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Abstract

The family of low-dimensional inorganic layered materials covers a wide spectrum of properties,
structurally and electronically. Ever since their synthesis as nanotubes and their preparation as
mono- and few-layers these inorganic analogues to carbon nanotubes and graphene, respectively,
have attracted a lot of interest both because of their importance for fundamental research as
well as for their potential use in nanoelectronic applications.

In this thesis 1 aimed to get insight into the vibrational and electronic properties of low-
dimensional transition metal dichalcogenides and their intercalation in misfit layer compounds.
The experimental method of choice was Raman and Resonance Raman spectroscopy and re-
search was greatly supported by electron microscopy characterization that allowed me to have
precise structural information prior to Raman measurements. Case studies were performed on
quasi zero-dimensional MoSs inorganic fullerene-like structures, quasi one-dimensional WSy and
SnSs nanotubes, on quasi two-dimensional WSs and MoSs mono- and few-layers as well as on the
intercalation and misfit layer PbNbSs, SnS-SnS; and (PbS);.14NbSe nanotubes where bound-
aries between the different dimensionalities become blurred.

Despite the variety of materials, the Raman spectroscopic investigations performed in this the-
sis made evident that there are a few recurring fingerprint Raman features that allow to draw
conclusions about the vibrational and electronic properties far beyond the focus of the case
studies. Looking at the main out-of-plane mode in particular, by recording Resonance Raman
profiles in the region of the A exciton, I was able to show for WSs nanotubes how the nanotube
diameter affects the first optical transition energies by virtue of the changes in nanotube cur-
vature with diameter. The Raman intensity ratio of a sideband to the out-of-plane mode was
followed for different excitation energies and pressure and temperature changes and its devel-
opment was proven to be due to slightly different resonance conditions of the two modes. The
same out-of-plane mode and its sidebands were the main subject of my work on few-layer WSq
where I established experimentally a “N modes for N layers” rule. I was able to trace back
the appearance of formally infrared-active modes in the Raman spectra to the peculiar in-plane
orientation of the A excitonic wavefunction in group VIB transition metal dichalcogenides.

In the investigated intercalation and misfit layer compounds the Raman features were shown to
be composed of a superposition of Raman modes of their constituents. Here, the main out-of-
plane mode was observed to barely change in comparison with the respective parent material.
Instead, in PbNbSy and (PbS);.14NbSy nanotubes the in-plane modes were at the center of the
Raman studies and seen to shift up drastically. The underlying reason for these shifts has to
be found in the nature and strength of interlayer interactions and a range of mechanisms is
discussed in the last part of my thesis. I was able to refute some of the common beliefs in trying
to explain the unusual frequency shifts. I developed an approach that looks at the redistribution
of charges in the intercalant layer during the vibrational displacement of atoms in the transition
metal dichalcogenide layer that can serve as an alternative explanation for the hitherto unex-
plained phenomenon.
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Kurzfassung

Ziel der vorliegenden Dissertation war es, genauere Einblicke in die Schwingungs- und elektron-
ischen Eigenschaften niederdimensionaler Ubergangsmetalldichalkogenide und aus ihnen gebilde-
ter Misfitmaterialien zu erlangen. Dazu wurde als experimentelle Methode die Raman- und
Resonanz-Raman-Spektroskopie gewéahlt, wobei die genaue elektronenmikroskopische Charak-
terisierung der Materialien vor der Aufnahme von Ramanspektren einen wesentlichen Teil am
Forschungserfolg hatte. Als Fallstudien dienten quasi-nulldimensionale fullerendhnliche Struk-
turen aus Molybdéandisulfid, quasi-eindimensionale WSs- und SnSs-Nanorohren, quasi-zwei-
dimensionale ein- und weniglagige Schichten aus Wolfram- und Molybdéndisulfid sowie Dichalko-
genidnanoréhren mit eingelagerten Atomen und in Form von Misfitschichten wie PbNbS,, SnS-
SnSs und (PbS)1.14NbSg, bei denen die Grenzen zwischen den Dimensionalitdten verschwimmen.
Trotz der groflen Bandbreite an untersuchten Materialien brachten die Ramanspektrokopis-
chen Untersuchungen zutage, dass sich mit der Untersuchung einiger weniger wiederkehrender
charakteristischer Ramanmoden weitreichende Aussagen iiber die Schwingungs- und elektro-
nischen KEigenschaften treffen lassen. Einer Ramanmode, in der die Schwefelatome aus der
Lagenebene herausschwingen (out-of-plane) galt besonderes Augenmerk: Bei der Analyse von
Resonanz-Raman-Profilen von WSy-Nanorohren verschiedenen Durchmessers konnte ich zeigen,
auf welche Weise die Dicke der Nanorohren Auswirkungen auf die Energie der ersten optis-
chen Uberginge hat und die Abhéingigkeit auf die unterschiedliche Stéirke der Kurvatur in den
einzelnen Nanorohrenlagen zuriickfihren. Desweiteren gelang es mir nachzuweisen, dass die
Veranderung der relativen Intensitat einer Nachbarmode zur eben beschriebenen Hauptmode in
Abhéngigkeit von Anregungsenergie, Temperatur und Druck jeweils der Tatsache geschuldet ist,
dass fiir die benachbarten Moden in Nanoréhren leicht unterschiedliche Resonanzbedingungen
gelten. Dieselbe Haupt- und Seitenmode lag im Fokus meiner Arbeit an weniglagigem WS,
bei der ich eine ,N Moden fiir N Lagen“-Regel etablieren konnte. Es gelang mir das Auf-
tauchen formal infrarotaktiver Moden in den Ramanspektren durch die besondere Orientierung
der Wellenfunktion des A-Exzitons in der Ebene der WSs-Lagen zu erkléren.

Die Ramanmoden in den untersuchten Misfitmaterialien setzen sich aus einer Uberlagerung der
Schwingungsmoden der einzelnen Materialbausteine zusammen. Wahrend sich die out-of-plane-
Mode in den Kompositmaterialien im Vergleich zu dem jeweiligen Elternmaterial kaum veran-
dert zeigte, galt das Augenmerk hier den in-plane-Moden, bei denen die Schwingungsrichtung
der Schwefelatome innerhalb der Lagenebene liegt. Speziell in PbNbSy- und (PbS);.14NbSe-
Nanorohren konnte ich eine drastische Erhéhung der Ramanfrequenz im Vergleich zu NbSs
feststellen. Der zu Grunde liegende Mechanismus fiir das ungew6hnlich starke Ausmaf} der Ver-
schiebung ist in der Stéarke und der Natur der elektronischen Wechselwirkung der Lagen untere-
inander zu suchen. In der Literatur findet sich eine Vielzahl an méglichen Erklarungsansétzen,
die ich im abschlieenden Teil der vorliegenden Dissertation diskutiere und teilweise widerlege.
Ich schlage einen alternativen Mechanismus vor, der den Ursprung in der Umverteilung der
Ladungen innerhalb der interkalierten Lagen wéihrend der Schwingungsvorginge innerhalb der
Ubergangsmetalldichalkogenidlagen sucht.
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1

Introduction

This thesis focuses on a family of layered materials that can be described by the chemical for-
mula T'Se. Here, T is either a transition metal (Ti, Nb, Cr, Mo, W...) or the main group metal
Sn, and S denotes sulfur atoms. They form sandwich-like layered structures with metal cations
surrounded by sulfur anions. These trilayers extend in two dimensions and are stacked upon
each other in the third dimension, forming three-dimensional layered compounds. There are
two main structure polytypes within a trilayer (trigonal prismatic H type and octahedral T
type) and different stacking types of adjacent layers are possible. Because the covalent or ionic
bonding arrangement within each trilayer is much stronger than the weak interlayer forces that
are mostly of van der Waals character, many of the physical properties of the T'Ss materials are
extremely anisotropic.

Despite their chemical structure being all but complicated, the T'Ss materials cover the whole
world of electronic properties ranging from insulators (HfSs), semiconductors (MoSy, SnSs) and
semimetals (TiS2) to metals (NbSy). All the transition metal dichalcogenides (TMDs) possess
nonbonding d orbitals that play a decisive role in determining the basic physical properties. In
particular, it is is the d,2 orbital that is successively filled in the group IVB to VIB transition
metal dichalcogenides. While the group VB TMDs are metals, the group VI TMDs are of semi-
conducting nature and many of their electronic properties are governed by excitons.
Structurally, the interplay between strong intralayer bonding and weak interlayer interaction in
layered T'So has three main consequences. It is possible to peel off individual layers by mechan-
ical exfoliation and study the physical properties depending on the number of layers. Secondly,
under certain conditions, the layers will bend and form multiwalled nanotubes or inorganic
fullerenes with a hollow core. Thirdly, the van der Waals gap is able to accommodate guest
atoms or molecules. They can formally be described as intercalants of the host T'So layer and
form ordered structures in between layers. A particular case are the so-called misfit layer com-
pounds (MLCs) that are built of alternately stacked layers of T'Se and cubic monochalcogenide
layers MS (with M a metal). The name MLC stems from the fact that the ratio of at least
one of the in-plane lattice constants of the two materials is irrational. Therefore, the layers ex-
hibit a certain mismatch and the translational symmetry of the pure T'So compound is broken.
Electronically, these compounds can be described, to a first approximation, by the rigid band

model that constructs the band structure by a simple superposition of the band structures of



the subsystems. Apart from the system SnS-SnSs, in the transition metal dichalcogenides, an
empty or partly filled metal d,» orbital appears to be a necessary condition for the formation
of a MLC, as group VI TMDs are not known to form any. But whether it is a charge transfer
mechanism from the MS to the T'Se layers or any other type of interlayer interaction that can
account for the remarkable stability of MLCs is still under debate.

Raman spectroscopy and Resonance Raman spectroscopy have been the experimental meth-
ods of choice to study the vibrational and electronic properties of the nanostructures described
above. Thereby, monochromatic laser light is focused onto the sample and inelastically scattered
by electrons while in the process a quantized portion of energy, a phonon, is created or annihi-
lated. These phonons correspond to atomic vibrational modes and are highly characteristic of
the material, its composition and symmetry. Any structural change, be it different dimensional-
ity, stacking type, defects or the combination with other materials will have direct repercussions
in the Raman spectra as well as any outside influence such as strain or changes in temperature
and pressure. Moreover, whereas normally the electrons excited by the incoming light reach only
virtual intermediate states, as soon as the exciting radiation has approximately the same energy
as a real transition in the investigated material, the Raman scattering cross section is greatly
enhanced. This Resonance Raman process allows one to follow the band structure of a material
by scanning a large excitation energy region, and it represents the most obvious connection be-
tween vibrational and electronic properties. On the other hand, knowing the optical transition
energies of the investigated materials, allows for a careful selection of laser excitation energies
to extract maximum signal and to access the specific information Resonance Raman spectra
have to offer. The laser systems used in this thesis include a laser diode emitting at 457 nm, a
frequency doubled Nd:YAG laser emitting at 532 nm, a HeNe laser at 632 nm, the laser lines of
the ArKr laser system, a dye laser system with variable excitation wavelength in the red, and a
TiSa laser emitting in the red and near infrared. Thus, basically the entire visible light region
of the electromagnetic spectrum is covered.

The analysis of the Raman spectra was greatly supported by the characterization methods
employed prior to Raman measurements providing high-accuracy knowledge about the nan-
otubes’ structural properties. Inorganic nanotubes and misfit layer nanotubes were synthesized
in the group of Prof. Reshef Tenne of the Weizmann Institute of Science in Israel. They were
individually placed on substrates and characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution TEM (HRTEM), electron diffraction
(ED) and energy-dispersive X-ray spectroscopy (EDS), depending on the specific experimental
requirements. Few-layer WSs samples were supplied by the group of Prof. Schleberger in Duis-
burg, Germany, via the mechanical exfoliation method. Individual layer numbers were identified
under the optical microscope and confirmed by atomic force microscopy. Additionally, density
functional theory (DFT) calculations performed in my group and in the group of Prof. Heine
of the Jacobs University, Bremen, were of great help in getting insight into the layer-dependent
Raman mode splitting in few-layer WS, and the possible interlayer interaction mechanisms in

misfit layer compounds.
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Figure 1.1.: Overview of the materials investigated in this thesis, their structural connection

and the focus of the experimental studies.

Shown in Fig. 1.1. is an overview of the materials investigated in this thesis and their structural
connection. Principally, nanomaterials can have any dimensionality and at least one member of
every dimensionality has been focus of research in this thesis. The innermost circles of Fig. 1.1.
denote the general terms for the different dimensionalities - quasi zero-dimensional inorganic
fullerene-like nanoparticles (IFs), quasi one-dimensional inorganic nanotubes (INTs) and quasi
two-dimensional few-layer transition metal dichalcogenides (FLs), with studies always using the
three-dimensional (quasi) bulk structures for comparison. The next segment names the particu-
lar materials investigated, with WSy nanotubes certainly taking center stage. In the outermost
circle segment the respective focus of research is listed.

For WSs nanotubes, it was shown that the impact a change of a variety of experimental param-
eters has on the vibrational properties can all be discussed on the basis of the same underlying
mechanism. Namely, an alteration of optical transition energies under any outside influence and
slightly different resonance conditions for the two main out-of-plane Raman modes as the Raman
fingerprint region chosen in all of the studies. As an extension to the work on WSs nanotubes,
it was shown that just like nanotube curvature reduces the first optical transition energy with

respect to the bulk material, so does the curvature of layers in IF-MoSy. Expanding research



into the field of planar layered structures, where dimensionality has been found to determine
whether WSy and MoSs are indirect or direct band gap semiconductors, and being aware of the
specific information Resonance Raman spectra have to offer, the out-of-plane modes were once
again in the focus of attention during work on FL-WSs. Here, and in FL-MoSs as well, Raman
spectra were found to contain information about the characteristics of the excitons the phonons
couple to in the resonant case.

There are two main polytypes in layered (transition) metal dichalcogenides (TMDs), commonly
denoted by the prefix 2H and 17, and pristine INTs, 2H-WSs and 17-SnSs N'T5, respectively,
of both types have been investigated in this thesis. For the later work on misfit layer com-
pounds (MLCs) this was of advantage, as their Raman spectra can be discussed on the basis of
the Raman spectra of their constituents. Raman spectroscopy on both 2H-derived NbSy and
17T-derived SnSy MLC nanotubes, was carried out in the course of the present thesis with the
scientific focus on the comparison with the respective parent bulk structures on the one hand
and NbSy nanotubes intercalated with lead atoms on the other hand. Misfit layer nanotubes
represent an interesting mix of different dimensionalities with their alternate stacking of quasi
two-dimensional T'Sy and M S layers and their rolling-up to large diameter nanotubes that closely
resemble the three-dimensional bulk misfit structures. Interlayer interaction as a basic factor
stabilizing all of the layered inorganic materials has influence on the vibrational characteristics
in the pristine compounds, for instance in different layer number FL-WSs, despite being of weak
van der Waals character. In misfit layer compounds interlayer interaction determines the vibra-
tional frequencies in an unprecedented way and models explaining the remarkable changes in
Raman frequencies have to go well beyond the simple van der Waals bonding.

The outline of this thesis is as follows. I will first introduce the basic structural properties of
the inorganic layered materials, their combination in misfit layer compounds and the specifics
of their appearance as nanotubes in Chapter 2. Then, I will concentrate on the electronic prop-
erties of above named compounds in Chapter 3. Knowledge of both, structural and electronic
characteristics and their interplay were of vital importance for the papers forming this thesis
that are listed in Chapter 4. Their connection and scientific output is discussed in Chapter 5
with the focus on the vibrational properties as the main topic of my work on low-dimensional
inorganic layered materials. An outlook summarizing the results and presenting perspectives of

future work on these kind of nanostructures concludes this thesis in Chapter 6.



2.1. Structure of layered materials

2

Structural properties

2.1. Structure of layered materials

The TS, layers

The structure of a layered compound is defined by the coordination of atoms within a layer
and by how these layers as a whole are arranged with respect to each other. The formula T X5
comprises compounds where in each trilayer the (transition) metal atom 7T is coordinated by
three chalcogen X atoms above and below that form the base of two tetrahedrons with the T
atom in the middle layer as the tip. Because almost all research is performed on compounds
containing sulfur, in this thesis I will mostly speak of T'Sy compounds. In the trigonal prismatic
coordination the tetrahedrons have the sulfur atoms within one layer on top of each other, while
in the octahedral coordination they are rotated by 60° with respect to each other. The corre-
sponding structural abbreviations are AbA and AbC' (where A and C' denote sulfur layers and
b the metal atoms) [1], respectively, and both types are shown in Fig. 2.1. Typical examples
of trigonal prismatic arrangement (H type) within a metal dichalcogenide layer are MoSg, WS,
and NbSg, whereas e.g. TiSe and SnSs layers crystallize in the octahedral coordination (7" type).
The octahedrally coordinated layers commonly obey the simplest possible stacking order: the
unit cell of 17-T'Sy is only one layer thick and individual layers are placed exactly on top of each
other (AbC' AbC) [Fig 2.1.(a)]. In contrast, the hexagonal 2H trigonal prismatic stacking order
has its unit cell spanning over two layers [Fig 2.1.(b)]. Consequently, in the rhombohedral 3R
stacking the sequence of layers is repeated only every three layers. The 2H structure has two
sub-polytypes that are important to discuss here. In the 2H, structure (e.g. NbSy) the metal
atoms are found on top of each other, but the tetrahedrons from neighboring layers are rotated
by 60° (AcA BeB). The 2H,, structure (e.g. WS2) has an additional in-plane shift of layers,
meaning that metal atoms are found above and below sulfur atoms of adjacent layers. Again,
this is illustrated in Fig. 2.1.(b). There is only one 3R polytype (AbA BeB CaC) for both
WS2 and NbS,. Without going further into detail concerning the symmetry of the investigated
materials, in the Schonfliess notation the space groups of the 17" compounds are Dg‘d for the
bulk and an unchanged point group symmetry Dsg in the individual layers, the 2H materials

possess Dgh symmetry in the bulk and Ds; in the monolayer.
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Figure 2.1.: Basic structures of transition metal dichalcogenides. (a) Structure of TMDs in
octahedral coordination (17°); the unit cell is one triple layer thick. (b) The two types of TMDs
in trigonal prismatic coordination (2H) with the unit cell spanning over two triple layers. The
space groups of the bulk structures are denoted below the compounds, the stacking arrangements
are found in italic letters on the right side of the TMDs.

As a consequence of rather weak interlayer interaction, there is the occasional problem of nonsto-
ichiometry particularly for 3R-NbSy [2, 3], with additional Nb atoms found in the van der Waals
gap. More importantly, however, intercalation of metal dichalcogenides with atoms, organic

molecules or other types of layered materials is widespread.

The MS layers

One class of materials that can be found as guest layers in between host T'Sy layers are cubic
monochalcogenides. The general formula M X with M a metal or a rare earth element and
X a chalcogenide describes a two atom thick layer cut out from the (001) plane of a (hypo-
thetical) three-dimensional NaCl-type structure. Lead monosulfide is one example of such an
intercalant. PbS (Galena) occurs in nature as a three-dimensional crystal with NaCl structure.
Its appearance as a MS double layer (half the thickness of a NaCl unit cell) is only reported
as an intercalant of T'X5 transition metal dichalcogenides and results in strong distortion com-
pared to the bulk structure. Recent HRTEM (high resolution transmission electron microscopy)
investigations [4] are able to show, down to a few picometres, how the lead atoms of PbS in
the misfit layer compound are always closer to the neighboring T'Ss layer than its sulfur atoms.
Tin sulfide, as another example, has in its pristine form a layered a-phase with GeS structure
and an orthorhombic (pseudo-tetragonal highly distorted NaCl) unit cell [5, 6]. In misfit layer
compounds (MLCs), however, it is found to adopt a structure similar to the lead sulfide part in
PbS-based MLCs [7, 8].



2.2. The misfit layer compounds

|

o
chalcogenide

/ /.K \ transition metal
AN /

s o .
N metal
J

15 4

cc b CF

Joe

Figure 2.2.: Basic structure of MLC (adapted from Refs. [9, 10]). (a) Sketch of the basic
alternate stacking of M X and T X5 layers in (PbS);.14NbSs along a common ¢ direction with a
commensurate b and incommensurate a lattice constants. (b) Simple C'C stacking sequence for
TMDs in trigonal prismatic (left) and octahedral (right) coordination. (c) C'F stacking sequence
adopted for example by the (PbS);.14NbSy compound, seen along the stacking ¢ direction. The
sulfur atoms of the PbS part are omitted for clarity. (d) The C'F stacking sequence seen along the
incommensurate a direction.(e) Basic structure of the intercalation compound PbNbSs. View
along the normal to the (11.0) plane according to the pseudohexagonal system of labeling of
the NbS2 material intercalated with lead atoms in linear coordination to neighboring S atoms
(ICSD col. code. 74698). Panels (b)-(e): different colors of the same element represent atomic

positions half a lattice constant apart, the black lines refer to the size of the unit cell.

2.2. The misfit layer compounds

When the two subsystems described above, the T'Sy trilayers and the MS double layers, are
combined, the structure that follows is commonly termed a misfit layer compound (MLC).
(PbS)1.14NbSy and the SnS-SnSs system are two MLCs that have been studied in the course of
this thesis. Exemplary MLC structures are shown in Fig. 2.2. Some of the structural parameters

discussed below are presented in Table 1. In these compounds, the T'So and MS layers share



compound a (A) b (A) c (A)

9H-NbS 3.324 [12] 5.757 [12] 11.89 [1]

PbS 5.936 [12] 5.936 [12] 5.936

(PbS)1.14NbSe  NbS,  3.313 [8, 12]  5.801 [8, 12]  23.807 [13] (C'F structure)
[
[

PbS  5.834[8,12] 5.801[8,12]  11.90 [13]

PbNbS, 3.343 [14] 3.343 /3 17.73 [14]

(SnS)1.17SnS2  SnSy  3.6486 [15] 3.6486 /3 5.8092 [15]
SnS  5.673 [§] 5.751 [8] 11.761 [8]

(PbS)1.1sTiSe  TiSe  3.409 [16] 5.881 [16] 11.76 [16] (CC structure)
PbS  5.800 [16] 5.881 [16] 11.76 [16]

Table 2.1.: Crystal data for misfit layer compounds relevant for this thesis. Cell parameters for
the T'Sy part of the structures are given for an orthohexagonal unit cell. For the (PbS);.14NbSs
misfit compound it is listed in an exemplary way how the cell parameters are altered with respect
to the parent materials. As there is no comprehensive structural data for the SnS-SnSs misfit

system values are given for pure 17-SnS; and SnS in (SnS); 17NbSs.

a common c axis and are stacked alternately. Naturally, the in-plane lattice constants of the
subunits are not necessarily the same and therefore the index in the structural formula differs
from one but instead describes the irrational ratio of the crystal units of the subsystems in the
MLC. In the pseudohexagonal unit cell of T'Se compounds the two in-plane lattice parameters are
equal to one another and share an angle of 120°. Because the MS layer has lattice parameters
orthogonal to each other, in the MLC it is convenient to define an orthohexagonal unit cell
for the T'Sy layer to be able to have parallel a/a* and b/b* directions for the TSy and MS
subunits, respectively. The b axis is then orthogonal to the a axis and defined as b = av/3. In
most misfit layer compounds, the b* lattice parameter of the MS layer is made to adopt the
structure of the host layer so that the b lattice constants are commensurate. In both trigonal
and octahedral coordination of the 7' X5 layer, the b direction of the unit cell comprises two units
of each subsystem and the M atoms are found always in between sulfur atoms of the adjacent
layer, principally allowing interlayer bonding [11]. The a lattice constants stay incommensurate
and a sketch of an exemplary (PbS); 14NbSg system with an a lattice ratio of approximately
7/4 [12] is shown in Fig. 2.2.(a). In Fig. 2.2.(b) the most simple stacking sequence of the
two building units are shown with the dichalcogenide layer in the trigonal prismatic (left) and
octahedral coordination (right). In the former, layers repeat identically along the ¢ direction,
for the latter, rows of chalcogen atoms are displaced in the MLC by 1/6b [11], so that the ¢ axis
is not orthogonal to the in-plane lattice constants as in the trigonal prismatic compounds, but
the angle is bigger than 90°. For C'F/FC stacking only the MS/TSs units repeat and in the
F'F stacking both sublayers repeat only every two layers.

The appearance of these different stacking sequences means that the 2H, and 2H}, stacking types

of the pure T'Sy parent compounds are no longer valid in the MLCs. As a representative of the
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C'F stacking sequence, the structure of bulk (PbS); 14NbS; is depicted in a top-view on the ab-
plane in Fig. 2.2.(c) and along the incommensurate a direction in Fig. 2.2.(d). The mismatch
of the two materials is expressed in the general structure formula of misfit layer compounds
(MX)145(T'X3)y, as the parameter 140 with 6 =1 — ﬁ [17]. This takes into account that the
a* lattice constant of the M X material spans across two formula units. The two extreme cases
for the parameter § are represented by (YS)1.28CrSy [18] and (BiS);.0sTaSe [19]. The additional
parameter n denotes the number of 7' X5 slabs in between M X slabs and takes values between
n = 1 (stage 1 MLC [20]) and n = 3 (stage 3 MLC). The influence that the two materials
exert on each other when combined to a misfit layer compound has been widely discussed with
drastically differing results (see Chapter 3). Structurally, though, it is evident from a number
of experiments that the 7' X5 layer remains fairly rigid [8], while the M X layer exhibits strong
distortion beyond the fact that it is in a very unusual two-dimensional configuration with every
atom being a surface atom [4]. Not only has the b* lattice constant to adopt the b lattice
constant of the T' X5 slab, it is also observed that the M atoms always protrude into the van der
Waals gap [4], probably owing to the presence of a lone pair of electrons.

Even though it is not a misfit layer compound but a true intercalation compound, the unusual
structure of PbNbS, shall be mentioned here. In most cases, atoms intercalated in transition
metal dichalcogenides will fill the interstices of the sulfur atoms resulting in structures like
Pby /3T X5 [14]. In PbNbSs however, lead atoms are linearly coordinated by neighboring sulfur
atoms, see Fig. 2.2.(e) [14].

2.3. Structure of inorganic nanotubes

Pristine inorganic nanotubes

A report on inorganic nanotubes never misses to reference carbon nanotubes (CNTs) as the ma-
terial whose discovery in 1991 [21] laid the foundation of an entirely new research area. Shortly
after, in 1992, Reshef Tenne and coworkers [22] synthesized tubular structures of WSy as the
first member of the ever since growing family of inorganic nanotubes. The following paragraphs
will concentrate on WSy and SnSs nanotubes in particular, a comprehensive list of inorganic
nanotubes that have been synthesized during the last two decades can be found in Ref. [23].

