar to the stacking domains in twisted bilayer
graphene in more than one way. Although globally the NC-CDW lattice vector is rotated
away from the C-CDW lattice vector, within a domain it is actually equal to the C-CDW
vector [234, 235], with all the phase shift concentrated in the domain boundaries, just
like the graphene lattices are commensurate within the TBG stacking domains, but the
relative (lattice-) phase shifting in the shear domain boundaries to maintain a globally
consistent lattice displacement corresponding to the twist.

Second, just like in TBG for incommensurate twist angles, the hexagonal superdo-
mains in the NC-CDW phase are irregular, with each domain slightly different than its
neighbors, but this is a result of the incommensurability of the NC-CDW vectors, not to
be confused with disorder, as the latter would actually cause smeared CDW diffraction
spots, which are not observed in electron diffraction and X-ray diffraction [219, 228, 229].

In the mixed polytype state after annealing, however, we observe twinned commen-
surate CDW domains with a characteristic size of ~ 150 nm. (Details about the domain
size extraction are given in Appendix D, see Figure D.4.) This means the spatial coher-
ence of the CDW is limited by the domain boundaries between a and § domains, even
though the domain size is still an order of magnitude larger than the NC-CDW super-
domains in bulk 1T-TaS,. Apparently so much so, that the NC-CDW state is no longer
energetically favorable.

An alternative assumption would be that the measured value of ;¢ = 13.7° does not
correspond to a commensurate angle, but to a very nearly commensurate state. In that
case, by Equation 8.1, the NC-CDW superdomains would have a corresponding size L =
49nm, much closer to the observed characteristic size of the orientation domains. In
this case interaction between the CDW and the rotational domains seems inevitable.

A further question is whether the observed tC-CDW state with domains is an inherent
property of specific mixed polytype stackings or is due to some other property like lattice
strain or contamination. Although the influence of such extrinsic properties cannot be
fully excluded, the fact that the tC-CDW state reproduces in different local orientations
after thermal cycling and the fact that the same state was reproduced on other samples
and with slight variations of the annealing procedure point to an inherent property.

TEM measurements on comparable tC-CDW states [230, 233], however, reported no
distinguishable domains. Although at first sight those observations seem incompatible
with the reported domains here, it should be noted that while LEEM measurements are
inherently surface sensitive, meaning for any LEEM signal the top-layer dominates the
result, TEM projects through the entire sample. It therefore seems plausible that the lack
of observation of CDW domains in these TEM measurements could be caused by the
averaging along the c-axis of the CDW of different orientations in various 1T-like layers
isolated from each other by Pr layers.

A final question is whether the tC-CDW angle compared to the nearly-commensurate
angle in pristine 1T-Ta$; is really due to the limited size of the domains, or an inherent
property of the polytype stackings.

As shown in Figure 8.12, larger domains were observed on another sample, which
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Figure 8.12: a, Dark Field LEEM measurement on a newly annealed sample, showing various do-
main sizes. uLEED apertures of ¢,d are indicated with red circles. The ‘small’ domain areas still
corresponds to somewhat larger domains than observed in the other sample. b, Composite dark
field LEEM image of a different location on the same flake showing very large, micron-sized do-
mains. ¢,d, Zoomed uLEED patterns with tC-CDW peaks marked, corresponding to 6 ;¢ =~ 12.3°
and 0,¢ = 11.7° respectively. e, LEED pattern of the entire gun spot of the area shown in b, with
0;c = 11.6°. All measurements in this figure taken at T = 70° C.

was annealed for a much shorter time. However, due to unrelated reasons, imaging
conditions on that sample were unfortunately not good enough to obtain spectroscopic
measurements or even detailed diffraction patterns to measure Ocpw accurately. Never-
theless, cooling rates through the transition were similar to other cooldowns at ~ 0.05K/s
as this is limited by the thermal mass and dissipation of the sample stage.

However, the limited evidence gathered from this sample does suggest that 8¢ de-
creases towards the 1T bulk value of On¢ = 10.9° for larger domains, as shown in Fig-
ure 8.12c-e, but strong distortion and low diffraction intensity causes a large uncertainty
on these measurements (although independent reproduction of 8 for small domains,
see Figure D.5 in Appendix D, seems to indicate the error is small enough for the mea-
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sured difference to be significant).

8.6.1 COMPARISON TO LOW-TEMPERATURE HIDDEN STATE

A different, as-of-yet undiscussed CDW state in 1T-TaS; is the metallic, so-called ‘hid-
den’ (H) phase, which can be accessed at low temperatures by exposing the sample to
a laser pulse or electrical excitation [227, 236, 237]. This state exhibits a irregular mo-
saic of shifted commensurate domains, where the changed relative stacking order of the
CDW in subsequent layers seems responsible for the transition from an insulating to a
metallic state [236]. This H-phase exhibits a diffraction pattern with an angle relative to
the atomic lattice that is closer to the C-CDW than the NC-CDW phase, similar to the
tC-CDW reported here [226, 238]. However, contrary to the tC-CDW state, the domains
(almost) all remain in the a-phase in the H-phase and the H-phase reverts to the C-CDW
phase upon heating before converting to the NC-CDW phase.

8.7 CONCLUSION

We have studied charge density wave states in TaS, using LEEM. In particular, we have
studied mixed polytype states which occur after annealing a 1T-TaS, sample above its
stability threshold of T = 550K. We have shown that a wide variety of different areas can
be distinguished on such samples using spectroscopic LEEM. By comparing to ab-initio
calculations, we distinguish areas with a 1T-like top layer which do host charge density
wave states and areas with a 2H-like top layer which do not show any sign of charge
density wave states in LEEM at room temperature and above. Many more differences in
the spectra are observed, which can be due to difference in polytype order, differences
in relative stacking of these layers or even different CDW states.

Interestingly, the CDW states in these mixed polytype samples show significant dif-
ferences compared to the behavior in bulk 1T-TaS;. Where in the bulk 1T material a
single a-phase orientation occurs, here both possible orientations occur in a twinned
orientation CDW. Using dark field LEEM, we show that the twinned orientation is due to
rotational domains with a characteristic size of ~ 150 nm.

Furthermore, we have shown that the twinned CDW in these small domains is actu-
ally commensurate (tC-CDW) instead of the nearly commensurate CDW observed in the
1T bulk, and we found significantly higher transition temperatures than in bulk 1T and
a large hysteresis to the IC-CDW state.

Finally, we have shown that the domain size is not always so small, and we observed
indications that the domain size itself might cause the shift from NC to C, due to a lack
of spatial coherence needed to realize an energy benefit for the NC state.

However, to fully confirm this influence and its potential implications for the nature
of the tC-CDW in these samples and even of the NC-CDW in the pristine 1T-TaS; itself,
two things are needed: first, confirmation of the precise stacking configurations in these
samples, for example by comparing to theoretical calculations of the LEEM spectra of
different stackings. Second, connecting this to more precise measurements on the re-
lation between domain size and 8;c. This way, it would be possible to infer whether
the observed tC-CDW state is inherent to the 2D-limit of 1T-TaS,, or due to some other
mechanism.
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