Being an inorganic analogue to carbon nanotubes, WSs nanotubes are hollow cylindrical struc-
tures with a large length to diameter ratio, made of several rolled-up S-W-S triple layers. In fact,
it can be shown that, above a critical diameter threshold, the annihilation of dangling bonds
on the rim of multilayer WSs stripes by spontaneous bending is energetically preferred to the
strain energy associated with the bending of the nanotube walls [24]. Obviously, there is a higher
strain energy involved in the bending of a WSs layer than in graphene sheets that form the basis
for the formation of carbon nanotubes. Consequently, in contrast to CNTs, the diameters of
WSs2 nanotubes are never in the subnanometer regime, but cover a wide diameter range starting

with a lower limit of the inner diameter of around 4nm [22]. The always multiwalled form of



WSy and other inorganic nanotubes appears to be another stabilization criterion. Individual
WS; nanotubes with less than 4 walls have not been observed so far [24], typically the number
of walls amounts to 10-50, outer diameters range from 7 to 290nm and lengths are hundreds
of nanometer to several micrometers [22, 24-27]. Structurally, a lot depends on the synthesis
method and growth conditions and, using techniques such as transmission electron microscopy
(TEM), high resolution TEM (HRTEM), X-ray diffractometry (XRD), electron diffraction (ED)
and theoretical modeling, a plethora of different subtypes has been revealed on the atomic level.
For example, Remskar et al. [28-31] report on nanotubes that are formed by the continuous spi-
ral winding of one single molecular WSy layer around the tube axis and can be more accurately
described as nanoscrolls. Others find nanotubes where the shells grow separately, possibly using
one original shell as a growth template [32, 33], in a coaxial, russian doll-like fashion. Whereas
nanotubes with diameters up to 30 nm have been shown to possess a near perfect cylindrical
cross section [25, 34], thicker nanotubes adopt a polygonal cross section [31, 34] that is pre-
dicted to be energetically more favorable [35]. The nanotubes are either open-ended [31] or
have closed caps that exhibit a large number of possible angles with most of them identical
with angles occurring in regular polygons [36]. Almost round caps are seen predominantly in
small diameter nanotubes [22] while 90° angles have been observed in thicker WSy nanotubes
[34]. The tube diameter also plays a role in determining the stacking order of subsequent WS,
walls. The stacking can be investigated by either ED patterns [36] or HRTEM on the atomic
level [37]. There are reports that conclude that the hexagonal 2H}, stacking type predominates
for nanotube diameters up to 200 nm while for larger microtubes the rhombohedral 3R stacking
type has been identified [29]. However, as Ref. [37] rightly points out, statements on a specific
bulk derived stacking order have to be taken with caution and a more or less random stacking
order seems to be more likely. To begin with, with each shell the tube circumference is enlarged
by 2mcy, where cg = ¢/2 is half the ¢ lattice constant perpendicular to the tube axis (the factor
two is included because, in the bulk structure, the unit cell stretches out over two triple layers).
In order to satisfy a strict bulk pattern, this parameter would need to be an integer multiple
of the in-plane lattice parameter in winding direction [30]. In comparison with the ¢/2 lattice
parameter of the pristine WSy crystal (0.6181 nm [1]) the wall thickness is seen to be slightly
expanded in the WSy nanotubes [36, 38, 39] and is not a multiple of the in-plane lattice con-
stant a of 0.3154 nm [1]. Secondly, contradicting evidence is also presented concerning a central
question that also influences the lattice matching of adjacent layers: the chirality of the tube
walls. Similar to carbon nanotubes the direction of the rolling-up of molecular layers can be
characterized by a chirality vector ¢ = nyd; + nods, with the two in-plane basis vectors @; and
dy sharing an angle of 60° and the two chiral indices (n,n2) having to be integer numbers. Due
to their respective appearance on the rim (n;,0) nanotube walls are called zigzag with a chiral
angle of 0° and (ni,n2 = n;) nanotubes are called armchair, while every other pair of chiral
indices characterizes chiral nanotube walls. Considering the spiral winding growth mode one
can assume that there is either only one chiral angle present in these nanotubes or, under the

influence of internal strain, several with very similar chiral angles [30]. In the coaxial-cylindrical

10



2.3. Structure of inorganic nanotubes

growth mode, apart from one report that observed achiral armchair walls [32], the majority of
authors find nanotubes with small chiral angles towards the zigzag character and a deviation
of only a few degrees from one wall to another or pure zigzag walls [27, 32, 33, 36, 38, 40]. It
can generally be stated that, despite the fact that there is considerable strain involved in the
bending of the nanotube walls, with the inner sulfur layer experiencing compressive and the
outer sulfur layer tensile stress with respect to the tungsten layer in the middle, WS nanotubes
possess a remarkable degree of structural uniformity with most of the walls appearing almost
defect free.

While the layers in WS nanotubes are in trigonal prismatic coordination, the SnSe nanotubes
investigated in this thesis are an example of inorganic nanotubes with layers in the octahedral
coordination. Although short, tubular-like SnSs structures [41] and small amounts of SnSs nan-
otubes [42, 43] have been synthesized before, a detailed analysis of 17-SnSy nanotubes was first
presented by Radovsky et al. [5]. The nanotubes are straight and TEM images show evenly
spaced fringes with an interlayer distance of 0.59 nm, corresponding to the c¢ lattice parameter
of bulk 17-SnSy (Berndtite) [44]. From the splitting of reflection spots in the measured diffrac-
tion patterns the almost monohelical nature of the walls of an exemplary SnSs nanotube and a
small chiral angle of around 4° was derived [5]. Even the nanotubes characterized as pure SnSs
include some layers of SnS mostly close to the hollow core of the nanotube that form an ordered
SnS-SnSs superstructure. The vast majority of nanotubes containing tin can be characterized
as misfit layer nanotubes with a variety of ordered stacking sequences of SnS and SnSs, slabs.
This SnS-SnS, system as well as the PbS-NbSy system also investigated in this thesis shall be

examined in more detail in the next section.

Misfit layer inorganic nanotubes

Misfit structures have been known to form fullerene-like and tubular morphologies on the
nanometer scale for quite some time and in recent years a number of compounds have been
added to a now extensive list of inorganic misfit layer nanotubes [45]. It was mentioned before
that for pure inorganic nanotubes the main driving force for bending is the energetic advan-
tages of a healing of dangling bonds on the periphery of the planar layers. Here, in misfit layer
compound nanotubes, the intrinsic stress associated with the mismatch of neighboring layers
has been established as an additional mechanism that promotes the rolling-up of layers [5, 12].
It is assumed that the relaxation of misfit stress by folding of layers occurs predominantly for
asymmetric lamellae, that is, if top and bottom layer are of different material [12]. Naturally,
the favored rolling vector will be in the direction the lattice constants of the subsystems differ
the most, the incommensurate a direction. Thus, the tube axis is expected to coincide with the
commensurate b direction (for a definition of the lattice axes, see previous section) [7]. However,
as we will see, the individual layers do not always obey these rules and they can merely be seen
as a general trend. Compared to pristine inorganic nanotubes the diameters of misfit layer NTs

are larger in average, most probably due to the higher rigidity of their chemical bonds resulting
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Figure 2.3.: Structural characterization methods of (PbS); 14NbSs and PbNbSs nanotubes.
Descriptions in the text. Adapted from Fig. 5 and Fig. 7 of Ref. [6].

in higher folding energies. Both, nanoscrolls and nanotubes with concentric individual walls
are encountered with the ratio nanoscrolls vs. nanotubes depending on the growth conditions
and, more importantly, on the symmetry of the crystals. High symmetry favors the formation
of nanotubes as the facets are more easily seamed [45]. A variety of growth steps leading to a
telescope-like shape of the nanotube as a whole, particularly in larger diameter misfit layer nano-
scrolls [7], conical tubules as well as nanoscrolls with partly unfolded sheets have been observed
quite frequently [6, 7, 45, 46]. Contributing to the wealth of appearances are dislocation-like de-
fects that could possibly lead to a transition from nanoscrolls to nanotubes by an “unzippering”
mechanism [6] and thin nanotubes with constant outer diameters of 20-40nm that could serve
as template for further scrolling of additional misfit sheets [7].

Shown in Fig. 2.3. are different steps of the structural analysis of an exemplary (PbS); 14NbSs
nanotube. The misfit layer nanotube pictured in Fig. 2.3.(a) exhibits alternating layers of PbS
and trigonal prismatically coordinated NbSso, stacked along a common c axis. A line profile of
the region enclosed in the rectangle in panel (a) [Fig. 2.3.(e)] as well as a scanning transmission
electron microscope high-angle annular dark-field (STEM-HAADF) image (of another similar
nanotube) [Fig. 2.3.(c)] reveals equidistant fringes of 1.20nm that correspond to half the ¢ lat-
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tice parameter of 2H-NbSs plus the ¢ lattice parameter of a PbS layer. A lot about the inner
structure of the nanotube can be learned from the selected area electron diffraction (SAED)
patterns of panel (b). Without going too much into detail, the periodicity along the ¢ axis can
be confirmed, interplanar spacings and Miller indices can be derived from the sets of reflection
points equi-azimuthally distributed on circles (red for NbSg, green for PbS) and the splitting
of these sets of reflection points allows for the deduction of a small chiral angle of 5.5° (half
of the 11° splitting). In the ortho-hexagonal unit cell of NbSy (with orthogonal lattice axes,
see previous section) there are three possible and equivalent orientations rotated by 60° for the
adjacent PbS layer, the presence all of which can be identified in the diffraction pattern of panel
(b). Schematically, the different orientations of the PbS layer with respect to the NbSy layer are
shown in the inset of panel (c) - only one of them has its b axis in the direction of the nanotube
axis - but in the nanotube all of them share the same chiral angle, that is, 5.5° in this case.
Actually, most (PbS);.14NbS2 nanotubes were found to possess a (small) chiral angle [6, 45].
Even though in the b direction the PbS layer adopts to the NbSy b-parameter, a small mismatch
may be accommodated by a small deviation from this “commensurate” direction [6, 12]. As in
the bulk misfit structure, both, stage 1 [6] and stage 2 [12] nanotubes seem to exist.

NbSs nanotubes intercalated with lead atoms and a c-periodicity of 0.88 nm were also observed
[6] and a STEM-HAADF picture as well as a line profile of a PbNbSs nanotube are depicted
in Fig. 2.3.(d) and (f), respectively. The lead atoms are linearly coordinated to adjacent sulfur
atoms (Fig. 2.3.(d) inset), Pb and NbSj layers alternate, and the ratio between the niobium and
lead atoms is close to 1:1. These PbNbSy nanotubes have uniform inner and outer diameter,
are sometimes more than 10 ym long and are believed to grow unidirectionally [6]. The outer
diameters of (PbS);.14NbSy and PbNbSs nanotubes range typically between 50 and 250 nm but
can reach diameters up to 500 nm.

Nanotubes comprising SnS and SnSy investigated in this thesis are the prototype for misfit
layer N'Ts with octahedral coordination of T'Sy layers. Reference [7] presents the synthesis and
characterization of (SnS); 32SnS2, (SnS)1.32(SnSz)2 and [(SnS); 32]2[SnS2]3 nanotubes. While
characterization methods and basic structural concepts such as predominant small chiral angles
resemble the above description of Pb-Nb-S nanotubes, the coexistence of different polytypes re-
flects the stronger autonomy of individual layers and weaker interlayer interaction. SnS and SnS,
layers do not always alternate along their common c axis, but form ordered superstructures of
the sequence O-T-T, O-T and O-T-O-T-T (in order of abundance, O stands for the orthorhom-
bic SnS, T for the SnS, lattice) with evenly spaced fringes seen in the line profiles of 1.74 nm
(0.5640.59+0.59 nm), 1.15nm (0.56+0.59 nm) and 2.89 nm (0.56+0.59+40.5640.5940.59 nm),
respectively [6]. Random stacking is rarely encountered [7]. The interplanar spacings of both
subsystems remain practically unaltered relative to their respective parent compounds, hence
both in-plane lattice parameters are principally incommensurate in the SnS-SnSy system, in
contrast to the Pb-Nb-S system [6, 7]. Not only is this further evidence of weak interlayer
interaction but also of a higher degree of freedom regarding interlayer orientation which leads

to multiple helicities and in-plane orientation of neighboring layers. However, there is still a
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preferred orientation with specific planes of SnS and SnSs roughly coinciding with the tube axis.
Typical diameters of SnS-SnSs nanotubes are 20-60 nm for straight tubules and up to 160 nm
for nanotubes with growing steps. The diameters are thus smaller than those observed in the
Pb-Nb-S system, probably due to higher rigidity of bonds in Pb-Nb-S materials [6].
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3

Electronic properties

3.1. Transition metal dichalcogenides

The structure of the (transition) metal dichalcogenides discussed in detail in the last chapter
determines the electronic properties of this family of materials. Metal cations of group IVA (Sn),
IVB (Ti, Zr, Hf), VB (V, Nb, Ta) and VIB (Cr, Mo, W) are surrounded by six chalcogen anions
(S, Se, Te) in sandwich-like trilayers that are stacked upon each other. Bonding within the layers
is of covalent or ionic nature and contrasts the weak interlayer forces of van der Waals charac-
ter. Owing to the layered structure, many of the electrical and optical properties are extremely
anisotropic. Consequently, the term quasi two-dimensional materials is frequently used. Recent
years have seen a tremendous increase in interest in layered TMDs that - in analogy to a famous
article about graphene [47], the mother of two-dimensional materials - could be called “the rise
of transition metal dichalcogenides” One of the advantages over graphene is the diversity of
electronic properties and, most importantly, a sizable band gap in materials like MoSs. While
the renewed interest in TMDs is due to the exploration of their properties as low-dimensional
materials (few-layer, see section 3.3, and nanotubes, see section 3.4) the bulk materials are well
known and their properties have been investigated for decades. A comprehensive review was
published already in 1969 by Wilson and Yoffe [1] and includes transmission spectra as well as a
simple electronic structure model derived from the ligand-field theory. It is best explained with
the help of Fig. 3.1. In the T'X, materials, the chalcogen s and p orbitals form the occupied
bonding and unoccupied antibonding o and ¢* bands below and above the Fermi energy. To
be fully occupied and adopt the energetically attractive noble gas configuration, each of the two
chalcogen valence band ns?np* orbitals needs two electrons. These are supplied by metal s and
d electrons, leaving them in the oxidation 7%F status while the chalcogen atoms reach the X2~
oxidation status. Thus, there are now a total of 16 electrons (4 s and 12 p electrons) in the
valence band. In the energy gap between the chalcogen valence orbitals and the unoccupied
chalcogen conduction band states, the d orbitals of the metal atoms are situated. For the oc-
tahedral compounds, they are energetically split into a twofold degenerate e, level, composed
of d,» and d,2_,2 orbitals and a threefold degenerate to, level with dy ., dy., dsy orbitals. For

trigonal prismatic compounds, the d states split into three groups, d,» (a1), dy2_,2, dzy (e),
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Figure 3.1.: Adapted from Ref. [48] (octahedral compounds) and Ref. [49] (trigonal prismatic
compounds). This simple electronic band scheme was first introduced by Wilson and Yoffe
[1] and depicts the successive filling of the d,» band determining the electronic properties of
octahedrally coordinated group IVB transition metal dichalcogenides to trigonal prismatically
coordinated group VB and VIB TMDs.

and dg., dy. (¢’), and between the first two there is an energy gap of around 1€V [48]. Their
electron population - and for the group IVB, VB and VIB TMDs more specifically the degree
of filling of the narrow d,2 band - determines the electronic properties of the transition metal
dichalcogenides. The type of chalcogen atom, sulfur, selenium or tellurium has little influence
on the electronic structure of the TMDs.

Starting with TiSs as a representative of the group IVB TMDs, as a consequence of the titanium
3d%45s? valence electrons being transferred to the sulfur orbitals, above the Fermi energy, the TiS,
d,» orbital is empty, as shown in Fig. 3.1.(a). Most of the group IVB TMDs are consequently
semiconductors or in some cases semimetals due to d-p orbital overlap [1, 49, 50]. Similarly to
the IVB materials, the SnS, group IVA metal dichalcogenide is a semiconductor with the tin
5525p? valence orbitals emptied by electron transfer to the sulfur atoms. A reported indirect
band gap energy of SnSj is 2.06eV [51]. SnSs as well as all of the IVB TMDs crystallize in the
octahedral 17" bulk structure (see Chapter 2).

NbS, is the representative of the group VB transition metal dichalcogenides investigated in this
thesis. The depopulation of the niobium 4d*5s! valence orbitals leaves all but one d' electron
in the NbSs d,2 orbital. The Fermi energy crosses this half-filled orbital in the middle and all
of the VB TMDs are therefore of metallic character [see Fig. 3.1.(b)]. In Fig. 3.2. a calculated
band structure of bulk NbSy [52] along the high symmetry lines of the Brillouin zone basically
confirms the simple picture developed by Wilson and Yoffe. It also shows that for the case of
NbSy there is no so-called p-d gap between the d,» band and lower lying p orbitals, as the latter
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Figure 3.2.: Shown are the electronic band structure (calculated in and adapted from Ref.
[52]) for the metal group VB TMD NbS, with bands crossing the Fermi energy at several points
within the Brillouin zone and for the semiconducting group VIB TMD WS,, where excitons at
the K-point (not shown here) play an important role in determining the electronic properties.

Shown on the right side is the Brillouin zone of the hexagonal lattices.

are seen crossing the Fermi level around the I'-point.

In contrast to the group IV compounds, there are 2H (NbSy) as well as 17" polytypes present
with TaSs found in both configurations. An important feature of group VB TMDs is, with few
exceptions including 2H-NbSs [53], the development of a PLD-CDW (Peierls lattice distortion
- charge density wave) below a critical temperature T [49]. This phenomenon is only present in
quasi one- and two-dimensional materials and describes the occurrence of a periodic modulation
of the electron density together with a distortion of the ions forming the periodic lattice. The
latter creates a new super unit cell accompanied by an energy gain that compensates, below Ty,
for the energy spent for the electron and ion distortion. In quasi one-dimensional materials, the
electron energy reduction at the Fermi energy leads to a metal-insulator transition, however,
this is not necessarily the case for the layered TMDs which stay metallic [49]. Typical onset
temperatures are around 600 K for compounds in the octahedral and below 100 K for compounds
in the trigonal prismatic arrangement [49]. At even lower temperatures the group VB TMDs
exhibit superconductivity in the single digit range, a recent value for T, in NbSy for example is
6.05 K [54].

The group VIB transition metal dichalcogenides containing molybdenum and tungsten are semi-
conductors due to their d.2 orbital being fully occupied with two electrons [see Fig. 3.1.(b)].
There is pronounced hybridization between sulfur p orbitals and metal d orbitals [55]. Chromium-
based materials as a third member of the group VIB TMDs are unstable in layered form and
only exist as part of misfit layer compounds. Structurally, for the VIB TMDs, MoSs and WSy
crystallize in the trigonal prismatic coordination, whereas the chromium atom is octahedrally

coordinated to six sulfur atoms in chromium-based MLCs [56]. The indirect band gap of molyb-
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denum and tungsten compounds is in the near infrared [57]. Concentrating on WSy as the
material investigated in this thesis, experimental values for the indirect band gap range between
1.35 and 1.4€V [58-60], with the top of the valence band situated at the I'-point while the lowest
conduction band state is halfway between I'- and K-point [52, 61, 62], see Fig. 3.2.

The lowest direct band gap on the other hand

is found at the K-point and the optical transi-
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respectively [58]. They arise as a result of ver-
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tical optical transitions from a spin-orbit split
valence band at the K-point to the conduc-
tion band [62]. The presence of excitons com- Figure 3.3.: WS, single crystal absorption
plicates the determination of the size of the spectrum in the vicinity of the band gap with
direct band gap. Assuming an exciton bind- Prominent A and B exciton peaks [63].

ing energy of 0.06 eV, Ballif et al. [58] estimate

a value of 2.01 eV at room temperature. A calculated band structure of WSy along the I'-K-M-
direction is depicted in Fig. 3.2. for the middle plane of the hexagonal Brillouin zone shown
on the right. In the upper plane along the A-H-L-A high symmetry points, the band structure
looks similar, but the bands that are split in the I'-K-M-plane are double degenerate in the
upper plane [55, 61].

3.2. Misfit layer compounds

Research on the electronic structure of misfit layer compounds M X /RX—TSs (M = Pb, Sn;
R = rare earth metal, 7' = Ti, Nb, Ta, Cr...; X = S, Se, Te) is basically driven by a single
question: how and to what extent do the two subsystems influence each other and how is the
remarkable stability of misfit compounds to be explained? The alternately stacked constituents
in the MLC are neither electronically nor geometrically similar, yet, they form ordered super-
structures that can be chemically synthesized [41, 64, 65]. Layered chromium disulfide even only

exists by virtue of the interaction with the monochalcogenide layers in the misfit compound LaS-

18



3.2. Misfit layer compounds

CrSq [11, 45, 66]. It can be generally stated that the formation of misfit layered compounds is
restricted to divalent metals M, like Sn?T and Pb?T with a lone pair of electrons or trivalent rare
earth metals R like La3™ or Ce3t [67]. Historically, before research on misfit layer compounds
gained momentum, the intercalation of TMDs with alkali metals and other electron donors was
thoroughly investigated [49]. It was generally found that an electron transfer from the interca-
lated atoms to the T' X5 layers takes place and, to continue with the above mentioned example,
is the raison d’étre for layered CrSy [68]. The electron donation results in an increased ionic-
ity and therefore a stronger bonding between the layers. The main concepts of the electronic
structure of T'Ss intercalation compounds were then later adopted for misfit layered compounds
in that a charge transfer was assumed to play a stabilizing role. Because interlayer interaction
is weaker than the covalent intralayer bonds, the MS layers are often regarded as intercalation
derivatives of layered transition metal dichalcogenides. From an electronic structure point of
view, considering the M'S and the T'Sy layer as two separate constituents has the consequence
that the band structure of the misfit layered compound may be constructed by a superposition
of the band structures of the subsystems.

This rigid band model has found widespread application in trying to explain the band structures
of MLCs. Many authors state that it is a good first approximation with the only change being
a charge transfer from the MS layer to the T'So layer and a subsequent adjustment of the Fermi
level. The concept is shown schematically in Fig. 3.4. for the misfit compounds (PbS); 15TiS2
(a) and (PbS)1.14NbSy (b). In the octahedrally coordinated group IVB TiSs compound the broad
3d conduction band is either completely empty or only slightly filled, depending on whether it is

considered a semiconductor or a semimetal in the pristine compound (see previous section), and
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Figure 3.4.: Concept of the rigid band model illustrated for an octahedrally coordinated group
IVB (a) and a trigonal prismatically coordinated group VB misfit layer compound (b): the elec-
tronic band structure can be seen, to a first approximation, as a superposition of the electronic
structure of the subsystems. (c¢) Phenomena like the opening of a p-d gap in the misfit layer

system are deviations from the rigid band model. Figure adapted from Refs. [17, 69, 70].
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as electrons from the PbS subsystem, a narrow band semiconductor, are donated, the electron
population is increased. In the trigonal prismatically coordinated group VB metal NbSy the
half filled d,> band can accommodate up to one more electron in the misfit structure leaving
an equal amount of holes in the PbS part. Both constituents can principally take part in elec-
trical (hole/electron) conduction. Confirmation for the validity of the rigid band model in a
first approximation was found by the Ohno and the Ettema group by a variety of experimental
techniques [valence band (UPS) and core level photoelectron spectroscopy (XPS), X-ray absorp-
tion spectroscopy (XAS), low energy electron diffraction (LEED) and reflection electron energy
loss spectroscopy measurements (REELS)] for the electronic structure of MS—TSs compounds
(M = Pb, Sn; T'= Ti, Nb, Ta) [71-75]. For example, the valence band structures of SnS-NbSs
and PbS-TiSs measured by photoelectron spectroscopy look very similar to the added spectra of
the constituents except for a slight shift in binding energy and an increased shoulder related to
the Nb d,2/Ti 3d tyg orbital in the misfit compound as well as a downshift of the Fermi energy,
indicating the filling of these states due to charge transfer [71]. However, no agreement was
reached concerning the magnitude of charge transfer and the nature and strength of interlayer
interaction in compounds containing PbS and SnS. One of the higher values of charge transfer
per monochalcogenide atom, namely Acr = —0.4 electrons per Nb from the SnS to the NbSo
subsystem in (SnS);.20NbSs, was derived from band structure calculations by Fang et al. [76].
A charge transfer was also confirmed by angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS) and theoretical band structure calculations by Brandt et al. in (PbS);15TiSe and
(PbS)1.14NbSy [77, 78]. As for the SnS-SnSs compound that is also investigated in this thesis
in nanotubular form, rather surprisingly, recent theoretical results suggest that there is a very
small amount of charge transfer (about 0.1 electron per SnSs unit) from the SnSy to the SnS
layer, in opposition to what is common in misfit compounds [79]. To summarize, the existence
and the amount of charge transfer in MLCs with divalent metal cations in the MS layer is to
date still under debate. A number of alternative and complimentary mechanisms possibly taking
part in the interlayer interaction have been suggested in the past years and shall be discussed
later in this section.

Contrary to the above discussed materials, for the misfit compounds with RS, where R is a
rare earth metal, on the other hand, it is general consensus that each rare earth metal donates
almost one electron to the d orbitals of the transition metal dichalcogenide. From band struc-
ture calculations and UPS as well as XPS measurements it is shown that there is a transfer
of about 0.7-0.9 electrons per rare earth metal atom to the T'Sy layer in (LnS)1.14TSy (Ln =
La, Ho, Th, Dy) leaving the d,» band at the Fermi level filled up to 0.3-0.1 remaining holes
per transition metal atom [80, 81]. Another method to estimate the magnitude of the d band
filling is the measurement of the optical reflectivity spectra where the plasma frequency can be
used to deduce an estimation of the carrier density in the misfit compound. Suzuki et al. [82]
and Riischer et al. [83] found a significant reduction in the Drude edge frequency of rare earth
T'Se materials compared to the pristine TS layers, and carrier densities were estimated to be

smaller than in the corresponding PbS, SnS compounds per TMD in accordance with a higher
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3.2. Misfit layer compounds

magnitude of charge transfer in the former compounds. A main result of all these investigations
is that most of the rare earth metal can reach a preferred 3+ oxidation state with possible
mixing with 24 cations. There are even indications that the Ln cations are exclusively in the
3+ oxidation state which is achieved by either having Ln vacancy sites [84, 85] or by having
excess electrons strongly localized in the 5d conduction band states which would also explain
that electrical conduction seems to come entirely from the 7Sy layer [13]. Whereas in rare earth
compounds the adopted oxidation state is in agreement with a significant charge transfer, for
Pb compounds the same argument is found to disfavor a considerable donation of electrons to
the TMD subsystem. Charge transfer would imply a formal 4+ oxidation state of Pb atoms
(that have an additional valence electron compared to the rare earth metals) in the monosulfides
which in fact has never been observed [66]. So, instead of the pure charge transfer mechanism a
couple of additional models have emerged since the mid-1990’s and shown to be of value when
trying to elucidate the stability and interlayer interaction in misfit layer compounds. They shall
be briefly discussed in the following.

1) A cationic coupling mechanism was first observed by Moélo and coworkers when investigat-
ing the precise atomic composition of a variety of incommensurate sandwich layered compounds
[(Pb,Sn)S]142[(Nb,Ti)Sa]m (0.08 < z < 0.28,m = 1 — 3) [86]. By electron microprobe analysis
the authors were able to show that there is a systematic Pb/Sn depletion in the MS part of
the structure that can be related to a substitution by excess transition metal atoms of the T'So
layer. The Nb/Ti atoms take up a valency of 34 in the MS layer, charge balance is restored by
the reduction of an equivalent amount of Nb**/Ti%* cations in the TSy layer to the same 3+
oxidation state. As a result, there is an electron excess in the trilayers compared to the single
oxidation state subsystem, which is a simple way to account for the observed d band filling
normally attributed to charge transfer without an actual donation of electrons from one layer to
the other. In the monolayer (m = 1) case a composition (Pbg.gg91Nbg 12651.136)NbS2 is detected
with a Pb/Nb substitution of 12% and the authors conclude in stating that when considering
the whole MLC the observed nonstoichiometry is a decisive stability criterium. The described
mechanism that results in an electrostatic attraction between the constituents is called cationic
coupling or hidden charge transfer [87] and enhances the interlayer ionic bonding.

2) The metal cross-substitution mechanism can be understood as an extension of the cationic
coupling model. In (PbS);13TaS, not only do the Ta atoms substitute for lead atoms but
the reverse effect is also seen [88]. The core level XPS at separate PbS and TaSs domains
both exhibit spin-orbit split Ta 4f and Pb 5d levels confirming the presence of the two ele-
ments in each of the two subsystems. The parameters z and y in the resulting misfit com-
pound (Pby_,Ta;S)1.13(Ta;—yPb,S2) are of the order 0.1-0.2, the overall charge transfer is small
(around 0.1 electrons per TaSs unit) but in accordance with other experimental observations.
According to the authors, even formally stoichiometric compounds can thus be stabilized due to
electrostatic interaction between adjacent layers. This is contradicted by ab initio calculations
[89] where the nonstoichiometry (only Ta atom substitution for Pb atoms) as put forward by

Ref. [86] is found to stabilize the material. Although the authors do not exclude the existence
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of metal cross-substitution, they find that only the nonstoichiometric compounds have negative
formation energy. Interestingly, according to the calculations, the ideal misfit compound has
about zero formation energy compared to the parent compounds, making the cationic model
even more likely.

3) The covalent bonding between layers was suggested by the Ettema group when looking for an
alternative way of explaining the MLC stability in view of their studies excluding charge transfer
as the underlying reason [74, 75]. A hint was given by the broadening of the metal core level
states compared to the parent M'S compound which is explained by the changing coordination
number to sulfur atoms of the T'Sq layer along the incommensurate direction. By employing the
bond valence mode [90] it was shown by Fang et al. [76] (who found evidence of small electron
donation to the NbSy layer in (SnS);.12NbS2) that the interlayer binding energy induced by weak
covalent bonds may have a larger impact on overall stability than the electrostatic interaction
due to charge transfer.

In summary, there are a number of partly contradicting models to explain the stability of and
give insight into the nature of interlayer interaction in misfit layer compounds. The charge
transfer from the MS to the T'Ss layer seems to be rather small in MLC with divalent M cations
and in many experimental studies an observed filling of transition metal d states is possibly
mistaken for real charge transfer when in fact it follows from the hidden charge transfer induced
by the cationic coupling mechanism or metal cross-substitution. Nonetheless, band structure
calculations that do not take into account the mentioned mechanisms but deal with the ideal sto-
ichiometric materials seem to indicate at least some small magnitude of charge transfer [78, 88].
Covalent interlayer bonding is suggested by some authors but so far there is a lack of direct ob-
servation of this type of interlayer interaction. It is well possible that a mixture of the described
mechanisms makes for the stability of misfit layer compounds.

The situation is a little different for transition metal dichalcogenides intercalated with mainly al-
kali metals and post-transition metals like Pb and Sn. There is a wealth of experimental studies
on these compounds and an interesting example are the MT'Sy compounds where M atoms are
linearly coordinated to the sulfur atoms of the neighboring group VB transition metal dichalco-
genide trilayer [see Fig 2.2.(e)]. The compound PbNbSy was studied in nanotubular form as
part of this thesis (see section 5.4.). A charge transfer of one electron per metal atom to the Nb,
Ta atoms in M TS, is proposed by several authors [91-93] and the d2 is then completely filled.
Double peak core level Sn 3ds/, / Pb 4fs /2 peaks are explained in terms of a rapid M JM?*
valency fluctuation and the formal average valency of M'T is manifestation of a donation of one
electron to the TMD layer. Electrical conduction is then possible in the Pb layer in overlapping
Pa,y Orbitals [92]. Covalent bonds that can be deduced from the observed hybridization between
intercalant p states and sulfur p, states contribute to the overall stability [93].

As for the validity of the rigid band model in misfit layer compounds, despite being a helpful
first approximation, deviations from a pure superposition of the electronic band structures of
the constituents go beyond the filling of the transition metal d,2/d tp; band. These include a
loss of dispersion of S 3p states along the I'-A-direction that is present in the two layer thick
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3.3. Few-layer transition metal dichalcogenides
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Figure 3.5.: (a) Relative photoluminescence intensities in mono- and few-layer WSs. (b) Nor-
malized PL signal (with respect to the PL intensity of the A exciton), where A and B denote
the excitons and I the indirect band gap photoluminescence. (c) Energetic position of excitons

A and B and the indirect band gap as a function of layer thickness. Taken from Ref. [95].

unit cell of the 2H-T'Sy parent compounds due to interlayer interaction [75, 77, 78, 94] as well as
the subsequent opening of an energy gap between transition metal derived d and sulfur derived

p states (p-d gap) [see Fig. 3.4.(c)].

3.3. Few-layer transition metal dichalcogenides

The idea of thinning layered materials down to mono- and few-layer is not new and there were a
few more or less successful attempts, but it was long believed that a (quasi) two-dimensional ar-
rangement of atoms would be thermodynamically unstable [96, 97]. Once the breakthrough was
achieved with the preparation of graphene and monolayers of transition metal dichalcogenides
in 2005 [98] an entirely new research area was born. But it was not until five years later that
Mak et al. [99] and Splendiani et al. [100] observed experimentally the key characteristic that
distinguishes materials such as MoSo and WSy from graphene and interest in low-dimensional
TMDs rose to new heights. While group VIB bulk and few-layer transition metal dichalcogenides
are indirect semiconductors there is a crossover to a direct band gap material in the monolayer
limit. The discovery of other unique properties such as huge spin-orbit splitting and spin-valley
coupling, many of which are highly interesting for applications in nanoelectronics, valleytronics
and spintronics, followed, and today work on this new class of materials is still thriving.

In the following I will, where possible, concentrate on the material WSs as the material of choice
of this thesis. As for the group VB TMD NbS, also investigated in this thesis, it has been
shown that, apart from the opening of a p-d gap, the band structures of mono- and few-layers
maintain the metallic properties of the bulk [52, 101, 102] (see also Fig. 3.2.). In monolayer WS,
strong photoluminescence (PL) emerges in the A excitonic regime [103, 104] that is successively
quenched when layers are added and completely absent in the bulk. Additionally, much weaker
signal comes from the B excitonic transition and the indirect band gap is a competing light

emission channel for layer numbers of more than one. In Fig. 3.5. normalized PL spectra are
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Figure 3.6.: Ab initio band structure calculations for FL-WSy from mono- (1L) to quadlayer
(4L). The spin-orbit splitting is included in the calculations and nearly constant valence band

splittings are observed at the K-point. Adapted from Ref. [95].

shown for WS; from one to five layers [95] and whereas the energetic position of A and B exciton
barely change with N, the indirect band gap is seen to blueshift considerably with decreasing
layer number.

The evolution of the photoluminescence signal with the layer number N is experimental proof
of a cross over from an indirect band gap to a direct band gap when approaching the WSy
monolayer. It had been theoretically predicted before for the isostructural MoSs monolayer
[100, 105, 106] and shall be described with the help of Fig. 3.6. where the calculated band
structure of mono- to quadlayer WSy is depicted [95]. For N > 1 the valence band maximum
(VBM) is situated at the I'-point while the conduction band minimum (CBM) is found about
halfway between the I'- and the K-point. This indirect band gap is reported to be of about
1.35eV size for bulk WSy [63]. The states at both the VBM and the CBM are mainly com-
posed of hybridized tungsten d,» and sulfur p, orbitals that have significant expansion into the
interlayer van der Waals gap and are thus very sensitive to the interlayer coupling and conse-
quently to the number of layers [100]. On reducing the layer thickness, as a result of quantum
confinement, the I'-point energy is reduced and the CBM goes up in energy [52] resulting in the
observed blueshift of the indirect band gap. The K-point states, on the other hand, are localized
more or less in one trilayer [107] and stay approximately of the same energy irrespective of N.
In the monolayer case this lets conduction band minimum and valence band maximum coincide
at the K-point and makes monolayer WSy a direct band gap semiconductor. The calculations
shown in Fig. 3.6. take into account spin-orbit coupling and reveal the existence of a huge
splitting of more than 400 meV [95, 107, 108] at the valence band K-point, significantly higher
than in MoSg, where it is reported to be about 150 meV [107]. This gives rise to another key
characteristic of WSy and other group VIB TMDs, namely the excitonic optical transitions A

and B from the nearly degenerate conduction band at the K-point to the split valence band.
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3.4. Inorganic nanotubes

As seen in Fig. 3.5. and 3.6. the A-B splitting gets only slightly bigger from monolayer to
bulk but is nearly constant, despite possibly having different origins in the case of odd (without
inversion center) and even (with inversion center) layer number [109-111]. Exciton binding en-
ergies are unusually high in monolayer and few layers due to reduced dielectric screening with
values reported reaching about 1eV for monolayer WSy [112, 113] while only a few tenths of
meV are normally encountered for the bulk materials [1]. The huge excitonic binding energies
in the monolayers also enable the stability of charged excitons - trions - where an additional
electron is bound (with around 20 meV binding energy for monolayer MoSs [114]) to an existing
electron-hole pair [115-117]. Very notably, the orientation of the A and B exciton in few-layer
MoS, has been found to be almost entirely in-plane without significant expansion in the stacking
direction of the layers [111, 118]. In contrast, the higher-energy C' exciton stretches out in all

directions and its energetic position is observed to be dependent on layer number [118].

3.4. Inorganic nanotubes

Due to their always multiwalled form, inorganic nanotubes do not differ much from their
bulk counterparts regarding the electronic properties. While FL-TMDs show interesting two-
dimensional properties, in contrast to the much thinner single walled carbon nanotubes, only a
limited number of properties of inorganic nanotubes can be associated with being characteristic
for one-dimensional materials. One of them is the manifestation of the so-called antenna effect -
the strong depolarization of light traveling perpendicular and the selective occurrence of optical
transitions parallel to the direction of the nanotube axis [119, 120]. There are a number of the-
oretical investigations on hypothetical single-walled MoSs and WSs nanotubes that show that
the chiral vector dictates the nature of the band gap [121-124]. Armchair nanotubes therefore
possess indirect band gaps and zigzag nanotubes are direct band gap materials with band gap
sizes always smaller than the direct band gaps of the armchair nanotubes. These calculations
are only of theoretical value, however they reveal also a size dependence of the indirect band
gap on the diameter of the nanotube that finds its equivalent in experimental observations. For
inorganic fullerene-like IF-MoSs and IF-WSs Frey et al. [125] found competing mechanisms for
the energetic positions of the A and B excitons. For layer numbers below six, quantum confine-
ment effects prevail and the excitonic absorption peaks are shifted up relative to the bulk exciton
energies. For larger layer numbers a redshift is seen that is attributed to strain brought about
by the curvature of the layers and a discommensuration of adjacent IF walls. As part of this
thesis, different diameter WSs nanotubes (38 nm to 121 nm) and a powder 2H-WSy bulk mate-
rial as a reference were investigated by means of Resonance Raman spectroscopy [126]. From
the Resonance Raman Profiles (RRP) A excitonic transition energies were derived and it was
shown that there is a decrease in the first optical transition energy with decreasing diameter of
the inorganic nanotube. These findings are in good agreement with results, theoretical and ex-

perimental, for a shrinkage of the indirect band gap in WS, nanotubes with decreasing diameter
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[27, 127] and calculations that show that the curvature and the resulting strain of the nanotube
walls are to be held accountable for the diameter dependence of the excitonic transition energies
in particular [128]. In the nanotube walls the outer sulfur layers are exposed to tensile strain
due to curvature, the inner sulfur layer to compressive strain relative to the transition metal
atoms in the middle. The tensile strain brings about a reduction of the conduction band energy
around the K-point, which is not balanced out by the effect of the compressive strain [128].
As also the excitonic optical transitions take place at the K-point, with decreasing diameter,
increasing curvature and increasing tensile strain, the A excitonic transition energy redshifts.
The electronic properties of other inorganic nanotubes have up to now only been investigated
theoretically. TiSs [129] and SnS; nanotubes [130] are semiconductors also in the single walled
limit and have similar diameter and chirality dependencies of the band gap than WSs and MoSs
NTs while NbSy nanotubes stay metallic like their parent material [131].

Misfit layer nanotubes have become a new member of the inorganic nanotube family only very
recently and research so far has concentrated on their unique structural properties (see Chapter
2). Work on their electronic properties is scarce but it is safe to assume that coming years
will see an increase of research in this field. As the diameters and wall numbers in misfit layer
nanotubes are comparably large, most of the properties will resemble the respective bulk struc-
tures. As in the bulk MLCs, most importantly, the nature and strength of interlayer interaction
needs to be addressed. In the SnS-SnSo system, the coexistence of a diversity of stacking se-
quences of SnS and SnSsy layers [7] points to rather weak interlayer interaction and, if at all, to
only weak charge transfer as was indeed shown by Lorenz et al. [79]. On the other hand CrSs
MLC nanotubes [45] are only stable because there is a considerable amount of charge transfer
from the MS layer and also for rare earth metal based MLCs charge transfer is well established
[66, 80, 81, 83, 132]. In the course of this thesis SnS-SnSy as well as PbS-NbSs nanotubes
were investigated thoroughly via Raman spectroscopy. While for the former system the Raman
spectra indicate only weak interlayer interaction [5], huge frequency shifts of Raman modes in
the latter compounds point to a larger influence neighboring layers exert on each other. Based
on the Raman spectroscopic findings different possible mechanisms of interlayer interaction are

subjected to a critical discussion [133].
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3.4. Inorganic nanotubes
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Papers forming this thesis
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and C. Thomsen
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calculations were done by R. Gillen and V. Bacié¢. All authors discussed the data and com-
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5.1. Introduction

5

Context of the publications submitted

5.1. Introduction

In this thesis the goal was to gain insight into the vibrational and electronic properties of the
family of transition metal dichalcogenide nanostructures. These layered materials are the inor-
ganic analogues to carbon nanomaterials and have seen a stellar ascent in interest since their
synthesis as nanotubes [22] and their preparation as mono- and few-layers [98]. They thus
cover the spectrum from quasi one-dimensional nanotubes to the evolvement from the quasi
two-dimensional monolayers in the direction of the three-dimensional bulk material in thicker
few-layers. They have the ability to host intercalant atoms and to form misfit layer compounds
where transition metal dichalcogenides and cubic monochalcogenides are stacked alternately.
Structurally and electronically there is a variety of parameters that have to be taken into ac-
count when discussing their properties. Yet, as we have seen in the last chapters, despite the
plethora of different phenomena there are unifying concepts that form a common ground on the
basis of which also the results of the papers forming this thesis can be seen. The results of the
case studies performed in the course of this thesis reveal intimate relations between the different
materials and, in the context of the layered transition metal dichalcogenides, have universal
validity.

Working in a group that had years of experience in the field of carbon nanostructures, I started
research with studying high energy vibrational modes in semiconducting and metallic carbon
nanotubes [134]. In comparison to this early work, what really stands out in the main work
of this thesis is that investigations were always carried out not on ensembles but on individual
nanostructures where I had precise structural knowledge from e.g. electron microscopy charac-
terization even prior to measurements.

The experimental method of choice and a means to find similarities in the manifold of layered in-
organic nanostructures was Raman and Resonance Raman spectroscopy. These methods proved
to be versatile tools not only to study the phonon modes of the investigated materials but they
also allowed to draw conclusions about the respective electronic structure. The high symmetry
of the bulk transition metal dichalcogenides implies that only a small number of phonon modes

are first-order Raman-active. Irrespective of the number of layers, of how the layers are stacked
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and whether they are in planar or tubular form, because the basic symmetry of individual layers
is retained, the same vibrational patterns are found in all the investigated nanomaterials, with
the exception of rigid layer modes that do naturally not occur in monolayers. Thus, for example,
the Raman spectra of WSy nanotubes and NbSs-based misfit layer compounds can be discussed
on the basis of the same simple atomic intralayer vibrations. At the same time, phonon modes
in general are very sensitive indicators of even the slightest change in structural or electronic
properties. For the studied nanomaterials in particular, the frequencies and Raman intensities
can change drastically depending on one hand on inherent factors such as the number of layers,
the nanotube diameter, the defect density and the type of intercalant and on the other hand
on outside influence like temperature or pressure change and the variation in Raman excitation
energy.

For all the materials studied, there were two first-order Raman modes, namely an out-of-plane
A and an in-plane E mode, that served as fingerprint modes to identify and analyze changes
in the vibrational and electronic structure brought about by these two factors. For the for-
mer, in one trilayer, sulfur atoms are displaced along the stacking ¢ direction while the metal
atom in the middle does not take part in the vibration. In WSs, this mode is well separated
from all other modes and was the primary study focus of two of the papers forming this the-
sis [126, 135]. For the case of WSy nanotubes, it was shown that this mode shifts up with
increasing external hydrostatic pressure. The changes in Raman cross section when scanning
a larger excitation energy region were employed to derive a nanotube diameter dependence of
the first optical A excitonic transition energy. A sister mode to the Aj, mode, the silent By,
mode, where neighboring layer vibrate not in- but out-of-phase was observed to appear with
considerable intensity in the resonance Raman spectra and to follow the same trends. Because
of slightly different strength of interlayer interaction, this mode is split from the A;, mode by
a few wavenumbers and was identified to be a sensitive indicator of nanotube curvature and
accompanying strain. The knowledge gained from the work on WSy nanotubes, especially the
awareness of the possible appearance of non-Raman-active modes when exciting in the vicinity
of the excitonic transition energy, was later transferred to the study of few-layer WSy, With
high-resolution Raman spectroscopy and a newly employed sub-pixel mode, a “/N modes for N
layer rule” was established with all the sidebands to the main out-of-plane mode following the
already known effect of increasing Raman frequency of the A mode with increasing number of
layers. Symmetry considerations and supporting density functional calculations showed that -
coming from the respective few-layer symmetry - every other of these sidebands is not Raman
but infrared-active. These modes appear in the resonance Raman spectra as a consequence of
the in-plane orientation of the A exciton which has the effect of partly decoupling the layers
and thus activating the modes in the monolayer picture. Unpublished work on the behavior of
the A1y mode in WSy materials includes the frequency downshift with increasing temperature
that was followed for different diameter nanotube in the range of 100 to 300 K as well as the
investigation of the By, /A1, Raman intensity ratio at nanotube caps - highly ordered and closed

ones as well as open ones with different degrees of disorder - that had been characterized by
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5.2. Low-dimensional WSy

high-resolution TEM before. Additionally, a peculiar effect that shows WSy nanotubes to be
quasi-one-dimensional materials despite their multiwalled form and large diameter compared to
carbon nanotubes, is the orientation dependence of the Raman scattering cross section with
respect to the polarization of the incident laser light [119]. We studied this so-called antenna
effect and found that in average the depolarization ratio . /a.. is small for smaller nanotube
diameters (around 0.1) but is increased in larger nanotubes with diameters above 100 nm where
the nanotube diameter to length ratio is larger and the nanotube looses its quasi-one-dimensional
character.

In the studied misfit layer materials the out-of-plane A mode is not the Raman feature that
deserves the most attention. Instead, the in-plane E mode is subjected to huge changes when
going from the pristine parent materials to the MLCs and becomes a rewarding focus of study.
In the investigated trigonal prismatic compound 2H-NbS; it has the sulfur atoms move in one
of the in-plane directions while the metal atom is displaced in the opposite in-plane direction.
Because the Raman spectra of the misfit layer materials can be seen as a superposition of the
Raman spectra of the constituents, this mode also exists in (PbS);.14NbSy but is seen drastically
upshifted by more than 40 wavenumbers. This effect was investigated in comparison with a sim-
ilar effect in NbSy nanotubes intercalated with lead as part of this thesis in Ref. [133]. It can
be ascribed to changes in interlayer interaction compared to the pristine materials and there are
different models (see Chapter 3.2.) that could account for the observed stiffening of this Raman
mode. In another work on the octahedrally coordinated 17-SnSs nanotubes and the related
SnS-SnSy misfit layer material [5] the SnSy in-plane £, mode is observed to be overshadowed
by Raman modes belonging to the SnS part of the structure.

In the following, I will introduce the papers forming this thesis from a Raman spectroscopic point
of view, emphasizing the numerous connections between them. In a first part, I will concentrate
on low-dimensional 2H-WSs, investigated in this thesis in tubular and planar form. Then, I
will present the Raman measurements of the 17-SnSy and SnS-SnS, nanotubes as a transition
to the investigation of misfit layer nanotubes. This last section will be devoted to discussing
the Raman spectra of 2H-NbSo-based misfit layer and intercalated nanotubes, where interlayer

interaction, though always playing an important role, is seen to take center stage.

5.2. Low-dimensional WS,

A Raman spectrum is first and foremost an expression of the basic structural symmetry of the
investigated material. The symmetry determines the number of possible vibrational modes,
whether they are Raman-, infrared-active or silent and how they behave under differently po-
larized exciting light. Distortion of this symmetry will broaden the modes, change the Raman
frequency and can bring about the relaxation of Raman selection rules. Therefore, the structural
properties of WSy nanomaterials in particular were discussed in detail in Chapter 1 as a ground

work to an understanding of their vibrational characteristics.
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Figure 5.1.: Atomic displacements of the vibrational modes derived from the four Raman-active
bulk modes in trigonal prismatically (left) and the two Raman-active modes in octahedrally coor-
dinated layered compounds (right). For the latter, the Raman modes stay the same, irrespective
of the layer number. For the former, the monolayer Raman modes (top row) split up for higher
layer numbers. In the lower row, bulk and bilayer (in brackets) Raman modes with their respec-
tive Davydov pair are depicted. For higher layer numbers there are more and more possibilities

for adjacent layer to vibrate with respect to each other. Adapted from Ref. [136].

Bulk 2H-WS; crystallizes in the D, space group (Schénfliess notation: P63/mmc) and there

are 18 different phonon modes accessible at the I'-point of the hexagonal Brillouin zone [137]:
Dﬁh = Alg + 2A2u + Blu + 2B2g + Elg + 2E1u + E2u + 2E2g

Of these, only four are first-order Raman-active, an A;, mode (421 ecm~1) that has sulfur atoms
vibrating out-of-plane with a fixed metal atom in the middle, two in-plane modes with Fs,
symmetry (E%g at 356 cm™1!, Egg at 27cm™') and an Ej, mode (306cm™!) which is inactive
under the normally employed backscattering configuration. The atomic displacements of these
modes are depicted in Fig. 5.1. In the monolayer and an odd number of layers (odd N), where
no center of inversion is present, the symmetry is reduced to the Dgj point group. Nonetheless,
in the following irreducible representation one can identify the same vibrational patterns as in
the bulk, see Fig. 5.1.

Dy : T =30 (A + AU+ '+ E")+ Ay + E', N=1,3,5,...

The same holds true for an even number of layers that possess a center of inversion and have
point group D3g:

Dsq: T =38(A1y+ Eg+ Asy + E,), N =2,4,6, ...

The Raman frequencies of the two most accessible first-order Raman modes in layered 2H

transition metal dichalcogenide materials, the out-of-plane A and the in-plane E mode around

420 cm ™! and 355 cm ™!, respectively, have been shown to change slightly from the monolayer to
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Figure 5.2.: (a) The two main Raman modes of FL-WS; are seen to shift apart for increasing
layer numbers (off resonance spectra with 457 nm excitation wavelength). (b) Raman frequencies
and their difference deduced from (a). (¢) The same behavior is observed in a very thin nanotube
(d = 16 nm, wall number = 4) compared to a thicker one. Spectra are recorded with 633 nm

excitation wavelength, a shoulder to the main A;, mode is identified as the Bi, mode.

the bulk depending on the number of layers [138-143]. This was the starting point for my work
on few-layer WSy and results are shown in Fig. 5.2.(a) and (b). As a consequence of increas-
ing interlayer interaction with additional layers adding a successively increasing restoring force,
the out-of-plane A mode Raman frequency is observed to stiffen with increasing N by about
3cm~! from monolayer to the bulk WSy material. Rather unexpectedly, the in-plane E mode
displays the opposite trend which is explained in terms of increasing dielectric screening of the
long range Coulomb interaction with the number of layers [144]. T observed the same behavior
of the above named Raman modes in unusually thin WSy nanotubes (wall number of four for
the thinner nanotube), see Fig. 5.2.(c) and Ref. [145], but there, another phenomenon is more
focus pulling. As a very pronounced low-energy shoulder of the A4, mode, a second mode with
almost the same intensity is detected. It had been observed in the Raman spectra of other WSs
nanomaterials as well and had been attributed mostly to a LA+T A combination mode acti-
vated by defects as this sideband was seen to increase in intensity with increasing pressure and
decreasing nanotube diameter in WS; fullerenes and nanotubes, respectively [26, 146]. In the
first paper forming the body of this thesis, Staiger et al., Physical Review B, 86, 165423 (2012),
I was able to show that in fact it is the silent By, mode that is activated by nanotube curvature
and a slight mismatch of adjacent layers. Using a variety of laser excitation energies in the
region of both the optical transition energies of the A and the B exciton, where thus a resonant
enhancement of the Raman intensities was to be expected, I recorded Resonance Raman Profiles
(RRP) of four different diameter nanotubes and a reference powder WSy sample. I established
a diameter dependence of the first optical transition energy. Coming from the bulk 1.96eV A
excitonic transition energy, with decreasing the nanotube diameter, the transition energy was

seen to decrease down to 1.92€V for a 38 nm diameter nanotube. Also here, nanotube curvature
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Figure 5.3.: Raman spectra of WSy nanotubes with varying excitation energy (a), increasing
hydrostatic pressure (c¢) and temperature (e). For every of these experimental parameters, the
Biu/ A1y Raman intensity ratio depicted in (b), (d) and (f), respectively, changes drastically due

to slightly different resonance conditions of the two modes.

is the decisive factor, in that tensile and compressive strain on the outer and inner side of one
triple-layer nanotube wall, respectively, have the net effect of reducing the energy gap between
occupied and unoccupied states around the K-point where the excitonic optical transitions take
place. In an unpublished work, I recorded Resonance Raman profiles on MoSy fullerenes and,
for the same reason, also observed a decrease in the first optical transition energy relative to the
bulk crystal.

For increasing nanotube diameters, when the structure gradually resembles the unstrained pla-
nar crystal and curvature becomes less important, the maximal resonant enhancement of the By,
mode decreases relatively to the maximal resonant enhancement of the A;, mode. For a certain
nanotube diameter on the other hand, the Raman intensity ratio By, /A1 is by no means fixed
but is strongly dependent on Raman excitation energy and other external influences like pressure
and temperature changes. Figure 5.3.(a) shows some exemplary Raman spectra in different ex-
citation energy ranges of a 121 nm diameter WS, nanotube and a plot of the By, /A1, intensity

ratio as a function of excitation energy [Figure 5.3.(b)]. The varying intensity ratio is proven to
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5.2. Low-dimensional WSy

be due to slightly differing resonance conditions of the two modes (in the here described case
about 20 meV) in the A excitonic transition region around 1.96 eV and an exclusive enhancement
of the A1y mode in the higher energy B excitonic transition energy region. As the B, Raman
mode signal finds its origin particularly in the inner nanotube walls, where the curvature is
higher than in the walls closer to the nanotube surface, the resonant enhancement will resemble
that of a smaller diameter nanotube, with slightly lower excitonic transition energy than the
resonant enhancement of the neighboring A1, mode. The information gained from the recording
of WSs nanotubes Resonance Raman profiles were then applied to the Raman spectra of WSq
nanotubes under hydrostatic pressure and varying temperature [Fig. 5.3.(c), (d) and (e), (f)].
Apart from an upshift of the Raman modes with increasing pressure and decreasing tempera-
ture, strong variation in the intensity ratio of the two out-of-plane modes were detected that had
been explained in the case of WSy inorganic fullerenes as being due to shape distortions with
increasing pressure [146]. I showed that - because both decreasing temperature and increasing
pressure will push the excitonic transition of the WSs materials towards higher energies - the
net effect is the same as for varying excitation energies. In the latter case the relative intensities
of two Resonance Raman profiles are scanned through while the sample stays under the same
ambient conditions. External influences like pressure and temperature variations change the
energetic position of the Resonance Raman profiles and with a fixed excitation energy similar
changes in the intensity ratio are observed.

Research on few-layer WSy was a logical continuation of the above described work on one hand
in light of the increased scientific interest in the field of quasi two-dimensional layered materials
and on the other hand because I could benefit from previously obtained knowledge. Again, Ra-
man spectra acquired in resonance with the A exciton were far more interesting to study than
those recorded off-resonance and yet again it were the sidebands to the main out-of-plane A
mode the deciphering of which comprised the most scientifically interesting phenomena. Results
are published in Staiger et al., Physical Review B, 91, 195419 (2015). In Fig. 5.4.(a) off-
resonance (dashed lines) and resonance Raman spectra (full lines) of monolayer to five-layer and
bulk-like WSy are superimposed and large differences are evident. While the main component
at the higher-frequency side stays the same, lower lying sidebands are barely made out in the
off-resonance Raman spectra but become prominent in the resonant case. In a delicate fitting
procedure, I showed that for a layer number of N there are also N components to the out-of-
plane A mode in the few-layer regime until for the pristine and undistorted bulk material only
the A1, mode remains. Work then concentrated on tracing back each of the components to a
specific vibrational pattern with the help of CASTEP phonon calculations (detailed in Ref. [135]
and the visualization of phonon modes in the GaussView software. The findings are depicted in
Fig. 5.4.(b) and (c). We showed experimentally as well as theoretically that all the sidebands
that are added successively with increasing layer number are following the trend of shifting up
in frequency with NV due to an increase in interlayer interaction. The lowest lying phonon mode
for layer numbers of more than three was seen to saturate in frequency most quickly because

the strict out-of-phase pattern of this component brings with it the in-phase displacement of
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Figure 5.4.: (a) Resonance (full lines) and off-resonance (dashed lines) Raman spectra for few-
layer WS,. (b) Raman frequencies and symmetry assignments for each of the modes identified
from (a) via a lorentzian fitting procedure. (c) Calculated Raman frequencies confirming the

experimental results. Adapted from Ref. [135].

neighboring sulfur atoms and hence little changes in the interlayer force constants for varying
layer numbers.

Furthermore, every second phonon mode was shown to be only infrared-active (As, symmetry
for even, A} for odd number of layers, respectively) in the strict picture of few-layer symmetry,
but, much to our initial surprise, all of them were identified in the resonance Raman spectra,
albeit with weaker intensity than the Raman-active phonon modes. Apparently a resonant ef-
fect, the nature of the exciton the phonons couple to was pulled to the focus of attention and
a possible explanation was found in the spatial expansion of the A exciton wavefunction. It
had been recently shown by photoluminescence measurements for FL-MoSs to be oriented en-
tirely in-plane [118], which is theoretically supported by a work by the Wirtz group [111] indeed
showing the wavefunction of the A exciton constricted to one layer only. This has drastic con-
sequences for the resonance Raman process. If in resonance with the in-plane A exciton, the
Raman cross section is dominated by scattering processes confined to one of the N layers. Thus,
the few-layered system has partly to be seen as N decoupled layers. With this, the selection
rules of the N-layered system are at least weakened because they are overlaid with the selection
rules for N monolayers. In this picture, N monolayer Raman modes become allowed and this
is exactly what we see in the resonance Raman spectra of FL-WSs. The fact that the infrared-
active components, from the point of view of the symmetry of the N-layered system, are always
weaker in intensity than the regularly allowed Raman components, illustrates that the selection
rules in the resonance Raman process are weakened but not completely broken. An article on
newly observed first-order resonant Raman modes in FL-MoSs [136], which I am a coauthor of,
can be seen as a complimentary work. There, it is illustrated how the different expansions of

exciton wavefunctions - in-plane for the A and B exciton, not confined to a specific layer for the
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C exciton - affect the resonance Raman spectra of few-layer inorganic materials.

In the end, what connects the different investigations carried out on low-dimensional WSs ma-
terials in the course of this thesis is that the findings have validity for the whole family of
inorganic layered materials. Secondly, the close entanglement of electronic structure and vi-
brational characteristics is made evident in the Raman spectroscopic investigations. For each
of the measurement series, the key to the understanding of the observed phenomena - whether
it is the nanotube diameter dependence of the resonant enhancement of Raman modes or the
appearance of infrared-active modes in FL-WSy - was found in the specific electronic features
of the respective materials. The exemplary investigated fingerprint A;, frequency region was
shown to shed light on the properties of layered inorganic nanostructures far beyond the narrow

focus of vibrational characteristics.

5.3. The SnS-SnS, system

As a member of the T'Se family crystallizing in the octahedral configuration of triple layers, SnS,
nanotubes were investigated and results are presented as part of a joint work in Radovsky et
al., Angewandte Chemie, 50, 12316-12320 (2011) [5]. At the same time, with the simultaneous
presence of SnS-SnSsy ordered superstructures in the available samples, a first encounter with
misfit layer structures was made, which laid the basics for the follow-up work on the PbS-
NbSs, system, which I focused on during the last part of my thesis. Raman measurements were
performed on nanotubes characterized by TEM, which allowed me to have precise structural
information but lower signal-to-noise ratio and on nanotubes characterized by SEM, where only
basic structural knowledge was at hand but higher-intensity Raman spectra were obtained. By
acquiring Raman spectra of TEM characterized nanotubes as prototypes, later the same types
were identified in the higher resolution spectra of SEM characterized nanotubes (see Fig. 5.5.).
SnSs, like TiSs, adopts the Cdly structure type with D3y (9m1) point group symmetry, thus

there are nine normal modes of vibration, the first two of which are Raman-active [147]:
I'= Alg + Ey+ 2A9, +2E,

A main difference to the 2H family is that, because there is only one layer in the unit cell, there
are no so-called Davydov pairs, where neighboring layers have the possibility of moving in- or
out-of-phase (like A14 and By, in WS»). There is only the A;, mode with atomic displacement
vectors just like in the trigonal prismatic coordinated compounds and an F, mode that has the
metal atom fixed and sulfur atoms moving in opposite directions (similar to the Ey; mode in
the 2H family).

Figure 5.5.(a) shows a Raman spectrum taken with 532nm excitation wavelength of a SnSs
nanotube in comparison to a 17-SnSy bulk powder sample. For the latter, both A, and E,
mode are easily identifiable at 314 cm™! and 205 cm ™!, respectively, in accordance with literature
values [147-150]. The E,; mode is often at least a magnitude smaller in intensity than the A,

mode. Another peculiarity is the appearance of the infrared-active Ag,(LO) mode as a high-
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Figure 5.5.: (a) Raman spectrum of a SnSy nanotube (diameter d = 152 nm; analyzed by SEM)
in comparison with a Raman spectrum of SnSy bulk powder. The two first-order Raman-active
modes are denoted with A;, and E,. Left inset: a zoom-in on the region comprising SnS and
SnS, difference modes of the nanotube Raman spectrum. Right inset: Raman spectrum of a
SnSy nanotube (d = 91nm; TEM). (b) Raman spectrum of a SnS-SnS, ordered superstructure
nanotube (d = 57nm; SEM). Inset: SnS-SnS, ordered superstructure nanotube (d = 75nm;
TEM). All spectra are taken with 532 nm excitation wavelength at room temperature. Adapted
from Ref. [5].

energy shoulder of the A;;, mode around 354 cm™! [149-151]. It is said to be characteristic of
the Cdly structure type [149] and has been attributed as being due to a Frohlich interaction
induced Raman activation in polar semiconductors in the resonance Raman case [150]. A second
tiny Raman feature is the second order difference band at 140cm™! [150], that is detected in
almost all Raman spectroscopic investigations of SnSs and can be found in the left hand inset
in Fig. 5.5.(a). The overall appearance of the SnSy nanotube Raman spectrum is similar, but
whereas in total there is an increased number of small Raman bands on the low-energy side of
the A1y mode compared to the bulk spectrum that vary in intensity from nanotube to nanotube,
the E, mode is not easily detected. Instead, in the frequency region between 90 and 300 cm ™
the Raman spectrum comprises low intensity bands of tin monosulfide [152, 153]. As a matter
of fact, in the TEM investigation of SnSs nanotubes it was revealed that especially closer to
the hollow core some SnS layers are always present [154]. This finding can be confirmed by
Raman spectroscopy, it was even possible to detect traces of BipSs [155] (bismuth was used in
the synthesis process as a catalyst [5]). Either the E; SnS; mode is overshadowed by these
additional modes, or - because the nanotube curvature possibly revokes the strict 17" ordering
- there are locally different polytypes with different in-plane mode frequencies. In the 4H and
18R polytype, for example, the 17" £, phonon branch is folded back onto the I'-point and more
than one mode becomes Raman-allowed [156]. This could account for the smeared out features

around the suspected E,; mode frequency in almost pristine SnS; nanotubes.
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During the work on the SnS-SnSs system, most often spectra of the type shown in Fig. 5.5.(b)
were encountered. The respective nanotubes or nanoscrolls comprise SnS as well as SnSs layers
in different orderings with O-T-T, O-T and O-T-O-T-T as the most common ones (O for the
orthorhombic SnS, T' for the SnSy lattice, respectively, see Chapter 2.3.). Here, the question
arose, to what extent the SnS; mode frequencies are influenced by the presence of SnS layers,
or vice versa, and whether this influence scales with the ratio SnS/SnSs. Clearly seen in the
exemplary SnS-SnS, nanotube spectra in Fig. 5.5.(b) is the mode at 313 cm ™! with the shoulder
at 352 cm™! which can be attributed to the A;, and the As, mode, respectively, of the SnS; part
of the structure, with negligible shift compared to the pristine nanotube. Other than that, the
spectrum is dominated by features identifiable as belonging to the SnS layers, again, only small
shifts are observed. The measured spectra of the SnS-SnSy system are hence a confirmation of
what is called the rigid band model in describing the electronic structure of such superstructures:
the Raman spectra are to a first approximation a superposition of the Raman features of the
constituents. However, as will be shown later for the PbS-NbSs system, in misfit layer structures,
the in-plane mode of the S-T-S triple layer is a very sensitive indicator of interlayer interaction,
and it is just this mode that, just as in the SnSs case, can not be made out in the SnS-SnS,
nanotube spectra. One has to resort to other pieces of evidence with the small shifts of the
out-of-plane modes serving as a first indication of very weak interlayer interaction. Even more
so as no frequency differences were detected neither for different orderings of SnS and SnS,
layers nor for nanotubes and nanoscrolls. To the best of my knowledge there are no Raman
spectroscopic reports on SnS-SnSs, but there is at least one article on lithium-intercalated SnSs.
Alkali metals are prone to donate an electron to neighboring layers and since charge transfer is
one of the main routes to explain frequency shifts in intercalation compounds like LiTiSy [157]
the existence of only small (up)shifts in LiSnSs [158] points in the same direction. A recent
paper actually calculates a very small charge transfer of less than 0.1 electrons in the SnS-SnSs
double layer from the SnSs to the SnS layer [79], contrary to the charge transfer direction that is
common in other misfit layer systems (see Chapter 3.2.). Finally, the simultaneous and random
occurrence of different stacking sequences in the SnS-SnSo nanotube synthesis speaks in favor of
weak interlayer interaction and consequently for at most small frequency shifts in the combined

materials.

5.4. The PbS-NbS; system

Work on misfit nanotubes of the type (PbS); 14NbSs and of NbSs nanotubes intercalated with
lead formed the last part of my thesis and results are published in Staiger et al., Physical Review
B, 94, 035430 (2016). I was already familiar with the specifics of 2H transition metal dichalco-
genides and with the basic questions arising when these materials are hosting intercalants and
form misfit layer compounds, respectively. But, as it turned out, the situation is entirely dif-
ferent from the prior work on the SnS-SnSs system. 2H-NDbSs, like WSs, has the Dg, point
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Figure 5.6.: (a) Raman spectra of an exemplary (PbS);14NbS; and a PbNbS; nanotube.

The main in-plane and out-of-plane modes are located around 350 and 380 cm ™!

, respectively.
(b) A closer look reveals subtle differences in the frequency of the Raman modes and their
respective symmetry. Both spectra are taken taken with 532 nm excitation wavelength at room

temperature.

group and the frequencies of the main A, and Eo; Raman modes are around 379 and 309 cm ™!,

respectively [159]. In the misfit layer nanotubes, because the NbSy layers are separated by a
PbS layer in between, is is more accurate to make use of the monolayer D3, symmetry, not ac-
counting for additional structural distortion induced by the intercalant layer and the nanotube
curvature. For the measured nanotubes the two Raman modes related to the A;, and Ea, mode
of the parent material were identified at 378 (A}) and 353 cm™! (E'). In the PbNbSs nanotubes,
where the parent material symmetry is approximately retained, the same modes were observed
at 377 (A14) and 348 cm™! (Fjy,). Raman spectra of the two cases are shown in Fig. 5.6. Thus,
two main characteristics are seen to distinguish the experimental observations from the results
obtained for the SnS-SnSs nanotubes. The in-plane E mode is clearly detected in the spectra
and is seen to shift up drastically with respect to the parent material, whereas the frequency of
the out-of-plane A mode stays almost the same. Clearly, the key to the understanding of this
quite unusual strength of frequency shifts has to be found in the characteristics of the interlayer
interaction when combining the two materials. Some basic concepts of interlayer interaction
have been presented in Chapter 3.2. of this thesis. Niobium disulfide intercalated with lead
has not been investigated by Raman spectroscopy before, but while the same holds true for
(PbS)1.14NbSy nanotubes, the bulk misfit system as well as a variety of other misfit layer sys-
tems and intercalated layered systems have been subject of research [20, 157, 159-169]. For

compounds containing NbSy and intercalants other than rare earth metal monochalcogenides
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the results are similar to the ones presented here, a strong upshift for the in-plane and little
to no change for the out-of-plane mode of the TMD part of the structure is measured [159—
162, 166]. Yet, despite intensive discussion and authors presenting several, partly contradicting
models, no definite conclusion has been reached as to why this mode-stiffening only occurs for
the in-plane Raman mode. Moreover, for NbSy misfit layer compounds with rare earth metal
monochalcogenides even the out-of-plane A} mode shifts up and extra modes start appearing
that can not be explained in the context of the simple superposition of Raman modes of the
constituents [20, 164]. In contrast, in MLCs containing 17-TMDs and in intercalated 17-TMDs,
several authors claim to observe a small downshift of the £/; mode with respect to the parent
material [157, 160].

Assuming the reasons for the frequency changes are based on the same underlying mechanism
for all these compounds, in finding an explanation for the frequency shifts in PbNbSy and
(PbS)1.14NbS2 nanotubes, one has to aspire to bring under the same umbrella also the phenom-
ena observed in other misfit and intercalated layered compounds. The mechanism put forward
by a majority of authors for the NbSy compounds is that a filling of the NbSy d,2 orbital by
charge transfer from the intercalant is to be held responsible for the raise in frequency. However,
it is not clear why this charge transfer should have a larger impact on the E mode frequency
and only little impact on the A mode frequency in M XNbSy. One idea was to consider the
orientation of the main lobe of the d,» orbital: it is oriented perpendicular to the layers, thus
the atomic displacements for an in-plane vibrational mode will lead to changes in the chalco-
gen valence / transition metal d,2 orbital overlap and lead to a subsequent frequency upshift,
whereas the same change will not occur for out-of-plane modes [168]. This model can not be
applied simultaneously to 17" misfit layer compounds, where small £ mode downshifts occur.
One has to take into account though that the 17-TMD orbital the charge is transferred to from
the intercalant does not have the same orientation than the trigonal prismatic d,» orbital. A
different approach is presented by Shirai et al. [169] and focuses on the changes of intralayer
central and noncentral forces upon charge transfer. Again, this model only deals with trigonal
prismatic T'X5 compounds and is not applicable to the 17T family.

If the charge transfer mechanism was to be held accountable to the frequency upshift in trig-
onal prismatic MLC, as a second assumption, the magnitude of the former should be related
to the strength of the latter, e.g. large charge transfer should make for large frequency up-
shifts. Looking at the literature, comparing MSNbSy [160] and RSNbSy [161] this seems to
be indeed the case, also stage 2 compounds, where a RS layer is inserted only every second
NbS, layer and hence a smaller charge transfer is likely, exhibit smaller frequency upshifts than
stage 1 compounds [20]. Having two model systems, PbNbS, nanotubes (upshift: 39 cm~!) and
(PbS)1.14NbSy (upshift: 44 cm™!) the magnitude of the charge transfer should thus be similar.
As a matter of fact though, as was carried out in detail in Chapter 3.2., the charge transfer
expected for (PbS)1.14NbSg - if there at all - is only a small fraction of the larger charge transfer
confirmed for the intercalation compound PbNbS,. The measured frequency upshifts are hence

not likely to be caused by charge transfer.
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Figure 5.7.: Calculated phonon dispersion of 2H-NbSs (a) and PbNbS, (b).

As a means to elucidate the nature of the vibrational modes in misfit layer compounds, DFT
calculations were done in my group. Because it has a much smaller unit cell than the MLC,
PbNbSs was chosen instead of (PbS);.14NbSs. Calculated I'-point frequencies in 2H-NbSy and
PbNbS, are 306 and 356 cm ™! for the E and 381 and 382cm™! for the A mode, respectively,
in very good agreement with the experimental results. The calculated frequencies also imply
that interlayer interaction through cationic coupling or metal cross substitution does not play
a role in the frequency upshift, as the calculations are performed on the pure, stoichiometric
compounds. The calculations also allowed me to visualize the atomic displacement patterns
for the phonon modes using the GaussView software. They show that the 2H-NbSs Raman
modes of the parent compound are found again in the intercalated compound without the lead
atoms taking part, thus backing up the idea that the Raman spectra can be seen as a superpo-
sition of the constituents Raman modes. Extra vibrational modes with the participation of the

intercalant layer are not Raman-active. Between 100 and 200 cm™!

, experimentally observed
Raman features can be attributed to second order and combination modes, and in the case
of (PbS)1.14NbSs also to vibrations of the PbS part of the MLC, see Ref. [133]. Looking at
the calculated phonon dispersions of bulk 2H-NbS, and PbNbS, in Fig. 5.7. it becomes clear
that, e.g., zone-folding effects do not play a role in the frequency upshift of the in-plane mode.
Neither does the NbSs monolayer nature in PbNbSy, with the NbSy layers being separated by
intercalant layers, since the NbSs monolayer phonon dispersion (not shown) closely resembles
the one of the bulk.

We also investigated if the stacking order affects the frequency of the vibrational modes. In
the polytype 3R-NbSs, the in-plane mode is also stiffened with respect to 2H-NbSqy [170-172]
but our calculations were unable to reproduce this shift. It is thus not likely to be an effect of
stacking order but can rather be traced back to the existence of extra niobium atoms interca-

lated between NbSj layers [2, 3]. Also, MLCs with the transition metal in trigonal prismatic
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coordination in CC' [e.g. (SnS)1.17NbSg] or CF [e.g. (PbS)1.14NbSs| stacking order [13] (see
Fig. 2.2.) seem to exhibit the same frequency trends. This is further supported by calculations
done at the Jacobs university in Bremen, where a single slab of NbSy sandwiched between two
lead atom layers, without the influence of any neighboring NbSs layers, was shown to exhibit a
similar strength of frequency upshift [173].

The existence of covalent bonds between intercalant and TMD layers is under debate (see Chap-
ter 3.2.) but one would expect them to act more strongly on the frequency of in-plane than
out-of-plane modes.

A model not discussed yet in the literature on misfit layer compounds takes into account the
charge redistribution in the intercalant layers during the atomic vibrations. In the NbSs in-plane
FE mode the movement of negatively charged sulfur atoms along the layer direction will lead to a
rearrangement of charges also in the adjacent intercalant layer. In order to restore equilibrium,
this charge redistribution will, in turn, act as a restoring force on the sulfur atoms and conse-
quently raise the frequency of the respective vibration. In the case of the out-of-plane A mode,
because significant charge redistribution will not occur perpendicular to the layer direction or is
not possible at all in one-atom thick intercalant layers, the frequency remains unaffected. This
hypothesis was tested for (PbS);.14NbSy with the finite displacement frozen phonon technique.
There, the atomic displacement pattern is divided into small steps and each time the forces
acting on the atoms taking part in the vibration is calculated, thus taking into consideration
the effect of a possible charge redistribution on the Raman frequencies. Carried out in detail
in Ref. [133] the calculations indeed favor this new model, as the in-plane E mode frequencies
are raised strongly and the out-of-plane A mode frequency exhibits only a small downshift with
respect to the parent material. Calculations have yet to be performed for semiconducting group
IVB compounds in octahedral coordination, where a small downshift for the in-plane mode is
seen in the MLCs, thus the question whether the above described concept has validity for all
MLCs remains an open question.

In conclusion, the misfit layer systems represent a family of materials, where Raman spectro-
scopic investigations can yield a lot of information also about the electronic properties. As misfit
layer nanotubes have only been synthesized for the first time in recent years [5, 6, 45, 46, 56,

174, 175] further research on the vibrational properties will be of great value.
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Summary and outlook

In this thesis, I studied nanostructures of inorganic layered materials by Raman and Resonance
Raman spectroscopy. Research was done almost always on individual nanostructures with prior
characterization by electron microscopy techniques (see Appendix A.l.). Investigated com-
pounds cover all dimensionalities, a variety of materials are combined in misfit layer structures
and different stacking types occur in the pristine and misfit compounds. Yet, I was able to show
that the discussion of the vibrational properties relies on a few principles that are common to all
the studied materials. Furthermore, research revealed just how closely vibrational and electronic
properties are intertwined.

By virtue of their triple-layered nature all of the vibrational modes in transition metal dichalco-
genides have the atoms either moving out of plane in the stacking ¢ direction or doubly degener-
ated in the ab-plane. Within the triple layers there are two basic coordinations possible for the
transition metal atom in the middle layer, for the group IVA and IVB TMDs this is the octahe-
dral coordination, for the majority of group VB and VIB TMDs it is the trigonal prismatic one.
In the octahedrally coordinated compounds there are only two Raman active modes, an out-of-
plane A;, mode and an in-plane E, mode (see Fig. 5.1.). In the bulk structure of the latter, of
the four Raman active vibrations, the rigid layer Egg mode is of very low frequency and the Fy,
principally not allowed in the employed backscattering configuration. This leaves the in-plane
E%g and again an out-of-plane A;, mode as the main fingerprint modes in trigonal prismatically
coordinated compounds. These two Raman modes are at the core of every study conducted in
the course of this thesis and their characteristics are followed with different dimensionality and
stacking order changes, with changes in excitation energy and experimental parameters.

I performed Raman spectroscopy on low-dimensional WSs, MoSs and SnSs materials and misfit
layer /intercalation compounds SnS-SnSy, PbNbS, and (PbS);.14NbSs. It was the investigation
of the A1, mode that in the case of the former revealed the most information, not only about the
vibrational characteristics of inorganic layered structures but about their electronic structure as
well, especially the nature of the excitons. In the case of the misfit/intercalation compounds,
in contrast, the E%g /E4 Raman mode was the primary study object and interlayer interaction
proved to be the pivotal point of discussion. Thus, obtained results can be divided in two parts

as follows:

44



5.4. The PbS-NbSy system

1) Pristine systems: Aig mode and excitons.

Coming from the monolayer A} mode, in trigonal prismatically coordinated TMDs, there is a
splitting of the out-of-plane Raman mode into a set of alternating A;4/A2, modes in an even
and A} /A modes in an odd number of layers. In the bulk, these modes collapse into a Davydov
pair of an in-phase Raman active A;4, and an out-of-phase silent By, mode. I established exper-
imentally, for the first time in FL-TMDs, that there are N components to the out-of-plane A
mode for N layers in FL-WSs [135]. This simple rule is shown to be in principle applicable to all
other vibrational modes in few-layer systems [135, 136]. In WSy nanotubes, where wall numbers
are large enough that it is convenient to use the bulk symmetry in describing the vibrational
properties, both the Ay, and the neighboring By, mode are observed and their intensity ratio
is shown to be strongly dependent on nanotube diameter [126]. It was assumed previously that
a stronger intensity of the By, relative to the A;, mode in smaller diameter nanotubes was due
to an increased density of defects [26]. I showed that one has to delve deep into the electronic
properties of the investigated material in order to understand the underlying mechanism that
promotes the appearance of the By, mode in WSs nanotubes and explains the varying intensity
ratio with nanotube diameter. By using a large set of excitation wavelengths in the region of the
first optical transition energies I recorded Resonance Raman profiles of four different diameter
WS, nanotubes and a bulk reference sample. Not only was the By, /A1, intensity ratio observed
to change with diameter but even more so with excitation wavelength. The excitation energy
for which each of the two modes reached their intensity maximum turned out to possess a slight
offset with this energy difference again depending on the diameter. Thus, the changes in inten-
sity ratio with excitation energy were proven to be due to slightly different resonance conditions
of the two modes. I was able to trace back this difference to a diameter dependence of the A
excitonic transition energies. By reducing the nanotube diameter, the curvature of the nanotube
walls is increased and as a combined effect of tensile stress on the outer and compressive stress
on the inner side of each of the triple-layered nanotube walls the lowest conduction band state
is brought down, hence reducing the first optical transition energy. This has also been used
to explain the lower excitonic transition energy found by Resonance Raman spectroscopy in
fullerene-like MoSs with respect to a bulk sample. As the appearance of the formally silent By,
mode in WS, Raman spectra is assumed to be a result of strain and mismatch of adjacent layers
which plays a role particularly in the inner, smaller diameter nanotube walls, the resonance
condition for the By, mode is met always at the low-energy side of the excitonic transition
energy derived from the A;, Raman mode which leads to the observed strong dependence of
the By, /A1y intensity ratio on nanotube diameter and excitation energy. This model was then
later confirmed when discussing Raman spectra of WSs nanotubes under increasing hydrostatic
pressure and temperature. There, instead of changing the excitation energy for a fixed nan-
otube diameter and corresponding transition energy, the external factors change the transition
energy and, using a fixed excitation energy, similar variations of the By, /A1 intensity ratio are
observed [126]. It is likely that the effect of every external influence on the By, /A1, intensity

ratio in WSs nanotubes, for instance by external doping or the application of voltage, is to be
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explained along similar lines. A recent work [176] is in excellent agreement with the observed
pressure dependence of Raman modes, particularly of the Aj, mode, in WSy nanotubes and
confirms the findings presented in this thesis.

In the resonance Raman spectra of FL-WSs all of the N components to the out-of-plane mode,
Raman-active and formally infrared-active ones, are detected. Again, this can only be explained
by the specifics of the electronic structures of the investigated TMDs, particularly the nature of
the excitons. The activation of infrared-active phonons in the Raman spectra is an indication
of a relaxation of Raman selection rules. The model put forward in my work on FL-WS, is
evidence of the in-plane orientation of the A exciton in FL-TMDs confirming recent studies
[111, 118]. In a simple picture, during the resonance Raman process the phonons couple to one
layer only and are thus subjected to the selection rules of N partly decoupled layers. As a result,
selection rules in the N layered system are weakened and low-intensity infrared-active phonons
are observed in the Raman spectra. As Ref. [136] points out, this will likely not be the case for
measurements in resonance with the C exciton which is found to be stretched out in all three
dimensions. Recently, we identified first-order Raman modes in FL-MoSs that only appear with
considerable intensity when the sample is excited in resonance with the C' exciton [136]. The
insights presented should be transferable to FL-WS, as well, where first measurements indicate

again a fine structure of these modes that is not seen in FL-MoS,.

2) Misfit/intercalation systems: E%Q/Eg mode and interlayer interaction.

As an introductory work to Raman spectroscopy on misfit layer nanotubes, Raman spectra of
almost pristine SnSs and SnS-SnS, misfit nanotubes were compared. I was able to prove that
the misfit system spectra can be interpreted in terms of a superposition of the Raman modes of
the constituents. Almost identical A1, mode frequencies in the two compounds lead me to the
conclusion that interlayer interaction was weak in the misfit system, a result that was later con-
firmed by theoretical studies [79]. However, the in-plane SnS, E, mode was not identified in the
SnS-SnSs spectra. The related in-plane E%g of the trigonal prismatic compounds turned out to
be the most sensitive indicator of interlayer interaction in misfit layer systems, so it would be of
interest whether under certain experimental conditions the £, mode in SnS-SnSs is discernible.
This could be the use of a different excitation energy or low-temperature measurements.

In the main work on misfit layer nanotubes, the system PbNbSs and (PbS);.14NbS, was thor-
oughly investigated. In comparison with literature data on the parent 2H-NbSy material I ob-
served a drastic upshift of the in-plane modes in the misfit /intercalated nanotubes and a nearly
constant out-of-plane A mode frequency. The charge transfer mechanism held accountable for
this shifts by a majority of previous studies was put to the test and shown to not satisfactorily
explaining the similar in-plane E mode upshifts in both PbNbSy and (PbS);.14NbSs nanotubes.
As charge transfer is weaker in (PbS);.14NbSy than in PbNbSy but the upshift is slightly stronger
in the former, this apparent contradiction calls for an alternative approach. A number of inter-
layer interaction mechanisms such as non-stoichiometry, metal cross substitution and covalent

bonding as well as Raman spectra of other misfit compounds were discussed. To support the
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experimental results, a number of DFT calculations on 2H-NbSo and PbNbSy were performed
and found to be in very good agreement with experiment. In the end, finite-displacement frozen
phonon calculations on the PbS-NbS, system provided evidence that during in-plane movement
of the NbS, part charge in the adjacent PbS layer is being redistributed and the resulting restor-
ing forces raise the in-plane frequency through interlayer interaction.

The PbS-NbSy system is only an example of the ever growing number of misfit layer nanos-
tructures. Raman studies on newly synthesized MS-TaSy [46] nanotubes, judging from their
similarity to the structural and electronic properties of MS-NbSs, are likely to yield similar
results. In contrast, research on misfit systems should continue in the direction of lanthanide-
based misfit nanotubes like LnS-TaSs NTs [174] and especially nanotubes where the transition
metal dichalcogenide is CrSy [45, 56, 175]. For these compounds charge transfer is established
and could well lead to additional shifts in the Raman spectra. Moreover research on CrSe-based
misfit compounds should present an interesting experimental and theoretical challenge as the

layered bulk CrSy compound is not known to exist.
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A. Experimental methods

A.1. Experimental procedure

Apart from the experiments on few-layer WSs, the work in this thesis was largely done in col-
laboration with the group of Prof. Tenne at the Weizmann Institute of Science (WIS) in Israel.
This group specializes in the synthesis and characterization of inorganic nanotubes and has
done a vast amount of pioneering work in the field. The joint goal of this collaboration was to
investigate individual inorganic nanotubes by Raman spectroscopy with simultaneous precise
knowledge of their inner structure. This method differs from the way Raman spectroscopic
investigations are normally carried out on carbon nanotubes, where one is challenged to ex-
tract knowledge about different diameter and chirality nanotubes from ensemble measurements.
Having all the structural information prior to Raman measurements allowed me to be sensitive
to details like the small differences in Raman frequency of the in-plane mode of PbNbS, and
(PbS)1.14NbSs nanotubes. As several nanotube types also in the SnS-SnSy system are often
synthesized in the same batch, in the future, with one simple Raman measurement one will
be able to distinguish between the different types. Most of the nanotubes investigated here
were synthesized by Gal Radovsky, a PhD student in Prof. Tennes group at the time, whom I
worked most closely with. During the time of our collaboration we developed an understanding
of each others work and, most importantly, ways to simplify the Raman measurement process.
In the end, when I received new samples from Gal they had already been characterized by scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), electron diffraction,
energy-dispersive X-ray spectroscopy (EDS) and had been marked on the underlying substrate
by focused ion beam deposition (FIB), so that I was able to begin my work with all the in-
formation necessary. In Fig. A.1.(a) an exemplary SnS-SnSy nanotube on a carbon coated Cu
substrate is shown, surrounded by a platinum circle and a roman cipher to have a common
numbering, together with a high resolution TEM picture that identifies the nanotube to be of
the O-T-T type and a complimentary diffraction image. Starting from an easy-to-identify center
of the sample, with the help of a low magnification SEM map with an overlaid Cartesian plane
indicating the location of each of the nanotubes, I was able to quickly find the desired position
under the optical microscope and start the Raman measurements. As it became evident that
the originally used TEM substrate was especially prone to be ruptured due to laser heating, the
then used SizNy4 nitride TEM grid allowed for slightly higher laser powers without damaging the

substrate. To make sure that neither the focused ion beam deposition of platinum circles nor
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Figure A.1l.: (a) Individual nanotubes were placed on a TEM grid, encircled and numbered with

FIB deposition. Supplementary information like the high resolution TEM image, the line profile
and the diffraction image shown in the insets were available prior to the Raman spectroscopic
investigation (picture from Ref. [5] Supporting Information). (b) Before performing Raman
spectroscopy, I identified few-layer flakes of WSs, like the one shown here, under the optical

microscope.

the TEM analysis did damage or change the structure of the nanotubes, in the beginning of the
joint work, an exemplary WSs nanotube that had only been characterized by SEM was sent to
Berlin, where we performed Raman measurements before sending it back for TEM characteriza-
tion in Israel (operation power was 120keV). As shown in Ref. [126], a Raman spectrum taken
after the nanotube was again sent to Berlin did not show any of the Raman features altered in
any way. Thus, from then on, nanotubes were routinely analyzed by TEM before performing
Raman measurements. In the framework of a soon to begin GIF (German-Israeli Foundation for
Scientific Research and Development) project we envision to extend this mode of collaboration
by studying the individual nanotubes sequentially by moving them from the WIS to the TU
Berlin and then to Jiilich for Cs corrected TEM/STEM analysis.

In the case of the work on WSy nanotubes the focus did not lie so much on the TEM character-
ization. For establishing the diameter dependence of the first optical transition energy [126] it
was only necessary to prepare individual nanotubes, making sure by SEM characterization that
a larger range of diameters was covered. The same applied for the unpublished work on the
diameter dependence of the strength of the antenna effect. During the work on SnSs and SnS-
SnSs nanotubes, TEM characterization was established as a complimentary tool to the Raman
measurements, as from both methods differences between pure SnSy and misfit layer nanotubes
as well as mixed cases were unambiguously identified. Finally, for research on the misfit PbS-
NbS, system, the combination of TEM and Raman investigations was absolutely vital. More
or less as a side product, together with (PbS);.14NbSy nanotubes, PbNbS, nanotubes had been
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synthesized which were detected in the TEM images because of the different periodicity of the
layers. In the Raman spectra, the two types exhibit very similar features and without the prior
knowledge could have been easily mistaken for one and the same sort of misfit nanotubes. Be-
ing aware of the difference made me sensitive to the small differences in Raman frequencies of
related modes. Now, not only does one single Raman measurement suffice to tell whether one
has a real misfit layer nanotube at hand or a nanotube intercalated with lead (often both types
are synthesized in the same batch). Moreover, the two model systems were an interesting study
object to test traditional beliefs in explaining the unusually high frequency shifts with respect
to the transition metal dichalcogenide parent material [133].

For my work on few-layer WSs I received samples from the University Duisburg-Essen, where a
WSs crystal acquired from hq graphene, Netherlands - Groningen had been mechanically exfoli-
ated onto an SiOs/Si wafer. I then searched the wafer for appropriate WS, flakes and identified
approximate layer numbers by optical contrast measurements prior to Raman measurements.
One example of such a flake is depicted in Fig. A.1.(b). After the Raman measurements, layer

numbers were confirmed by atomic force microscopy scans.

A.2. Raman spectroscopy: experimental details

Raman spectra of low-dimensional transition metal dichalcogenides were acquired, with the
exception of pressure and temperature measurements, at ambient conditions and always in
backscattering geometry. Apart from the work on MoSs inorganic fullerenes where ensemble
measurements in solution were done in a macro-optic setup, confocal p-Raman spectroscopy of
individual nanoparticles was the method of choice. The work on WSy nanotubes was largely done
employing a triple monochromator Dilor XY800 Raman system with a 1800 lines/mm grating
in subtractive mode, a 100x objective (numerical aperture of NA= 0.95) and a nitrogen-cooled
charge-coupled device. The acquisition of Resonance Raman profiles required a combination of
different laser excitation energies - for this undertaking an ArKr ion laser, a variable frequency
dye laser (DCM dye) and a TiSa solid-state laser were used to cover the whole WSy A and B
excitonic energy range. Measurements were always done such that the nanotube orientation was
parallel to the linear polarization of the incoming laser light. The limitation of laser excitation
power to less than 150 uW to avoid sample heating brought with it accumulation times of 30
to 300s. In order to be able to compare WSs NT Raman cross sections depending on the
excitation energy, the non-resonant Raman signal of CaFy was recorded after each nanotube
Raman measurement.

Raman measurements on FL-WSs were performed with a LabRAM HR800 Raman spectrometer
equipped with notch filters suppressing the Rayleigh scattered light. A diode laser emitting at
457nm was used for off-resonance Raman and a HeNe laser with an excitation wavelength
of 633nm for resonance WSy Raman measurements. The other experimental conditions were

similar to the WSy nanotube measurements. In addition to the high spectral resolution of
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less than 1cm™' I made use of the subpixel mode offered by the LabSpec acquisition software
(detailed description, see Ref. [135]) that by providing more data points per wavenumber gave an
overall rounder shape to the Raman peaks, which was of high value in the fitting procedure. The
SnS-SnSy nanotubes were also investigated using a LabRAM HR800 Raman spectrometer and
in this case the laser system chosen was a frequency doubled Nd:YAG laser emitting at 532 nm,
closer to the optical transition energies of SnSy than the red excitation wavelengths used for the
WSy materials. Here, special care had to be taken for the measurements of nanotubes placed not
on the standard SiOs substrate but on TEM grids, where the carbon coated copper substrate
was prone to rupturing and laser powers had thus to be reduced to 120 uW and less. The same
held true for the TEM characterized NbSs-based misfit layer nanotubes. Due to them being
rather poor Raman scatterers (partly because of the metallic nature of NbSg) the 1800 lines/mm
was exchanged for a 600 lines/mm grating to achieve higher signal-to-noise ratio at the expense
of a lower spectral resolution of around 2cm™!. Accumulation times were still high and exceeded
20 minutes in most cases.

The pressure Raman measurements on agglomerated WSy nanotubes were performed by Peter
Rafailov using a gasketed diamond-anvil cell. Details can be found in Ref. [126]. For temperature
measurements I used a Linkam heating and freezing stage, the coolant was liquid nitrogen. Since
the objective-sample distance was bigger than in the other experiments, a far-distance objective
(80x magnification, NA= 0.75) came to use.

For all Raman measurements performed in this thesis, the known spectral lines of a neon lamp

were used as a calibration standard.

A.3. Basics of Raman spectroscopy

One of the ways light interacts with matter is through scattering processes. Thereby the light
is either scattered elastically (e.g. by defects) and retains its energy or inelastically, losing or
gaining a quantized portion of energy in the event. This latter process is called Raman effect
after its discoverer, C.V. Raman [177, 178], who went on to receive the Nobel prize in physics
in 1930. Today, it is one of the primary experimental methods especially in solid state physics.
Its contactless and non-destructive nature and the wealth of information the spectra have to
offer makes it an ideal analysis tool for research on novel materials and Raman spectroscopy has
therefore been the main method of choice in this thesis.

Let us consider an electromagnetic wave traveling through a medium

—

E(7t) = E (ks wi) - cos(k; - 7 — wit) (A1)
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E (7, t) will induce a time-dependent polarization P (7, t) in the medium with the same frequency

w; and wavevector k;,

— -

P(7,t) = P(ki,w;) - cos(ki - 7 — w;t) (A.2)

The strength of the polarization is determined by the material’s electric susceptibility x, which
can be altered periodically by atomic vibrations that are excited thermally at temperatures above
zero. The amplitude of these vibrations %(q,wp), with wavevector ¢ and vibrational frequency
wp, is normally much smaller than the lattice constants of the material. This allows us to expand

X in a Taylor series with respect to the atomic vibrations (7, t)=u(q, wo)-cos(q - 7 — wot)
X(l%,wi,ﬁ) = Xo(l%,m) + = ﬁ(’l?, t) + ... (A3)

where the first term is an expression of the unperturbed susceptibility yo and the second term
represents the perturbation of the susceptibility by the atomic vibrations. The induced polar-
ization of the material through the propagating electromagnetic wave can thus be decomposed
into a polarization wave Py that is in phase with the incident radiation and two polarization
waves Pffld where the atomic vibrations increase or decrease the frequency and wavevector of

the incident radiation. This is expressed by [179]:

ﬁ =P+ Piid = XQ(Ei,wq;) . E(Ez,wz) . COS(I;‘;' S — wit) + (A4)
19 ol S oo - o - .
5((%)0“((1,%) - E(ki,wi) x [cos((k; + @) - 7" — (w; + wo)t) + cos((k; — q) - 7" — (wi — wo)t)]

The first term describes the elastic Rayleigh scattering; the electromagnetic wave travels through
the medium basically unperturbed. The second term describes the inelastically Raman scattered
light; the electromagnetic wave leaving the medium has its frequency and wavevector altered by
virtue of the modulation of the electric susceptibility by the atomic vibrations. Either it has
its wavevector and frequency decreased by kg = (k; — ¢) and wg = (w; — wp) (Stokes radiation)
or increased by kag = (ki + ¢) and wag = (w; 4+ wo) (anti-Stokes radiation). As an important
condition, Raman scattering will only occur in a material if the polarizability changes during
the lattice vibration - (dx/d@)p # 0 - as can be seen from Equation A.4.

From a microscopic point of view, the atomic vibrations, much like the photons of the electro-
magnetic wave, have particle like character, are quantized, and are commonly called phonons.
The Raman scattering is a three-step process involving photons, electrons and phonons. First,
an incident photon with energy hw; excites an electron into an intermediate (either virtual or
excited) state, creating an electron-hole pair. Subsequently, this electron-hole pair now can me-
diate between the incident photon and the atomic vibrations and is scattered in another state
thereby generating or annihilating a quantized phonon. Finally, electron and hole recombine

and a scattered photon fuw, = h(w; & wpp) is sent out that has its energy diminished (Stokes-
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Figure A.2.: Sketch of the Raman process in comparison with the Rayleigh process, where no
phonons are involved, in the middle. In the Stokes case a phonon is created and the outgoing
light has a smaller energy than the incoming, in the anti-Stokes process a phonon is annihilated
and the outgoing light possesses a higher energy. Starting from the ground state (solid line), all

other states (dashed lines) can either be real (resonant case, see Fig. A.3.) or virtual.

process) or enlarged (anti-Stokes-process) by the energy of a phonon. This is schematically
depicted in Fig. A.2. with the Rayleigh process, where no phonon is involved in the elastic
scattering process, shown in the middle for comparison. While the Rayleigh process is by far
the dominant one in light scattering by solids, Stokes scattering normally has a higher cross
section than anti-Stokes scattering because, as a necessary condition for the anti-Stokes process
to occur, a phonon must already be excited in the material in order to be annihilated in the
Raman process. In this thesis, Stokes scattering of inorganic nanomaterials is recorded and the
Raman shift between the frequency of the incoming and the outgoing photon is measured in
reciprocal centimeters (cm™!).

The relationship w(gpn) between the phonon’s frequency wy;, and momentum gy, is called phonon
dispersion and allows one to track the energy of a phonon principally anywhere in the Brillouin
zone of a material (see Fig. 5.7.). As Raman scattering requires energy and momentum conser-

vation,
hw; — s & wyp, = 0, hk; — liks + @on = 0 (A.5)

using visible light where the photons’” momentum is much smaller than the dimension of the
Brillouin zone, Raman scattering as employed in this thesis only probes zone-center I'-point
phonons with g, ~ 0. Still, the Raman spectral features offer a unique fingerprint of a ma-
terial and one can follow any outside influence, be it temperature, pressure, strain or atomic

imperfections by simply looking at the vibrational frequencies.
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Figure A.3.: Sketch of the Resonance Raman process in comparison with the non-resonant
Stokes process on the left. Either the incoming light excites the electron into a real state
(solid line, incoming resonance) or a real state is hit after a phonon has been created (outgoing

resonance). In both cases, the Raman intensity is resonantly enhanced.

A.4. Basics of Resonance Raman spectroscopy

The information that one can extract from the characteristic phonon frequencies is not every-
thing Raman spectroscopy has to offer. While wy, is independent of the excitation energy,
changing E.,. will drastically influence the Raman scattering efficiency, opening up the possibil-
ity to deduce the energy of the optical transitions of a material. In most cases the intermediate
state in the Raman process will be a virtual state. But by tuning the laser energy such that the
intermediate state before or after the interaction with a phonon is an eigenstate of the system,
the Raman intensity is enhanced, sometimes by several orders of magnitude. This is called
resonance Raman scattering and the different contributions to this process are illustrated in
Fig. A.3. Taking into account only the dominant Stokes scattering, if the excitation energy hw;
matches the transition to a real state incoming resonance occurs, outgoing resonance describes
the case where the excited electron is scattered into an eigenstate of the system before electron-
hole recombination.

Formally, the resonance phenomenon can be derived from the time-dependent pertubation the-
ory resulting in “Fermi’s Golden Rule”. The transition probability from an initial state by a
pertubation brought about by an incoming photon Aw; into an excited state in the region of an

eigenstate of the system is proportional to the Raman scattering probability P, [179]

P

p

\ (21) ’ : Me_roMe_ppMe_ri ‘2 (A.6)

h hwz- — En‘ — ZF)(ﬁuJ@ — hwph — Ez'z' — ZT‘)

Here, M¢_y;, Me_r; and M,_p), are the matrix element for the interaction of the electrons

with the incoming and outgoing radiation and the electron-phonon interaction, respectively.
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The first term in the denominator becomes small for incoming, the second term for outgoing
resonance. In both cases the Raman intensity is resonantly enhanced. The empirical broadening
factor I' prevents the unphysical situation of the denominator becoming zero and can include the
linewidth due to the finite lifetime of the intermediate electronic states as well as the broadening
resulting from scattering by crystal imperfections. P, has thus two contributions with their
maxima separated by the phonon energy hw,, usually smeared out by I'.

Resonance Raman spectroscopy has been brought to use in this thesis in two ways. By con-
tinuously tuning the exciting laser over a wide range of energies it is possible to record Raman
Resonance Profiles (RRP) of a system and derive optical transition energies (incoming reso-
nance) employing Equation A.6. [126]. Secondly, this knowledge can then be used in selecting
the best experimental conditions for reducing the signal-to-noise ratio in a Raman spectroscopic
investigation. Additionally, it appears that measuring in resonance can have the effect of re-
laxing the Raman selection rules giving access to modes otherwise not seen in Raman spectra

recorded far from resonance [135].
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Resonance Raman profiles of WS, nanotubes of different diameter are presented. We show that the A excitonic
transition energy lies below the bulk value and is increasingly redshifted with decreasing diameter of the
nanotubes. The findings are attributed to strain effects associated with the curvature of the nanotube walls. A
silent Raman mode, the B, mode, is disorder enhanced in the Raman spectra of WS, nanomaterials. We discuss
the development of the relative intensities of the Bj, mode and the nearby A;, mode with nanotube diameter,
excitation energy, and hydrostatic pressure in terms of a slight difference in resonance condition.
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I. INTRODUCTION

In the field of nanoscale research, over the last years
much attention has been paid to the unusual properties of
quasi-one-dimensional materials, the most prominent among
them being carbon nanotubes. Following their discovery in the
early 1990s inorganic analogs, namely metal dichalcogenide
nanotubes, were synthesized successfully'> and are now
available in considerable quantities. Recently, the preparation
of atomically thin MoS, sheets*> has sparked wide interest.
Originally an indirect band gap semiconductor, in the single-
layer limit MoS, becomes a direct band gap material which
makes it attractive for applications particularly in the field
of nanoelectronic devices such as transistors.® Due to their
strength, surface chemistry, nanosize, and high aspect ratio
WS, nanotubes have a very beneficial effect in reinforcing
polymer composites improving their tribological,” mechan-
ical, and thermal properties.® Individual WS, nanotubes
show promising results when used as photodetectors’ and as
catalysts in the hydrodesulfurization process.'?

Metal dichalcogenide nanotubes exist only in multiwalled
form where one shell corresponds to a triple layer S-X-S with
metal X atoms sandwiched between two layers of sulfur atoms.
The metal atoms are covalently bonded to six nearest sulfur
atoms resulting in a trigonal prismatic structure. The triple
layers are held together by weak van der Waals forces and, most
commonly, stacked in 2H order, with the unit cell extending
over two S-X-S layers. Bulk WS, has an indirect band gap
of 1.3 eV; the smallest direct band gap is at the K point and
governed by a pair of excitons A and B (1.98 eV and 2.41 eV,
respectively, at room temperature).'!

Raman spectroscopy is a widely used method to char-
acterize the structure, symmetries, and optical properties
of nanostructures. Both bulk 2H-WS, and WS, nanotubes
have been analyzed by means of Raman spectroscopy in the
past.'>”!% For bulk 2H-WS, the D, (P63/mmc) symmetry
results in four Raman active lattice vibrations at the I" point of
the hexagonal Brillouin zone: a fully symmetric A;, mode
421 em™'),”* two modes with Ej, symmetry (E,, at
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356 cm™!, Egg at 27 cm™'), and an Ej, mode (306 cm™')
that is inactive for light (exciting and scattered) propagation
perpendicular to the basal plane.'” In nanotubes, the A, mode
becomes a breathing-like mode where the sulfur shells of one
sandwich layer possess a significant radial component out of
phase relative to the almost immobile tungsten shell. The E} ¢
mode on the other hand shows longitudinal and circumferential
displacement of sulfur shells in phase but out of phase with
respect to the displacement of tungsten atoms.'®!” Raman
signatures of WS, nanotubes show distinct differences to
the spectra of their bulk counterpart. The most characteristic
Raman feature of WS, nanomaterials is the strongly increased
Raman mode on the low-energy side of the A}, mode at around
416 cm~!. In the literature, following an analysis by Sourisseau
et al.,*° it is often attributed to a combination mode of acoustic
phonons LA + TA from the K point of the Brillouin zone. An
additional Raman feature that significantly broadens the shape
of the E} . mode is assigned to the 2 x LA combination mode.
However, these assignments are not confirmed by state of the
art calculations of the phonon dispersion. Recent theoretical
results’’ indeed seem to favor a different interpretation.
In these density functional calculations, the infrared active
conjugate of the Ezlg mode, the E;, mode, accounts for the

feature around 350 cm~! whereas a silent Bj, mode is the
origin of the feature at 416 cm~'. For the remainder of this
paper we will use this latter notation. As the B, mode is of only
weak intensity in the Raman spectrum of the bulk material it is
likely to be activated by the curvature and increased structural
disorder inherent to the nanotubes.'® In recent years several
articles have been devoted to the evolution of this mode with
diameter,'® pressure,”” and different layer orientation in thin
films.?

This work addresses the Bj, mode as a unique feature of
WS, nanomaterials subject to strong variations with curvature,
excitation energy, and pressure. We present resonance Raman
profiles of WS, nanotubes of different diameters using laser
energies ranging from 1.85 eV to 2.71 eV. We find that the
maximum of the Raman cross section is slightly redshifted

©2012 American Physical Society
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with respect to the excitonic transition energies in bulk WS,
and that it decreases in energy with decreasing diameter
of the nanotubes. The Bj,/A;, intensity ratio is strongly
dependent on the excitation energy, increasing by more than
an order of magnitude from high to low excitation energies.
This increase is not monotonic but shows a local minimum
close to the excitonic transition energies. We attribute this
to slightly different resonance conditions of the two Raman
modes. In addition to resonance Raman spectroscopy we
employed hydrostatic pressure-dependent measurements (up
to 11 GPa) with a fixed excitation energy on agglomerated
WS, nanotubes and derived the pressure coefficients of the
Raman modes. Again, the By, /A, intensity ratio is subject to
strong changes when varying the applied pressure. It reaches a
maximum at around 6.5 GPa but decreases again towards the
high-pressure region. These findings are explained in terms of
a pressure-induced gradual increase in the excitonic transition
energy that acts on the ratio I(By,)/I(A1,) in a manner similar
to varying the excitation energies for a WS, nanotube at fixed
ambient pressure.

II. EXPERIMENTAL

A. Synthesis, characterization

Inorganic nanotubes (INTs) of WS, were synthesized in a
semi-industrial fluidized bed reactor by NanoMaterials, Ltd.
A mixture of tungsten suboxides in the form of spherical
nanoparticles was used as a precursor for this reaction. The
reaction was carried out at temperatures of 800-900 °C in
the atmosphere of hydrogen sulfide and hydrogen in the
presence of the inert carrier gas nitrogen. First, long tungsten
suboxide whiskers are in situ grown in the reactor, which is
followed by an outside-inside sulfidization reaction. Careful
control over the reaction parameters enables pure INT phase
production. Nanotubes of 5-50 pm in length and 20-180 nm
in diameter were obtained being partially entangled. A special
procedure was developed in order to de-agglomerate these
nanotubes through gentle and multitudinous sonication and
filtration. Several droplets from a suspension of the de-
agglomerated nanotubes in ethanol were dripped on scanning
electron microscopy (SEM) stubs based on a silicon substrate
and on carbon/collodion-coated Cu transmission electron
microscopy (TEM) grids. Individual nanotubes were identified
and surrounded by platinum circles with a focused ion beam
(FIB) so that they were easily detectable under the optical
microscope for Raman measurements. A Helios 900 Nanolab
DualBeam Microscope (FIB) based on SEM was utilized for
the Pt ring deposition. Organometallic CoH;¢Pt precursor gas
molecules were used. The resulting samples were examined
by SEM with a Zeiss Ultra model V55 and LEO model
Supra 55VP equipped with an EDS detector (Oxford model
INCA). The nanotubes deposited on TEM grids were examined
by TEM (Philips CM120) operating at 120 kV, equipped
with an energy-dispersive x-ray spectroscopy (EDS) detector
(EDAX-Phoenix Microanalyzer) for chemical analysis. A
TEM image of an individual tube with outer and inner diameter
of 32 and 8 nm, respectively, is presented in the inset of
Fig. 1.
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FIG. 1. (Color online) Raman spectra of an individual WS,
nanotube (d = 132 nm) before and after characterization with TEM.
None of the Raman features is altered by the characterization
technique. The inset shows an exemplary TEM image of a different
WS, nanotube with an outer diameter of 32 nm.

B. Resonance Raman spectroscopy

Resonance Raman profiles were taken of four individual
WS, nanotubes on silicon substrate of 38, 46, 85, and 121
nm outer diameter as well as on WS, powder (average grain
size: 2 um) dispersed in ethanol. Nanotube diameters were
determined by SEM with an accuracy better than 5%. An
ArtKrT laser (excitation energies: 1.834, 1.916, 2.182, 2.410,
2.607,2.713 eV) was used as well as a dye laser with excitation
energies ranging from 1.862 to 2.036 eV. Measurements were
performed at room temperature in backscattering geometry
and the scattered light was collected by a nitrogen-cooled
charge-coupled device after being spectrally cleaned and
dispersed by a triple monochromator (Dilor XY800). The
laser power was reduced to values below 150 W in the case
of the nanotubes to avoid changes in the spectra induced by
heating while accumulation times varied between 30 and 300 s.
The Raman intensities were then normalized to both the laser
power and integration time as well as to the system response
by subsequently measuring the nonresonant Raman signal of
CaF, for each excitation energy.

C. Hydrostatic pressure measurements

For the pressure measurements a small 30 x 30 pum?
mat containing agglomerated WS, nanotubes was put into
a gasketed diamond-anvil cell** and the line at 647 nm
of an ArtKr" laser was used for excitation. With a 4:1
methanol-ethanol mixture as pressure medium we obtained
hydrostatic pressures up to 10.82 GPa as determined by
the ruby-luminescence method.” The spectral resolution was

about 1.5 cm™".

III. RESULTS

A. Raman measurements on SEM/TEM
characterized nanotubes

Most Raman spectra that are discussed in this work were
taken on WS, nanotubes on silicon substrate and characterized
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FIG. 2. (Color online) Resonance Raman profiles of different diameter WS, nanotubes (d = 38, 46, 85, and 121 nm) and of a WS,
powder reference sample (upper right) for the A and B exciton region. Shown are the Raman intensities of the A, and B;, modes (triangles
and diamonds, respectively) normalized to the optical F,, CaF, phonon as a function of the excitation energy and a fit to the data (solid
and dashed lines) following Eq. (1). From the fits optical transition energies were derived; values are given in each plot. In the lower right,
transition energies determined from the RRPs of the A, mode are plotted over the inverse diameter of the WS, nanotubes and the powder,
demonstrating the redshift of the optical transition energy into the A exciton with decreasing size of the nanomaterials. The solid line is a

linear fit.

by SEM. However, some nanotubes synthesized by the same
method were also characterized by TEM and allow for a
detailed insight in their internal structure. TEM images (inset
in Fig. 1) show evenly spaced fringes of the (0002) plane
corresponding to the ¢ lattice constant of WS, of 6.2 A.
To examine whether the preparation technique affects the
structure, Raman measurements were performed on samples
before and after TEM characterization. While for SEM the
accelaration voltage is very low (around 3 kV), the exposure
to the high-voltage electron beam in TEM measurements is
known to alter the structure of, e.g., InGaN quantum wells.20
Figure 1 compares the Raman spectrum of a WS, nanotube
(outer diameter d = 132 nm) before and after TEM electron
beam exposure on the middle part of the nanotube. The spectra
were normalized to the Raman intensity of the A;, mode at
421 cm~!. The position, relative intensities, and FWHMs of
the Raman features remain the same; in particular no change
can be seen in the the By, /A, intensity ratio. The structural
disorder associated with the appearance of the Bj, mode is
thus unaffected by sample preparation.

B. Resonance Raman spectroscopy

The resonance Raman profiles (RRPs) of individual WS,
nanotubes of different diameters as well as of WS, powder
(average grain size 2 um) were measured in the range of
1.85 to 2.71 eV covering the region of both the A and B
exciton (Fig. 2). The change in Raman signal with excitation
energy was examined for the fundamental A, mode as well
as for the By, mode appearing at 416 cm™' on the low-energy
side of the A;, mode (421 cm™1). A set of two Lorentzians
was employed to fit the Raman spectra and to determine the
intensity of the two Raman modes. The RRPs depicted in
Fig. 2 exhibit well-defined maxima between 1.9 and 2.0 eV
and a continuous rise in intensity between 2.4 and 2.7 eV. The
position of the first maximum coincides with the absorption
peak of the A exciton that is known to possess a binding
energy of some 50 meV.”’ In all cases the maximum intensity
of the By, mode can be found at slightly lower energies than
that of the A;, mode with the difference increasing with
diameter. The second maximum in the A, mode intensity can
be identified as originating from the B exciton (2.41 eV in bulk
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TABLE I. Optical transition energies £, of WS, nanotubes and
a powder sample determined from fitting the measured RRPs of the
A, and B, Raman modes with Eq. (1). For the powder only the RRP
of the A, could be fitted.

Sample Alg E]] (CV) Blu Ell (EV)
WS, NT d =38 nm 1.921 £ 0.008 1.920 £ 0.004
WS, NT d = 46 nm 1.912 4 0.005 1.906 + 0.004
WS, NTd = 85nm 1.922 4 0.008 1.905 £ 0.008
WS, NTd =121 nm 1.949 £ 0.008 1.932 £ 0.012
WS, powder 1.968 + 0.006

WS, ') while the By, intensity remains weak for this energy
region.

The first optical transition energies (that is, the transition
into the A exciton) were obtained by fitting the RRPs of the
A, and By, mode with the equation for the excitation energy
dependence of the Raman cross section’®

2
I(Eexe) = ( Me >

n a)ph

1
(Eexc - Eii - iF/Z)
1 2
" (Eexe — hwpn — Ei; —iT/2)|

1)

Here, E.x. denotes the laser excitation energy, E;; the optical
transition energy, I the lifetime broadening of the intermediate
electronic state, M contains the matrix elements, and ¢ the
remaining factors. The first and second term account for the
incoming and outgoing resonance, respectively. The so derived
first optical transition energies E1; for the four WS, nanotubes
and the reference powder material are listed in Table I. They
correspond to the incoming resonance and are thus lower lying
in energy than the respective maximum in the Raman scattering
cross section. For the powder the dependence of the By, mode
intensity on the excitation energy was not sufficient to be fitted
with Eq. (1).

As the A;, mode is allowed by first-order Raman selection
rules (in contrast to the B;, mode) its RRP is taken to
be the reliable source for obtaining the excitonic transition
energies. For the nanotubes they all lie below the value
found for the 2 um powder WS, sample (bulk reference).
Furthermore, the transition energies scale with the diameter
of the nanotubes and with exception of the smallest diameter
nanotube show increasing redshift with decreasing diameter.
In a much smaller diameter region, a band gap reduction with
decreasing diameter for inorganic nanotubes (in contrast to
what one would expect from quantum confinement effects) has
been predicted theoretically for GaS?’ and MoS, nanotubes™
and was also experimentally confirmed by STS (scanning
tunneling spectroscopy) measurements.>’ We report here for
the first time the closely related dependence of the excitonic
transition energies on diameter for diameters up to more than
120 nm. In the lower right panel of Fig. 2 the transition energies
E, are plotted as a function of the inverse diameter, and a
linear fit is employed. As will be discussed in Sec. IV this
dependence has its origin in the diameter-dependent curvature
of the S-W-S triple layers.
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C. Excitation energy dependence of the By, /A,
Raman intensity ratio

The observation of the B;, Raman mode at 416 cm™' is
one of the most intriguing features in WS, nanomaterials. Its
intensity is negligible in the Raman spectra of WS, single
crystals and its appearance thought to be related to disorder as
group theory predicts it to be Raman inactive.?! Up to now the
change in the ratio I(B,)/1(A1,) with nanotube diameter, %>
pressure,”” and thin-film orientation®® has been studied and
mostly attributed to curvature effects. These studies all use a
fixed excitation energy (1.96 eV). From the RRPs measured in
this work it is apparent that the relative enhancement of the By,
and A, mode scale with diameter, and also their resonance
maxima increasingly differ for increasing diameters. For the
thinnest nanotube examined the relative enhancement of the
two modes is near 1; for the nanotube with d = 121 nm it
is around 0.7. The existence of a diameter dependence of the
I(By,)/I(A},)ratio observed in Ref. 16 can thus be confirmed.
However, using only one excitation energy does not account
for the difference in excitonic transition energies for nanotubes
of different diameter and the energetic offset of the two RRPs.

Figure 3(a) shows Raman spectra of a WS, nanotube,
121 nm in diameter, measured with different excitation
energies. The spectrum obtained at 1.953 eV (middle trace)
features a By, mode as a shoulder of the neighboring A, mode,
very similar to Raman spectra of WS, nanotubes found in the
literature.'®*?> Far from resonance, in the Raman spectrum
taken with a 2.713 eV (lower trace) excitation energy the
absolute intensity of the Raman features is greatly reduced but
also the By, /A, intensity ratio has changed drastically; only a
fit to the specified region reveals the Bj, mode is still present.
The first-order E;, (356 cm™') and A}, modes dominate the
Raman spectrum for the high excitation energies. Exciting on
the lower energy side of E|;, an excitation energy of 1.862 eV
(upper trace) results in a Raman spectrum where the B, and
the E1, Raman mode at 352 cm™! are even more pronounced
than the first-order allowed Raman features of WS,.

The drastic influence of the excitation energy on the relative
intensities of the two modes in the four nanotubes investigated
here is seen in Fig. 3(b) exemplary for the thickest nanotube
and with similar results for the other nanotubes (not shown).
For each excitation energy the areas of the two Lorentzian
fits were compared. For the high excitation energy region, the
intensity ratio By, /A1, is less than 0.2 but it increases by an
order of magnitude towards low excitation energies. Around
the first optical transition energy region (1.949 eV) a local
minimum is observed. There are two main contributions to
the measured dependence of the relative intensities of the
two Raman modes with excitation energy: (1) For the A
excitonic resonance region both Raman modes are resonantly
enhanced, but as mentioned above the resonance condition
of the By, mode is met at slightly lower energies than that
of the A, mode. Both the increase in the intensity ratio for
the low excitation energies and the local minimum around
the A exciton energy are a consequence of this phenomenon.
This is illustrated in the inset of Fig. 3(b). The ratio of two
simulated, identical resonance Raman profiles similar to the
ones obtained from the measured spectra with a full width at
half maximum of around 8 meV and an energetic offset of
10 meV is shown that mimics the measured nonmonotonic
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FIG. 3. (Color online) (a) Raman spectra of a WS, nanotube (d = 121 nm). The spectrum excited with 1.953 eV, close to the resonance
condition of the A;, mode, is divided by a factor of 7 to be of similar intensity compared to the two other spectra. The symmetry of the four
main Raman modes is given next to the corresponding spectral features. The dashed lines denote the two first-order allowed Raman modes. The
By, and E |, modes that are barely present in the bottom spectrum (2.713 eV) become increasingly prominent when the nanotube is excited with
lower energies. (b) The By, /A, Raman intensity ratio with excitation energy for the same nanotube. A strong increase can be observed with
decreasing excitation energy, with a kink in the A excitonic resonance region. The inset in (b) shows that the observed dependence between
1.85 and 2.1 eV (shaded area) is a result of dividing a simulated resonance profile by another with a small energy offset (10 meV). In the
measured spectra, because only the A, phonon exhibits resonant behavior in the B exciton region, the intensity ratio approaches small values

above 2.1 eV.

changes in the intensity ratio (shaded area). (2) Only the A,
mode intensity is enhanced in the region of the B exciton
energy, while the Bj, phonon does not couple strongly to this
second optical transition. Therefore, instead of approaching
the value of one as suggested by the simple model in the inset,
the intensity ratio approaches zero for the 2.4-2.7 eV range.

D. Pressure dependence of the WS, nanotube Raman response

Figure 4(a) shows Raman spectra of agglomerated WS,
nanotubes measured at hydrostatic pressures up to 10.82 GPa
with a fixed excitation energy of 1.916 eV. Additionally, some
spectra were obtained upon pressure release and depicted as
well. With increasing pressure the position of all Raman modes
shifts to higher energies, the line shapes become distorted, and
there are also significant changes in the By, /A1, intensity ratio.
The impact of hydrostatic pressure on the Raman spectra of
the WS, nanotubes is completely reversible.

The pressure dependence of the Aj, and B;, mode
frequencies starting at 420 and 415.5 cm™! for ambient
pressure is shown in Fig. 4(b) and used to derive pressure
coefficients dw /5 P. While for the A, mode a Lorentzian line
shape suffices the Bj, region is best fitted with a Fano line
shape to account for the increasingly asymmetric line shape
with pressure. A linear upshift of 3.19 £ 0.05 cm~!/GPa and
1.41 £ 0.04 cm™' /GPa for the A}, and By, mode, respectively,
is found.

Similar to the excitation-energy-dependent Raman mea-
surements the most striking effect in the spectra is the
drastic change of the relative intensity of the Bj, and the
Aj, mode with pressure [see Fig. 4(c)]. Starting off with
comparatively low values for the ambient pressure Raman
measurement [/ (By,)/1(Ag) = 0.85] the relative By, Raman
mode intensity quickly rises almost linearly until a maximum
is reached for hydrostatic pressures around 6.5 GPa. Above
this threshold the intensity ratio decreases again in the 7-11
GPa region and levels out at about 2.5.

IV. DISCUSSION

In this section we first discuss the measured resonance
Raman profiles of different-diameter tungsten disulfide nan-
otubes and the resulting transition energy E;; dependence
on nanotube diameter. Next, the difference in the resonance
condition of the A, mode and the silent Bj, mode and
the resulting strong variations in the Bj,/A;, ratio with
excitation energy are analyzed. Finally, Raman measurements
on agglomerated WS, nanotubes under hydrostatic pressure
are addressed, again with a focus on the change in the
I(By,)/I(A},) ratio with pressure.

Resonance Raman profiles reflect the change in normalized
Raman intensity of a specific Raman mode with the laser
excitation energy. Following Eq. (1) whenever the energy
of the incoming or the scattered light coincides with a real
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FIG. 4. (Color online) (a) Raman spectra of agglomerated WS, nanotubes (excitation energy: 1.916 eV) under hydrostatic pressure up to
10.82 GPa (solid lines). The spectra obtained during subsequent pressure release are also depicted (dashed lines). All Raman modes shift up
and broaden with increasing pressure. Additionally, the By, /A, intensity ratio changes strongly. (b) The upshift of both the A, and B, mode
with pressure is linear; the pressure coefficients are given. (c) While for pressures up to 6 GPa the By, /A, intensity ratio rises almost linearly,
for the high-pressure region a decrease is observed. A smoothing spline fit is employed to guide the eye. In (b) and (c) the diamonds are values
obtained during pressure release that illustrate the reversibility of the process. The inset in (c) in analogy to the inset in Fig. 3(b) (the x axis
is reversed) demonstrates that with increasing pressure the ratio of two resonance profiles (shaded area) with a small energy offset reproduces

well the experimental observation (see Sec. IV).

electronic transition the Raman scattering cross section is
greatly enhanced. Taking into account that both processes
contribute to the intensity enhancement and it is the incoming
resonance that corresponds to the optical transition energy one
can follow the band structure of the material under investiga-
tion. In WS,, as can be seen in absorption measurements' >’
around the direct band gap there is a pair of excitons, termed A
and B, that are split by spin orbit and interlayer interaction.*
Reported values for the A and the B peak position in a WS,
single crystal are 1.98 eV and 2.41 eV, respectively.'! The
relatively sharp (FWHMSs of around 70 to 180 meV) RRPs of
the measured WS, nanotubes in the 1.8-2.1 eV region thus
correspond to the optical transition into the A exciton. There
are not enough data to quantitatively determine the transition
energy into the B exciton from a resonance profile at higher
energies, but an intensity enhancement between 2.4 and 2.7 eV
for the Aj, mode is observed. To begin with, the RRP of
the fundamental first order A;, mode is taken to accurately
mirror the excitonic transition energy Ej; of the nanotubes
and the WS, powder. With respect to the powder sample
the excitonic transition energies in the nanotubes are shifted
to lower energies with an increasing redshift for decreasing
diameter. Our findings are in qualitative accordance with
previously published theoretical work on WS, nanotubes.*
In a smaller diameter region Scheffer and coworkers®' took

dI/dV curves of individual WS, nanotubes using STS, and
in spite of significantly scattered data they could derive a
redshift with decreasing diameter of the nanotube. Frey et al.**
employed absorption spectroscopy to determine the A and B
exciton peak positions of films of inorganic fullerene-like (IF)
MoS, and WS;. Their results suggest that a redshift in the A
exciton peak is only observed if the number of triple layers is
larger than around n = 6. For lower number of layers quantum
confinement can be seen as a competing process that ultimately
leads to a blueshift of the excitons. For the nanotubes examined
in this work the inner radii and the related number of layers
are not exactly known. However, from comparison with similar
diameter nanotubes characterized with TEM during the course
of this work, n is expected to be much bigger than 6 (in the
case of the nanotube depicted in Fig. 1 it is 18, for example).
As can be seen in Fig. 2, the normalized Raman intensities,
which are related to the sample volume probed by the laser,
and hence to the number of walls, increase with diameter.
The underlying mechanism for the excitonic transition en-
ergy dependence on the diameter of the nanotubes can be found
in different magnitudes of strain incorporated in the tube walls.
Obviously, rolling up triple layers in inorganic nanotubes
involves much higher strain energies than in carbon nanotubes
(CNTs), where there is only one carbon layer. The strain
energy per atom scales with the radius of the nanotubes as
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FIG. 5. (Color online) (a) A roughly linear decrease in the intensity ratio In.x (Biyx)/Imax (A1) is observed when going from smaller to larger
nanotube diameters. (b) The maxima of the resonance Raman profiles of the B, and A;, mode increasingly differ in energy as the nanotube

diameter becomes larger.

Ey =a/R 2 and values for &, the strain parameter, are 2.2 and
27.2 eVAZ? per atom for CNTs and MoS,-NTs, respectively.35
Considering one S-W-S triple layer, in a WS, nanotube the
inner (outer) sulfur layer will have a smaller (bigger) diameter
with respect to the metal layer in the middle. This is accompa-
nied by uniaxial compressive and tensile strain in the inner and
outer part of one triple layer, respectively, whose magnitude
again depends strongly on the curvature of the layers and hence
on the diameter of the tube wall as a whole. The influence of
strain on the electronic band structure has been investigated
theoretically for a variety of closely related compounds such
as GaS nanotubes, single-walled MoTe, nanotubes, and few-
layer MoS,.?%%-7 In all cases the band gap is found to be lower
than the bulk limit and to decrease with decreasing diameter
and increasing strain, respectively. For excitons in particular
similar results were obtained for strained CdS nanowires.?®
It is argued in Refs. 30 and 37 that the main reason for the
band gap shrinking lies in the tensile strain that brings down
the conduction band’s antibonding Mo-d-S-p states near the
K point. For small compressive strain the opposite effect is
seen but to a somewhat lesser extent. As the lowest direct band
gap also in WS, is near the K point (as are the excitons) these
results serve as an explanation for the experimentally observed
optical transition energy decrease with decreasing diameter of
the WS, nanotubes investigated in this work.

In this paper the Aj, mode at 421 cm~! was used to
determine optical transition energies via resonance Raman
spectroscopy, because it is the only Raman feature of WS,
materials in the measured region that is (a) allowed in
first-order Raman scattering and (b) shows no substantial
overlap with any other Raman feature (as is the case for the
E;g mode). The Bj, mode on the other hand is originally a
silent mode, and its appearance is a distinctive feature of WS,
nanomaterials. Again, what distinguishes the WS, nanotubes
from the 2D layered bulk material is the local curvature of the
nanotube walls. If one considers two adjacent walls within the
same nanotube the outer wall will comprise a larger number
of unit cells and a slight lattice mismatch is very likely to
occur. Additionally, TEM characterization of WS, nanotubes
in agreement with measurement done in the course of this
work often reveal that the center of the hollow inner part
does not coincide with the geometrical axis of the nanotubes
outer walls* pointing to a rearrangement of layers and edge
dislocations close to the center of the tubes. It is not clear
yet whether WS, nanotubes are formed by continuous spiral

winding (Ref. 39) of one S-W-S layer or whether they consist
of concentric cylindrical shells (Ref. 40). Also, whether or not
the different nanotube walls all possess the same chirality (or
are achiral) is still under debate. Recent results suggest that the
majority of shells are either zigzag or near zigzag, e.g., mostly
of zero chiral angle.***! Obeying the stacking order of the bulk
flat slab will thus be very difficult in the curved nanostructures
and formally silent modes like the B;, mode will be activated
as a result of the loss of long-range order. Moreover, from the
point of view of symmetry the opposite strain direction in the
inner and the outer sulfur layer lifts the inversion symmetry
of the triple stacks and hence the strict Raman selection
rules valid for WS, crystals. Obviously these effects become
more pronounced as the diameter of the nanotubes is reduced
whereas the walls in comparatively thick nanotubes will little
by little adapt the ordered, unstrained structure of the single
crystal. This leads to a gradual suppression of the B, mode
intensity with increasing tube diameter.

In Fig. 5(a) the maximum intensities of the resonance
Raman profiles (see Fig. 2) are plotted as I'nax(B1y)/Imax(A1g)
as a function of the diameter. The diameter dependence so
derived differs from the one obtained in Ref. 16 as it compares
the absolute Raman intensities of the two modes at different
excitation energies (the energies where the maximum resonant
enhancement is reached). For the thinnest, 38 nm diameter
nanotube, these energies are almost identical (Fig. 2). As can
be seen in Fig. 5(b) they increasingly differ as the diameter
becomes larger. In all cases, the maximum Raman intensity
of the Bj, mode lies on the low-energy side of the maximum
Raman intensity of the A;, mode. This is possibly because the
Raman signal of the Bj, mode mainly stems from the inner
triple layers, where the curvature of the nanotube walls is
high enough for the Raman selection rules to be relaxed. As a
consequence the values for E; obtained from the B, mode are
that of a nanotube of seemingly smaller diameter and hence of
smaller excitonic resonance energy. This effect is negligible for
small-diameter nanotubes but becomes increasingly important
as the diameter and the number of walls increases.

In the Raman spectra of agglomerated WS, nanotubes un-
der hydrostatic pressure at a fixed excitation energy (1.916 eV)
one can observe the frequencies of the A, and B, Raman
modes linearly upshifting with pressure. For the closely
related compound MoS, a simple central force model was
able to explain the data as resulting from an increase of
the intralayer and interlayer force constants.*> It was found
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that the interlayer distance (van der Waals gap) decreased
by almost 8% from atmospheric to 5 GPa pressure and that
the associated change of the interlayer force constant is the
main reason for the frequency upshift of vibrational modes.
The difference in the pressure-induced slope can be explained
by the normal coordinates of the both crystal modes. The A,
mode represents an in-phase, the By, mode an out-of-phase S-S
stretching motion.** Hence the former one has to overcome a
much larger force than the latter, which leads to a distinctly
higher pressure coefficient.

The linear pressure-induced frequency upshifts of Raman
modes rule out the possibility of a phase transition. Significant
alterations in the cross section of the nanotubes or rearrange-
ment of atoms from a crystallographic point of view would
be indicated by a sudden change of pressure coefficients. In
single-walled carbon nanotube bundles, for instance, a sudden
change in the slope of the frequency upshift of the G modes
with pressure has been attributed to a circular-elliptical phase
transition.** The observation that the Raman spectra return
to their original appearance upon pressure release [Fig. 4(a)]
is further evidence of the agglomerated WS, nanotubes not
collapsing in the applied pressure range. Instead it is indication
of the extreme flexibility of the material. Any macroscopic
defects as a result of the application of pressure are therefore
unlikely.

Thus, the question remains as to why the relative intensity
of the Bj, mode—being related to disorder—undergoes such
strong changes with increasing pressure [Fig. 4(c)]. Yu et al.”
followed the evolution of the Bj,/A;, mode intensity ratio
under pressure for W/WS, fullerene-like nanospheres with
core-shell structure. The results are to a large extent compara-
ble to the ones obtained in this work. In the low-pressure region
the 1(B,)/1(A,) ratio increases but decreases again after
going through a maximum around 6 GPa. Their interpretation
makes use of the concept of shape transitions and associated
changes in curvature of the nanotubes.

In light of the results from the resonance Raman mea-
surements presented in this work a different explanation is
given here. We argue that the main effect of the hydrostatic
pressure applied lies in a gradual upshift of the A excitonic
transition energy.*>*® With that, the coupling of the incoming
photon to the optical transition changes with pressure. As
there is a small energy offset in the resonant enhancement of
the two Raman modes (see Sec. III B) the relative intensities
will also vary. The excitation energy used here (1.916 eV)
is situated on the low-energy side of the A exciton peak for
ambient pressures and will move further downwards when
the pressure is increased. According to Refs. 47 and 48 the
value for the energy dependence of the A exciton peak on
pressure in WS, is 45 meV/GPa which means that already at
6 GPa pressure the A exciton should be found above 2.2 eV
and the laser excitation is near off-resonance. Additionally,

PHYSICAL REVIEW B 86, 165423 (2012)

with pressure, the exciton will gradually become unstable
and eventually dissociate in the higher pressure region (above
6 GPa in MoS,*). This accelerates the process of putting
the excitation energy off-resonance with increasing pressure.
The evolvement of the By, /A, intensity ratio with pressure
depicted in Fig. 4(c) can therefore be seen as a result of
scanning through the relative intensities of the low-energy side
of two resonance Raman profiles that have maxima at slightly
different energies and that both move upwards in energy with
increasing pressure. In analogy to the inset in Fig. 3(b) this is
shown in the inset of Fig. 4(c) where the ratio of two exemplary
RRPs demonstrates the effect.

V. CONCLUSION

Based on resonant Raman spectroscopy we find that the
first optical transition energy Ej; into the A exciton in WS,
nanotubes is shown to be lower than the bulk value and
to become smaller with decreasing nanotube diameter. The
origin of this phenomenon is found in the downshift of the
conduction band states caused by the bending of the S-W-S
triple layers with respect to the flat parent material. Resonance
Raman profiles reveal a strong enhancement of the A, and By,
Raman mode intensities mainly in the A exciton region. For the
thinner nanotubes the enhancement is of similar strength for
both Raman modes; for thicker nanotubes a smaller maximum
enhancement of the Bj, with respect to the maximum enhance-
ment of the A, mode is observed. The By, mode is a silent
mode in the bulk material; its activation in the nanomaterials
is a result of a relaxation of Raman selection rules due to the
gradual increase in strain and curvature of the triple layers
with decreasing nanotube diameter. In the limit of a reference
powder material with grain sizes in the ym regime we find that
only the Aj, mode shows significant resonant behavior. The
resonance Raman profiles of the two modes possess a small en-
ergy offset that is also diameter dependent and leads to strong
variations of the I(By,)/I(A},) ratio with excitation energy.

Under hydrostatic pressure the Raman modes of WS,
nanotubes are linearly upshifted with pressure coefficients of
Swa,, /8P =3.19 £0.05 cm~!/GPaand Swp,, /8P = 1.41 £
0.04 cm™! /GPa. Once again itis the I(By,)/1(A1,) ratio in the
Raman spectra that is influenced most by the applied pressure.
Our results support the interpretation that the variations in
the relative intensities stem from a gradual upshift and an
eventual disappearance of the A exciton peak. In summary,
we are able to consistently explain the unusual behavior of the
I(By,)/1(A},) ratio in WS, nanotubes for different diameters,
excitation energies, and hydrostatic pressure.
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We present Raman measurements of mono- and few-layer WS,. We study the monolayer A| mode around
420 cm~! and its evolution with the number of layers. We show that with increasing layer number there are an
increasing number of possible vibrational patterns for the out-of-plane Raman mode: in N-layer WS, there are
N TI'-point phonons evolving from the A} monolayer mode. For an excitation energy close to resonance with the
A excitonic transition energy, we were able to observe all of these N components, irrespective of their Raman
activity. Density functional theory calculations support the experimental findings and make it possible to attribute
the modes to their respective symmetries. The findings described here are of general importance for all other
phonon modes in WS, and other layered transition-metal dichalcogenide systems in the few-layer regime.

DOI: 10.1103/PhysRevB.91.195419

I. INTRODUCTION

The last few years have seen a spectacular increase in
interest in layered transition-metal dichalcogenides (TMDs).
While the properties of the three-dimensional (3D) bulk
materials have been well known for decades, the possibility
of thinning them down towards the monolayer has given rise
to an entirely new research area. Their structural formula
M X, (with M being a transition metal and X being a chalco-
genide) comprises metals, semimetals, semiconductors, and
superconductors [1]. What they have in common is that, with
approaching the two-dimensional (2D) limit, a whole world
of intriguing properties such as extraordinarily large exciton
binding energies [2], robust valley polarization [3], and large
spin orbit splitting [4] opens up. These properties pave the way
for potential use of TMDs for applications in digital electronics
and optoelectronics [5], in energy conversion and storage [6],
and in spintronics [7]. Most tungsten- and molybdenum-based
TMDs exhibit a transition from an indirect to a direct band-gap
semiconductor when being thinned down to the monolayer,
resulting in high-intensity photoluminescence [8—10].

Raman spectroscopy is one of the most powerful tools in
characterizing nanomaterials. For few-layer (FL) TMDs such
as FL-WS; it allows us, for instance, to exactly determine the
number of layers. To be able to extract all the information that
the measured Raman spectra have to offer, it is of primary
importance to have common ground on which to categorize
the different Raman modes as a function of the number of
layers. There is a large number of publications on monolayer
TMDs [11-14] and the respective bulk materials [12,15,16],
but only a few papers concentrate on the transition from mono-
layer to bulk, e.g., the evolvement of the Raman signatures with
the number of layers. In these papers, moreover, many use the
symmetry of the bulk to assign the Raman features [10,17-19];
only recently have there been some reports that take into
account the different symmetries of TMDs with an even
number of layers (even N) and an odd number of layers (odd N)
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[20,21]. However, these studies focus only on Raman modes
that are allowed in first-order scattering.

In this work we will show that (i) it is important to
distinguish between an even and odd number of layers and
(i1) when the excitation energy is in resonance with the first
optical transition of the investigated material, it is necessary
to consider the full set of phonons. We study the splitting of
the monolayer out-of-plane A} mode in FL-WS; in particular
and are able to observe layer-dependent Raman signatures
comprising Raman-active and -inactive modes. They allow
for easy identification of the number of layers via Raman
spectroscopy. Moreover a general systematic behavior for
the splitting of the monolayer Raman modes is proven
experimentally and is supported by density functional theory
(DFT) calculations. The findings described in this work should
be expandable to other FL-TMDs.

II. EXPERIMENT

The samples were prepared from a bulk WS, crystal
(hq graphene, Groningen, Netherlands) using the mechani-
cal exfoliation technique. To enhance the optical contrast,
the crystals were exfoliated onto a 90-nm SiO,/Si wafer.
Raman measurements on WS, samples were done at room
temperature in backscattering geometry with a Horiba Jobin
Yvon LabRAM HR spectrometer using a confocal setup with a
100x objective and excitation wavelengths of 457 and 633 nm.
To avoid sample heating the laser power was kept below a
maximum of 120 uW; an 1800 lines mm™! grid was used
to ensure high spectral resolution of around 1 cm™!. First,
Raman spectra were taken with the setup described above and
calibrated with neon lines. In the second step the measurements
were repeated in subpixel (6sp) mode. There, each spectrum
is taken a couple of times, and each time the spectrometer is
shifted by a step size which is smaller than a pixel value.
This technique does not increase the spectral resolution,
however, by providing more data points per wave number;
it reduces the signal-to-noise ratio significantly. The spectra
acquired in subpixel mode were then shifted in frequency to
match the calibrated Raman spectra obtained in the regular

©2015 American Physical Society
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FIG. 1. (Color online) (a) Optical micrograph of a WS, flake with
selected regions inspected by AFM [shown in (b) and (c)]. (b) and (c)
AFM images of the selected regions with indication of layer numbers
and lines showing where AFM height profiles were taken from.
(d) AFM height profiles going from the substrate onto the flakes for
different positions on the flake. Step heights in units of the observed
interplanar spacing of ~0.7 nm are indicated.

single-window mode. For better comparison, in Figs. 2, 3,
and 4, the spectra were normalized to the intensity of the
out-of-plane mode.

Atomic force microscopy (AFM) images were acquired
using a Park Systems XE-100 setup with commercial silicon
tips in tapping-mode configuration. Images were taken with
256 x 256 pixel resolution (4 x 4 pum). An exemplary AFM
analysis of a FL-WS, sample is shown in Fig. 1. Step heights
between subsequent layer numbers were typically around
0.7 nm, close to the experimental value of the interplanar
spacing of WS, layers [22]. Down to the monolayer, an offset
of typically around 1 nm between substrate and sample was
observed, which is probably due to the presence of adsorbates
in between the substrate and the sample, and was taken into
account in the analysis presented in Fig. 1.

The phonon frequencies of monolayer and FL-WS, at the I
point were calculated in the frame of density functional (pertur-
bation) theory on the level of the local-density approximation
(LDA) as implemented in the CASTEP code [23]. We treated
the W(4d,5s) and the S(3s,3p) states as valence electrons
using norm-conserving pseudopotentials with a cutoff energy
of 800 eV. All reciprocal space integrations were performed
by a discrete k-point sampling of 18 x 18 x 1 k points in
the Brillouin zone. Starting from fully symmetric model
geometries of one (1L) to five (S5L) layers of AB-stacked WS,
we fully optimized the lattice constants and atomic positions
until the residual forces between atoms were smaller than
0.01eV/ A and the stresses on the cell boundaries were smaller
than 2.5 x 103 GPa. The obtained in-plane lattice constants
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slightly increased with layer number from a value of 3.141 A
for 1L-WS, to 3.143 A for 5L-WS,, in good agreement with
the experimental in-plane lattice constant of 3.15 A in bulk
WS, [24]. Interactions of the sheet with residual periodic
images due to the 3D boundary conditions were minimized
by maintaining a vacuum layer of at least 20 A.

III. RESULTS

WS,, like MoS,, crystallizes in the 2H trigonal prismatic
structure where the tungsten atoms are sandwiched between
two layers of sulfur atoms. Intralayer bonds are of covalent
nature; the interlayer interaction is governed by weak van der
Waals forces. Bulk WS, has the Dg;, point group; the 6 atoms
per unit cell result in 18 phonon modes at the I" point of the
hexagonal Brillouin zone [25]:

DGh I = Alg =+ 2A2u + Blu + ZBZg + Elg
+2E, + Ey + 2E2g.

In the monolayer and for an odd number of layers (odd N),
the symmetry is reduced to the D3, point group. Therefore,
odd N WS, do not have a center of inversion. The I'-
point phonon modes transform according to the following
irreducible representation:

3N -1
D3hlr:

(Al + A+ E +EN+ A+ E,
N=135,....

For an even number of layers (even N), WS, possesses a center
of inversion; the symmetry is described by the point group D3;:

3N
D3d = 7(A1g+Eg+A2u+Eu), N=2,4,6,....

Letus first consider the case where the excitation wavelength is
far from resonance. Figure 2(a) shows Raman spectra of one to
five WS, layers and the bulk material taken with an excitation
wavelength of 457 nm. The two main Raman modes are the
A’ and Ajg modes around 420 cm~! for odd and even N,
respectively, and the E’ and E;g modes around 355 cm™!
for odd N and even N, respectively. A clear upshift with
increasing numbers of layers is seen for the out-of-plane
A’ /A1, mode, whereas the in-plane E//Ezlg mode slightly
softens. This has been observed before for WS, [19,26] as
well as for other TMDs [10,17,27,28]. The stiffening of the
out-of-plane A mode is explained by the increasing interlayer
interaction and the subsequent rise in restoring forces on the
atoms with the number of layers [17]. The same should hold
for the E mode, although to a lesser extent, as the atoms move
in plane and the influence of interlayer interaction is thus
expected to be smaller. However, the opposite trend is observed
and has been attributed to dielectric screening of long-range
Coulomb interactions [12]. Figure 2(b) depicts the change in
frequency of the out-of-plane A and in-plane £ mode with
the number of layers and the frequency difference between
the two modes, which increases from 60.4 to 65 cm™~! from
the monolayer to the bulk.

If the exciting light is far from resonance, the spectra are
dominated by Raman modes allowed in first-order scattering,
as has been reported previously for WS, nanotubes [29]. If we
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FIG. 2. (Color online) (a) Raman spectra of FL WS, from one (1L) to five (5L) layers and the bulk material (NL). Excitation wavelength
is 457 nm. Spectra are normalized to the intensity of the A mode at 420 cm~!. (b) Evolution of the frequency of the main E and A modes with
the number of layers. The dashed line marks the increasing frequency difference between the modes with the number of layers. (c) Strong
photoluminescence is observed for monolayer WS, at the direct excitonic transition energy around 625 nm. The inset shows a magnified image
of the same spectrum in the region of the main 1L-WS, Raman peaks.

focus on the out-of-plane A modes, it is evident that the mono-,
bilayer, and bulk spectra show a single peak, whereas for three
or more layers there is at least another mode appearing as
a low-energy shoulder of the dominant Raman feature. This
apparent splitting of the out-of-plane mode is due to the fact
that for monolayer and bulk WS, there is only one Raman-
active A} mode and A;, mode, respectively; for a few layers
starting with three layers, more than one Raman mode becomes
allowed (see also Ref. [21]).

To further explore these new Raman modes, we analyze
the Raman spectra of the same samples taken under the
resonance condition. Figure 2(c) shows a photoluminescence
spectrum of monolayer WS, at 457-nm excitation wavelength.
The photoluminescence signal is more than two orders of
magnitude larger than the Raman signal and has maximum
intensity around 625 nm. From previous experiments it is
known that the first optical transition energy of bulk WS,
is constituted by the A exciton around 633 nm [29]. Therefore,
with 633-nm excitation wavelength, we are close to the
A excitonic resonance for mono- and few-layer WS,. In the
remainder of this work we will focus on the out-of-plane
A mode around 420 cm~!. Of the four Raman modes allowed
in bulk WS, Dg;, symmetry, Egg is too low in frequency to be
observed here, the Ej, mode is not allowed in backscattering
geometry, and the Ezlg mode around 350 cm™! overlaps
with a second-order mode, which dominates the spectra in
resonance [16]. As we will show below, the out-of-plane mode
is clearly separated from other Raman features and shows
sidebands that can readily be explained by the respective
symmetries of even and odd numbers of layers.

Figure 3 shows the region of the out-of-plane Raman mode
of few-layer WS, taken with 633-nm excitation wavelength.
Similar to the spectra shown at 457-nm excitation wavelength,
the upshift of the Raman mode with the number of layers
is evident. More importantly, however, there are striking
differences in the shape of the Raman mode. For FL-WS,
the structure of the out-of-plane mode is complex. In contrast
to the spectra described above, already the bilayer spectrum
shows more than one component. More and more sidebands

arise for an increasing number of layers, but they get weaker
for n > 5 and vanish for very thick flakes (» = N). This again
underlines the special role played by few-layer samples: for
n=1 and n = N the symmetry of WS, allows only one

— 633 nm

Raman intensity (arb. units)

|
412 416 420 424 428

Raman shift (cm‘1)

FIG. 3. (Color online) Experimental resonance Raman spectra
(excitation wavelength 633 nm) of the A-mode region in FL-WS, from
the bilayer (2L) to five layers (SL) and the bulk (NL). The monolayer
spectrum (1L) is only shown with an excitation wavelength of 457 nm,
as the Raman features are dominated by strong photoluminescence
at 633-nm excitation spectrum (not shown). For FL-WS,, spectra of
the same region taken with the 457-nm excitation wavelength are
overlaid and depicted with dashed lines. Spectra are normalized to
the main Raman peak and are offset for clarity.
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FIG. 4. (Color online) Experimental resonance Raman spectra of FL-WS,. The Lorentzian fit curves are shown as well as the symmetry
attributed to the individual modes. In general, there are N components for an N-layer spectrum. (a) For an even number of layers, Raman-active
A, modes alternate with infrared-active A,, modes. (b) For an odd number of layers, Raman-active A} modes alternate with infrared A7
modes. For both even and odd N, the Raman-active modes are more intense than the rather weak infrared-active modes.

A} (n = 1)and A, (bulk) Raman mode. The comparison with
the out-of-resonance spectra (457-nm excitation wavelength)
illustrates that, even though shoulders of the main Raman
peak are observed at 457-nm excitation as well, an increased
number of well-pronounced sidebands to the main Raman peak
appears mainly for Raman measurements in resonance with the
A exciton. We fit the spectra with Lorentzian profiles (see
Fig. 4); for clarity spectra of even and odd N are shown in
separate graphs. In Fig. 4(a) the bilayer A -mode spectrum
possesses a low-energy shoulder that has not previously been
observed. Its appearance is surprising since the only expected
Raman-active vibration is the A;, mode, where both layers
vibrate in phase according to the monolayer A} mode. We will
show below that this second peak is indeed the infrared-active
A,, mode, where the two layers vibrate out of phase. In
the four-layer (4L) spectrum the dominant A;, mode shifts
up with respect to the bilayer, and a prominent shoulder is
seen at almost the same frequency as the shoulder in the
bilayer spectrum. The 4L spectrum is best fitted with four
Lorentzians to account for the Raman intensity between the
two stronger Raman features. In the spectra of odd N WS, a
similar pattern is revealed. In Fig. 4(b) the trilayer (3L) and
five-layer (5L) spectra are shown. The former consists of the
expected A’ peak as the most significant contribution and a
pronounced low-energy shoulder. A third Lorentzian fits the
plateau between the main peaks. The 3L spectrum cannot be
properly fitted with only two Lorentzians. From the experience
gained from the spectra investigated above, the five-layer
spectrum is fitted with five Lorentzians, two of which fill up
the region between the main A/ peak and the two low-energy
shoulders. From the spectra for layer numbers of n =1 to
n =15 it thus seems that there are always N components to
the out-of-plane A mode, where N is the number of layers.
We have observed sidebands on the lower-energy side of the
dominant Raman peak also for higher layer numbers, as shown

for the spectrum of an around ten-layer-thick flake. But they
are rather weak and cannot be fitted following the pattern
described above.

IV. DISCUSSION

Recently, careful analysis of few-layer TMDs has led to
the observation of Raman modes that are seen neither in the
bulk nor in the monolayer [10]. Some of them appear as
shoulders to Raman modes that are allowed in first order for the
bulk and monolayer, like the bulk A;, mode discussed here.
Others are Raman inactive or not allowed in backscattering
geometry in the bulk and monolayer, like the bulk B, and
E, modes [10,21,30,31]. For the first case, to the best of our
knowledge, there is only one paper that explicitly shows a
splitting of the first-order A, mode with the number of layers
in few-layer MoSe; [10]. The 3L and 4L samples show two
components; for the SL sample a third component is seen.
For WSe, the overlap of the bulk E21 ¢ and A;, modes makes
observation of such shoulders impossible [21,30], and for the
case of MoTe; the intensity of the A;, mode appears to be too
small to resolve a multipeak structure [28]. For MoS, there
is little information on resonance Raman spectra, and despite
some asymmetry in the shape of the out-of-plane Raman mode,
a splitting similar to the one investigated in this work is not
observed [32,33]. Terrones et al. [21] calculate the optical
phonons for a number of FL-TMDs, among them MoS, and
WS,, but do not discuss phonons other than the Raman-active
ones.

In order to have a theoretical background on the experi-
mentally observed appearance of more than just the Raman-
active vibrational modes in the spectra of FL-WS,, we have
performed calculations employing DFT. Better insight into
the atomic displacements corresponding to the phonon modes
of FL-TMDs is given in Fig. 5, where schematic drawings
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FIG. 5. (Color online) Schematic drawing for all possible vibra-
tional modes in the out-of-plane mode region of FL-WS, (Raman and
infrared) for one (1L) to five (S5L) layers together with the symmetry
assignments taken from our DFT calculations. The displacement
patterns are ordered with increasing frequency from left to right.
Taking into account the full set of possible vibrational patterns helps
us to study the splitting of vibrational modes with increasing layer
number and to attribute the modes to the features seen in the Raman
spectra.

of all possible vibrations evolving from the monolayer
A} mode in WS, from n=1 to 5 are depicted based on
the DFT calculations. While there is only one possibility in
monolayer WS, for the sulfur atoms to vibrate against each
other with a fixed tungsten atom in between, a splitting of this
mode occurs for bilayer WS,. Since bilayer WS, possesses
a center of inversion, there is a Raman-active A;, mode,
where the two layers vibrate in phase, and an infrared-active
A,, mode, where the two layers vibrate out of phase. As
the latter is not Raman active, it is not seen in Raman
spectra taken with excitation wavelengths far from resonance
[Fig. 2(a)]. However, it is observed for the resonance Raman
spectrum (Figs. 3 and 4), albeit with weaker intensity than the
dominant A, mode. Several possible reasons for this unusual
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behavior are discussed below. As the two layers interact
more strongly for the in-phase vibration, the A;, mode has a
slightly higher frequency than its infrared-active counterpart.
For 4L-WS,, each of the two bilayer modes again splits up into
a Raman-active Aj, mode and an infrared-active A,, mode.
The spectrum is still governed by the in-phase vibration of
all four layers (A1,), but there is a second Raman-active A,
mode that has the outer layers vibrating out of phase with
the inner ones, thus retaining the inversion symmetry of the
overall structure. It is interesting to note that this lower-lying
A, mode in the 4L spectrum has almost the same frequency as
the infrared-active mode in the bilayer, a pattern that will also
be observed for odd N (see below). In addition, we identify
the two small shoulders on the lower-frequency side of the
two Raman-active modes with the A, modes [Fig. 4(a)], the
lowest lying with neighboring layers vibrating out of phase
and the other one with the two upper layers vibrating out of
phase with the two lower layers.

In odd N WS, there is obviously again the possibility of
all layers vibrating in phase and out of phase. In contrast to
even N WS,, where the pure out-of-phase vibration is not
Raman active, for odd N both in- and out-of-phase vibrations
are Raman active and possess A} symmetry. For trilayer
WS,, the atomic displacement vectors of these two modes
are shown on the right and left sides of the third panel in
Fig. 5. In the spectrum depicted in Fig. 4(b), the lower-lying
A, mode accounts for the strong shoulder at approximately
416 cm™! of the main A| mode (in-phase vibration). In
between the modes a plateau is evident that is not accounted for
if the spectrum is fitted with only two Lorentzians. The origin
of the plateau is attributed to an infrared-active A/Z’ mode,
with the middle layer fixed and the sulfur atoms of the top
and bottom layers vibrating out of phase (see Fig. 5, third
panel, middle). The same approach can now be used for the
analysis of the five-layer WS, spectrum. Two shoulders to
the main A} peak can be identified and, following the pattern
of Fig. 5, can be attributed to another two Raman-active A’1
modes. In between the Raman-active modes two very weak
features belong to infrared-active A} vibrations. Coming from
the trilayer WS,, the two modes with the highest frequency
in the five-layer material can be imagined as stemming from
a splitting of the main Raman-active A} mode in the trilayer.
The same can be said about the lower-frequency Raman-active
mode in the trilayer that splits up into the low-frequency A
and A7 modes in five layers. The only infrared-active A} mode
in the trilayer spectrum changes symmetry in the five-layer
spectrum and has the two outermost layers vibrating out of
phase with the three inner ones.

To summarize, to analyze the Raman spectra of one to five
layers of WS,, it is necessary to take into account the full
set of phonon modes. For the evolvement of the monolayer
A} mode analyzed in detail here, the number of out-of-plane
modes matches the number of layers. Raman-active modes
alternate with modes that are infrared active and are now seen
in the spectra of FL-WS,. The pattern observed for the out-
of-plane mode should also be valid for all other vibrational
modes in FL-WS, and other FL-TMD materials. For even N,
the monolayer mode splits up into % Raman-active and ¥
infrared-active modes (the in-plane modes are always doubly
degenerate). For odd N, the monolayer mode evolves into & “
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TABLE I. Experimental Raman frequencies (in cm™') of all
vibrational modes observed in FL-WS, excited with 633 nm. For
N layers the A} mode of the monolayer splits up into N components.
The point group of FL-WS; is D3, for an odd number of layers and
D3, for an even number of layers. The vibrational modes for every
number of layers alternate between Raman (R) and infrared active
(IR).

1L 2L 3L 4L 5L
R A[(418.8) A, (420.0) A} (420.5) A, (421.0) A(421.3)
IR Ay, (4173) AL (418.5) Ay, (419.9) AY (420.4)
R Al(4162) Ay, (417.8) A (418.8)
IR Ay, (416.0)  A4(418.0)
R Al (416.2)

Raman-active and NT’I infrared-active components. In total,
in N layers, each of the monolayer phonons splits up into N
phonon modes [30,31].

Table I lists the experimentally obtained Raman frequencies
of all out-of-plane vibrations derived from the A} mode at
418.8 cm™! for few-layer WS,. Where two or more samples
with the same number of layers were measured, the average
value is given in Table I. In all these cases deviations from
the given frequencies are less than 0.3 cm™'. Again, the
table illustrates that Raman- and infrared-active modes are
alternating irrespective of the layer number. Additionally, not
only does the main Raman-active component with A’ /A,
symmetry for odd and even N appear to exhibit increased
frequency with an increasing number of layers, but also the
other components (second row and below in Table I) follow
the same trend. This is illustrated in Fig. 6(a), where the
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tabulated frequencies are plotted against the number of layers.
The main Raman peak in the spectra shown in Figs. 2—4
is seen stiffening in frequency from the monolayer to five
layers (red circles, connected by a dashed line to guide the
eye). Starting with the bilayer, an infrared-active mode comes
into play that also appears for higher layer numbers. It also
increases in frequency, thus following the behavior of the
main Raman component due to increased force constants with
an increasing number of layers (blue squares, connected by a
dashed line to guide the eye). The same is seen for a second
Raman-active feature starting with three layers and another
infrared-active mode starting with four layers. Interestingly,
the frequencies observed in the mono-, bi-, and trilayer are
almost exactly repeated when the layer number is increased
by two, underlining the close relation of the out-of-plane
modes even though the symmetry and Raman/infrared activity
changes with the layer number. In contrast, the position of the
lowest-frequency mode stays almost constant from three layer
onwards. This mode always has neighboring layers moving
out of phase but neighboring sulfur atoms from adjacent
layers moving in phase. As a result, the nearest-neighbor force
constants determining the frequency of this mode will not
change significantly for larger numbers of layers. In Fig. 6(b),
the frequencies calculated with DFT are plotted against the
layer number. Despite a slight overestimation of absolute
frequencies and a smaller magnitude of the splitting of the
modes, the experimental results are well reproduced. As a
whole, the splitting of the out-of-plane monolayer A| mode in
FL-WS, results in a fanlike shape showing similarity to Fig. 5
in Ref. [20]. Zhang et al. [20] investigated the evolvement
of the low-frequency rigid layer C (displacement along the
¢ direction) and LB (layer breathing) modes in FL-MoS,
(another report on these interlayer modes in few-layer MoS,
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FIG. 6. (Color online) (a) Raman frequencies of the A-type modes in FL-WS,. Red circles mark the Raman-active modes; blue squares
denote the infrared-active modes also seen in the Raman spectra. Dashed lines are used to guide the eye. Starting from one layer, the
splitting of the modes for FL-WS, produces a fanlike shape of the possible vibrational frequencies. (b) Theoretical calculations with DFT
reproduce the observed trends. Raman-active modes are denoted with open red circles; infrared-active modes are marked with open blue

squares.
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can be found in Ref. [34]). With the support of a simple
atomic chain model the authors found a behavior similar to
the one described here for the out-of-plane vibration in WS,.
Obviously, rigid-layer vibrations appear starting only from the
bilayer. Strictly speaking, the difference from all other optical
modes in FL-TMDs is that there are, consequently, only N — 1
possible vibrations (where N denotes the layer number) for the
rigid-layer modes (Egg and B symmetry in bulk MoS,). Of
course, the “N modes for N layers rule” is restored again if one
adds the acoustic modes. The acoustic E and A) modes of
the monolayer are the origin of the low-frequency vibrations
in FL-TMDs and will split up into N components for N layers
(among them A- and E-type modes with zero frequency).

The behavior described above should, in principle, be ob-
servable in other 2H-TMDs as well. Terrones et al. [21] predict
an increased splitting of the Raman-active components in the
order WSe;, MoSe,, WS,, and MoS,. What distinguishes WS,
from other prominent 2H-TMDs such as WSe, and MoS; is
that the bulk A, and E) . modes are well separated in energy
and that no second-order Raman features overlap with the A,
mode, thus making it easier to resolve the splitting of the out-
of-plane mode into Raman and infrared-active components.
More importantly, measuring in resonance with the optical
transition appears to be a necessary condition to observe the
full set of vibrational modes. There is a lack of studies on
Raman spectra of other FL-2H-TMDs measured under the
resonance condition; often, the corresponding excitation wave-
lengths are avoided because in the monolayer case the Raman
features are obscured by a strong photoluminescence signal.
In FL-WS; in particular, the characteristic shape of the out-of-
plane mode in resonance Raman spectra can be used as a finger-
print region to unambiguously identify the number of layers.

For WS, measured under the resonance excitation, even in
the bulk material, the A;, out-of-plane mode is accompanied
by a small shoulder that is attributed to the silent B,
mode [12,16,29]. It had been previously attributed to a
LA(K)+ TA(K) combination mode [35], but the partici-
pation of two phonon modes involving acoustic phonons in
this frequency region seems unlikely, especially in light of
more recent DFT calculations showing that nowhere in the
Brillouin zone do the acoustic phonons reach values above
200 cm~! [12]. The in-phase and out-of-phase vibrational
pattern of the Ay, /By, pair in bulk WS, finds its counterpart
in the variety of in- and out-of-phase vibrations observed
in FL-WS,. In WS, nanomaterials, the Bj, mode gains in
Raman intensity, and its evolvement can be followed in
WS, nanomaterials under pressure [29,36], in different layer
orientations in thin films [37], and in WS, nanotubes with
different diameters [29,38]. In these cases, a strong resonance
behavior is observed as well, much like in FL-WS,: the
modes not allowed in a first-order Raman process appear
most strongly when the excitation energy is in or close to
resonance with the optical transitions. In an earlier work on
WS, nanotubes [29], we found that the curvature-induced
strain and the resultant crystal symmetry distortion accounted
for the activation of silent modes. Here, in quasi-2D materials,
the situation in the absence of curvature effects is different;
strain due to substrate-sample interaction is assumed to play
only a very minor role in Raman spectroscopy on supported
FL-TMDs [20].

PHYSICAL REVIEW B 91, 195419 (2015)

Instead, a closer look at the nature of the excitonic transition
leading to the resonantly enhanced Raman intensity in the
spectra of FL-WS, can provide the means to elucidate the
appearance of the infrared-active components of the A}/Aj,
Raman mode around 420 cm~'. For a 633-nm excitation
wavelength, the phonons couple to the A exciton situated at
the K point of the Brillouin zone. Owing to the structural rela-
tionship between strong intralayer bonding in two dimensions
and weak interlayer interaction in the third dimension, like
many properties of layered TMD systems, the wave functions
of the excitons are expected to be very anisotropic. A recent
work on the orientation of luminescent excitons in FL-MoS,,
isostructural to FL-WS,;, reveals them to be confined entirely in
plane without significant expansion in the stacking direction
of individual layers [39]. This was further substantiated by
DFT calculations in the LDA that explicitly showed the wave
function of the A exciton in multilayer MoS; to be spread out
over a large area in two dimensions but with negligible density
in neighboring layers [40]. For the resonant Raman process
discussed here this means that even for a layer number of
more than one, the phonon couples to an A exciton localized
primarily in one of the layers. If the N layers in FL-WS,
are to be treated approximately as N individual monolayers
for the specific case of the A excitonic resonant Raman process,
there are N Raman-allowed Raman modes to be expected in
the region of the monolayer A} Raman mode with similar
Raman intensities. They are still split in frequency due to
interlayer interaction. Here, all N components are identified
in the Raman measurements presented in this paper, but
the infrared-active components, speaking from the N-layer
symmetry point of view, are always weaker in intensity than
the Raman-active components. Thus, we conclude that Raman
selection rules are at least weakened but not completely
broken. This is supported by the fact that the Raman-active
components gain in intensity relative to the main Raman
peak but still appear as shoulders rather than as individual
peaks.

Far from the A excitonic resonance, the few-layer WS,
cannot be treated as N individual monolayers, and the Raman
selection rules following from the few-layer symmetry strictly
apply. This is also in agreement with recent findings on newly
observed Raman modes in FL-MoS, in resonance with the
C exciton [31].

V. CONCLUSION

In summary, we have shown experimentally as well as
theoretically that the out-of-plane A} mode of the WS,
monolayer splits up in the few-layer regime into N components
for N layers. Despite the fact that only % of them for an

even number of layers and % for an odd number of layers
are Raman active, the full set of phonon modes is observed
when the laser excitation energy is close to the A excitonic
transition energy. A possible explanation for this unusual
behavior is presented by taking into account the in-plane
orientation of the A exciton wave function involved in the
resonant Raman scattering process. The stiffening of the main
out-of-plane phonon mode with N is also followed by all other
components successively added with an increasing number
of layers. Using resonant Raman scattering measurements,
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one can conclusively identify the number of layers in a
specific sample by simply counting the number of components
of the out-of-plane A mode. The detailed analysis of the
evolvement of the A} mode of monolayer WS, presented
here should, in principle, be applicable to (i) all other
Raman modes of (ii) all layered materials in the few-layer
regime.

PHYSICAL REVIEW B 91, 195419 (2015)
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We present Raman spectra of misfit layer (PbS); 14NbS, nanotubes and lead intercalated NbS, nanotubes.
They represent interesting model systems to investigate the nature of interlayer interaction in layered materials.
A direct correlation to the Raman modes of the parent 2H-NbS, compound exists, but some modes are seen
drastically upshifted in frequency in the misfit layer and intercalated compound while others remain almost
unchanged. On the basis of the Raman spectroscopic investigations and with the help of supporting calculations
we examine different interlayer bonding mechanisms and contribute to the discussion as to why these frequency

shifts occur.

DOI: 10.1103/PhysRevB.94.035430

I. INTRODUCTION

In recent years transition metal dichalcogenide nanostruc-
tures (TMDCs) attracted a lot of interest. TMDCs span a wide
variety of structures and physical properties, ranging from
isolators to semiconductors, metals, and superconductors.
Like for carbon based compounds, dimensionality is an
important factor determining the properties of TMDCs. Apart
from mono- and few-layer quasi-two-dimensional structures
a number of TMDC nanotubes has been successfully synthe-
sized [1]. Recently, there were first reports on the synthesis
and characterization of nanotubes consisting of alternating
layers of SnS/PbS and SnS,/NbS, rolled up so as to reduce
the lattice mismatch between the two materials [2—4]. These
nanotubes belong to the family of misfit layer compounds
(MLCs) composed of transition metal dichalcogenides 7 X,
(T =Ti, YV, Cr, Nb, Ta and the main group metal Sn; X = S,
Se) and layers M X and RX (M = Sn, Pb, Sb, Bi, R = rare
earth metals).

In their bulk form MLCs have been investigated for
decades [5-8], and research has made evident that the pos-
sibility of combining these very different classes of materials
makes for a plethora of structures and physical properties.
They all have in common that they crystallize in highly ordered
anisotropic structures, as will be detailed below. Consequently,
research has always been accompanied by the question as
to why these structures are so remarkably stable. A diverse
set of methods ranging from (angle-resolved) photoelectron
spectroscopy [9,10], electron microprobe analysis [11], pho-
toemission microspectroscopy [12], bond valence [13] and
ab initio density functional calculations [14], and not least
Raman spectroscopy [15—-19] have all been dedicated to gain
insight into the nature of interlayer interaction governing the
overall stability of MLCs. Apart from the intrinsic importance
of MLCs as a model system for studying interlayer interaction
and how intercalation can change the electronic properties
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of the host structure in layered systems, MLCs exhibit inter-
esting thermoelectric properties [20-23], and many of them
are superconductors [24]. With current research on layered
materials increasingly focusing on low-dimensional systems,
an ever growing family of tubular misfit layer compounds
has been recently synthesized [2—4,25-27], but studies on
their electronic and optical properties are as yet scarce [28].
In this context the present study aims to revisit studies on
the properties of bulk MLCs and apply the findings to their
nanostructured counterparts. Here, Raman spectroscopy has
been the method of choice as it not only uncovers the
vibrational properties but provides information about the
electronic structure of the investigated materials. As such, this
study contributes to the deciphering of the nature of interlayer
interaction in tubular misfit layer nanostructures. The focus
lies on representatives of a larger family of nanotubes,
(PbS); 14-NbS, and Pb-intercalated NbS, nanotubes, where
both components are low temperature superconductors [29].

Structurally similar to their bulk counterparts, in the rolled
up T X, layers, transition metal atoms are sandwiched between
six chalcogenide atoms whereas the M X and RX layers
commonly adopt a distorted rock salt structure. The layers
are stacked along the ¢ axis. With a few exceptions, the layers
share a common b axis length. The a axes are incommensurate
meaning that the ratio of the two a sublattice constants is
irrational. This affects the stoichiometry of the overall system
which is expressed by the index x in (M X), T X».

In (PbS);.14NbS,, a two atoms thick part of the PbS bulk
structure is cut out to form a planar composite structure
alternating with NbS, layers. The cubic symmetry of the
lead sulfide layer is broken in the misfit layer compound
with the Pb atoms protruding into the van der Waals gap
between the layered subsystems. Electronically, bulk PbS is
a narrow-gap semiconductor (Eg,, = 0.42 eV [30]). NbS,
crystallizes in trigonal prismatic coordination, where the
Nb atom is placed between six sulfur atoms forming two
tetrahedrons. In contrast to other 2H-dichalcogenides like
MoS, and WS,, which exhibit a transition from an indirect to a
direct band gap material once the thickness has been reduced to

©2016 American Physical Society
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FIG. 1. (a) Structure of the misfit layer compound (PbS); 14,NbS,
in the a-b plane. The ratio of the a axes is irrational, therefore
the compounds are classified as misfit layer compounds (MLC).
(b) and (c): The structure of the misfit compound viewed along the
commensurate b and the incommensurate a direction, respectively.
(d) View along the normal to the (11.0) plane according to the pseudo-
hexagonal system of labeling of the NbS, material intercalated with
lead atoms in linear coordination to neighboring S atoms (ICSD col.
code. 74698).

a monolayer, NbS, stays a metal even in the two-dimensional
limit [31]. The metal character stems from a partially filled
4d> Nb orbital around the Fermi energy. In the misfit layer
compound (MLC) the NbS, layers remain fairly rigid and
almost preserve the structure of the pristine 2H-NbS, [14].
Figure 1(a) shows a view on the a-b plane of the (PbS); 14NbS,
compound. In the simple orthorhombic conventional unit cell,
the sublattices share a common b lattice constant, but the
a lattice constants stay incommensurate with a lattice ratio
of apbs/aNbsz ~ \/§ which makes for 4apy,s ~ 7(1Nbs2 [32].
In Figs. 1(b) and 1(c) a view along the two in-plane lattice
directions is depicted. Along the ¢ direction, the C F stacking
sequence is common in bulk (PbS); 14NbS, [7], but loses its
validity in the misfit nanotubes. The conventional unit cell

PHYSICAL REVIEW B 94, 035430 (2016)

contains 28 units of NbS, and 32 units of PbS, which makes for
the index of 1.14. Between the layers, besides the van der Waals
interaction, some coordinative bonding may exist. In misfit
layer compounds, the M X material is often characterized as
the intercalant in between the 7 X, layers.

This is also the case in the second type of nanotubes
investigated in this study, Pb-NbS, nanotubes, where the
lead undoubtedly can be described as an intercalant. Here,
the Pb atoms are, rather unusually, linearly coordinated to
two S atoms of the adjacent NbS, slabs, as can be seen in
Fig. 1(d). Thus in the ¢ direction not the metal atoms but the
S atoms are found on top of each other [4,33]. The expected
atomic ratio of 1:1 between the niobium and the lead atoms
was confirmed previously in Ref. [34]. Strictly speaking, the
Pb-NbS, nanotubes are thus not misfit layer compounds but,
as we will see, the intercalants have strikingly similar effect
on the Raman spectra of the host NbS, layer as the lead sulfide
layers in the MLC.

In this paper we present Raman spectra of (PbS); 14NbS,
nanotubes and NbS, nanotubes intercalated with lead. While
the vibrational properties of the former can be compared to
its parent material, the latter has not been investigated before.
Our focus lies on the changes in the Raman frequencies of the
misfit layer and intercalated materials compared to the pristine
compound. The different mechanisms of interlayer bonding
are critically discussed on the basis of the results of the Raman
spectroscopic investigation. The popular charge transfer hy-
pothesis is challenged experimentally as well as theoretically,
and we propose an alternative way to explain the drastic Raman
frequency upshifts observed in both compounds.

A. Experiment

Pb-Nb-S tubular structures were synthesized via chemical
vapor transport technique in evacuated quartz ampules as was
described in Ref. [4]. Reference [4] also describes in detail the
characterization process. Prior to Raman measurements (high
resolution) TEM images were taken of each nanotube and
the respective type was identified by determining the layer
periodicities. In Fig. 2(a) this can be seen for a Pb-NbS,
nanotube with 0.88 nm periodicity (NbS, layer and atomic Pb
layers are alternating). The same is shown for a (PbS); 14NbS,
misfit layer nanotube in Fig. 2(b). Here, PbS and NbS, layers
are alternating, resulting in a 1.20 nm periodicity. Additionally,
energy-dispersive x-ray (EDS) spectra and selected area
electron diffraction (SAED) patterns were at hand and are
described in Ref. [4]. Raman spectra of individual misfit
layer nanotubes were recorded in backscattering geometry
employing a frequency doubled Nd:YAG laser emitting at
532 nm. The scattered light was analyzed using a LabRam
HR spectrometer with a 600/mm grating and a Peltier-
cooled charge-coupled device. The spectral resolution was
approximately 2 cm~'. Laser power had to be limited to
130 W so as to avoid burning the underlying thin carbon TEM
substrate. Due to the investigated materials being rather poor
Raman scatterers, accumulation times exceeded 20 minutes in
most cases and several spectra recorded at the same position
of the sample had to be summed to get appreciable signal.

Density functional theory (DFT) calculations were carried
out using the local-density approximation (LDA), with
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FIG. 2. Structural characterization of the nanotubes. (a) High and low (inset) TEM images of a Pb-NbS, nanotube investigated in this
paper. The layer periodicity of 0.88 nm (alternating layers of Pb atoms and NbS,) can be identified in a line profile (inset) of the nanotube area
enclosed by the rectangle. (b) High and low (inset) TEM images of a (PbS); 14NbS, misfit layer nanotube investigated in this paper. The line
profile (inset) taken from the area enclosed by the rectangle depicts the layer periodicity of 1.20 nm corresponding to alternating layers of PbS

and NbS,.

plane-wave basis and the projector-augmented wave (PAW)
method, as implemented in the Quantum ESPRESSO (QE)
package [35]. The Brillouin zone (BZ) was sampled using
a 24 x 24 x 6 Monkhorst-pack (MP) grid for NbS, and
Pb-NbS,, and a 3 x 12 x3 MP grid for (PbS);14NbS;.
The cutoffs for plane-wave and charge-density expansion
were set to 65 Ry and 650 Ry, respectively. Threshold
for structural optimization was set to 2 (meV/A)/atom in
all three structures. Phonon frequencies were calculated
using the linear-response (DFPT) technique, again within
the QE package. To obtain the entire phonon dispersion in
the case of NbS, and Pb-NbS,, dynamical matrices were
calculated on a 6 x 6 x 1 MP grid in the BZ. Although the
measurements were done on nanotubes, in the calculations a
three-dimensional system, with the unit cells given in Fig. 1,
was assumed. Since the studied nanotubes are >>100 nm in
diameter and the number of walls are well above ten in all
cases studied, this is assumed to be a good approximation.

B. Results

Raman spectra of 2 H-NbS, were obtained by Nakashima
et al. [36] thirty years ago. The two main Raman modes
were observed at 379 cm™! (Aj,) and 309 cm~! (E]). In
the regular (PbS); 14NbS, nanotubes, PbS and NbS, walls
are alternating [4]. Coming from the bulk 2H-NbS, Dgh
structure, the symmetry of the NbS, part is at least reduced
to the monolayer Dy, structure; additional distortion might
occur due to charge transfer, covalent interlayer bonding, and
nanotube curvature. However, in this paper, Raman mode
assignments are based on the Ds;, structure for simplicity.

Due to the lack of a center of inversion, the bulk A, and By,
modes reduce to A| symmetry, and the Ezlg and E;, modes

become in-plane E’ modes. In backscattering geometry, the E”
mode (Eg and E», in the bulk) is Raman forbidden. In total,
the irreducible representations of the phonon modes in the
symmetry group D3, at the I' point of the hexagonal Brillouin
zoneare I' = A} + E” +2A) + 2E'.

From the bulk PbS structure, a two atoms thick part is
cut out to form the PbS walls. They are significantly distorted
compared to the NaCl type parent material with the lead atoms
always protruding into the van der Waals gap. In contrast to
the three-dimensional bonding network of bulk PbS, first-order
Raman scattering becomes allowed [15].

Figure 3(a) shows Raman spectra of (PbS); 4NbS,
nanotubes. Two regions can be singled out: below 200 cm™!
with Raman modes that have been attributed to the PbS layers
in the literature [15,18,37] and above 340 cm™!, where the
two main peaks can be identified as the £’ and A mode of the
NbS; layer [15,38]. The A} mode is situated at ~378 cm™!
and thus only very weakly downshifted with respect to
the Aj, mode of bulk NbS,. A drastic change in Raman
frequency on the other hand is observed for the E’ mode
that is upshifted by more than 40 wave numbers compared
to the E», mode of bulk NbS, and lies at ~353 cm~'. The
upshift is up to 12 wave numbers stronger than that found in
bulk (PbS);.14NbS, [15,18,37,38]. Possible reasons for this
rather unusual behavior, such as charge transfer from the
M X to the T X, layer, strain effects, interlayer bonding, and
the monolayer nature of the 7 X, part, will be discussed in
detail in the next section. Typical full widths at half maximum
(FWHMs) of the E’ and A}, mode are 13 cm™! and 15 cm™,
respectively. Surprisingly, the relative intensities of the two
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FIG. 3. (a) Raman spectra of all measured (PbS); 14NbS, nanotubes. The spectra of the different nanotubes have in common that they can
be divided into two regions with modes associated with the PbS part below 200 cm~" (light gray) and the main E’ and A} Raman modes of the
NbS, part between 300 and 400 cm~! (darker gray). (b) Raman spectra of all measured Pb-NbS, nanotubes. Again, modes probably associated
with the intercalant are found below 200 cm~! and NbS, E;g and A, modes above 300 cm~!'. A Raman feature not seen in (PbS); 14NbS,
nanotubes is the mode around 250 cm™~! (darkest gray). It is likely to be the E1, mode of the NbS, part. Spectra depicted in (a) and (b) are
taken with 532 nm excitation wavelength. They are normalized to the E mode around 350 cm~! and offset for clarity. The solid lines represent
the position of the Eég mode in the pristine 2 H-NbS, material (309 cm™) [36].

modes are different from the ones previously observed for the
bulk MLC. For the nanotubes investigated in this paper the
intensity ratio E’ /A’1 has values close to 2.5, whereas for the
bulk structures the ratio is almost reversed [15]. However, in
the literature, the Raman spectra are recorded with 488 nm or
514 nm excitation wavelength [15,37] in contrast to the 532 nm
laser light used here. In both the parent 2 H-NbS, material and
the bulk (PbS); 14NbS, compound, strong two-phonon bands
are identified [15,36] that are apparently absent in the misfit
layer nanotubes. Between 100 and 200 cm™! three modes can
be distinguished in most of the Raman spectra (see Fig. 3); a
rather strong peak at 187 cm™! with a shoulder at 170 cm~! and
aweak broad feature around 140 cm~'. The latter is close to the
cutoff of the notch filter and thus possibly reduced in intensity.

The Raman spectra of Pb-NbS,; nanotubes are shown
in Fig. 3(b). They can be easily related to the spectra of
(PbS);.14NbS; nanotubes described above. There are, however,
subtle differences between the two cases. Even though the
original structure of the 2 H-NbS, parent material is changed
both by the intercalated Pb atoms and the resulting stacking
arrangement, the high Dgh symmetry is retained. The vibra-
tional modes of the material as a whole can thus be decomposed
into the following irreducible representations at the I point of
the Brillouin zone: I' = A, +2Ay, + 2By, + By, + Eig +
2E1 4+ 2E>, + E,.

Two of the four Raman active modes can be easily identified
in the measured Raman spectra. The A, mode is broadened

compared to the closely related A} mode in (PbS); 14NbS;,
(~378 cm™!) and slightly downshifted to ~377 cm™'; the
E21g mode is always located at lower Raman frequencies than
the corresponding E’ mode in the (PbS); 14NbS, nanotubes
(~353 cm™!), namely at ~348 cm™!. The relative intensities
are Eég/Alg = 1.5 in average. In the lower-wave-number
region, weak Raman features appear at almost the same
frequency as in the misfit compound, namely at ~187
and 169 cm~'. In comparison with the Raman spectra of
(PbS);.14NbS,, the peak at 169 cm~', which is only seen as
a shoulder of a stronger peak in (PbS); 14NbS,, is of higher
relative intensity in Pb-NbS,. Most importantly, a feature that
allows for the easy identification of NbS, nanotubes with
intercalated lead atoms is the appearance of a new Raman
feature at around 253 cm ™! that is not observed in the spectra
of the (PbS); 14NbS, nanotubes.

II. DISCUSSION
A. Raman modes between 100 and 200 cm™!

It is commonly accepted in the literature on misfit layer
compounds that the Raman spectra can be divided into a
higher-frequency part with Raman modes belonging to the
host material and a lower-lying part with Raman modes of the
intercalant. Whereas the NbS, modes in the Raman spectra
of (PbS);.14NbS, and Pb-NbS; can be easily identified by
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comparison with the bulk parent material, this cannot be
said about the M X part of the structure. First-order Raman
scattering is not allowed for the original three-dimensional
bulk PbS structure but becomes possible in the distorted
double-layer structure of PbS in (PbS); 14NbS;. In principle,
three sources for the Raman features between 100 and
200 cm™! are conceivable in the MLC: (i) phonons stemming
from the PbS part of the MLC, (ii) second-order modes and
two-phonon density of states, or (iii) defect, disorder-induced
modes.

(i) The main peak at 189 cm™~! in the Raman spectra of the
MLC nanotubes is observed in the Raman spectra of the bulk
MLC as well [15,18,37] and has been identified as one of two
PbS modes of A type symmetry. By comparison with a work
by Kisoda et al. [17] on misfit layer compounds of 2H-TaS,
it is likely to be the symmetric layer breathing mode of PbS;
the frequency of the other A type mode of PbS was reported to
be around 80 cm~! [15], too low-lying to be observed in this
paper. As a rather surprising result, the mode at 189 cm~! that
could be related to PbS still occurs in the spectra of Pb-NbS,
nanotubes (albeit with only weak Raman intensity), despite
the assumption that no lead sulfide layers are present in the
structure. This raises the question whether there are “pockets”
of PbS still present in the structure of the Pb-NbS, nanotubes
that result in PbS modes depending on the local environment.
This would also explain the different intensities observed for
different Pb-NbS, nanotubes. Another idea would be that a
nearly covalent bonding of Pb atoms to the neighboring NbS,
layers could give rise to a PbS-like phonon density of states.

(i) The peak at 189 cm™! is rather broad, which is unusual
for afirst order Raman mode but typical for a two-phonon band.
Very broad two-phonon bands appear in the spectra of bulk
2 H-NbS, at higher wave numbers between 200-300 cm ™! [36]
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and are unlikely to be accountable for the features just below
200 cm~! in the MLC. It seems possible that second order
modes of the intercalant appear in the spectra of the MLC
as well as in Pb-NbS,. The phonon dispersion of Pb-NbS, is
shown in Fig. 4(b); for comparison the phonon dispersion of
the parent 2H-NbS; is depicted in Fig. 4(a). At the I" point
one can see the two first order Pb-NbS, modes at 364 and
388 cm™!, but there are also lower-lying modes at 66, 98,
and 103 cm™!. The atomic displacement patterns (not shown)
reveal for the second of these modes that the Pb atoms and
NbS, vibrate against each other as rigid layers; for the third
mode NbS, layers perform breathinglike motions while the
Pb layer is not vibrating. Second-order scattering of both of
these modes could in principle be responsible for the Raman
features seen at 189 and 170 cm~! in Pb-NbS,. The question
then arises if similar patterns would be observable in the misfit
layer compound with the PbS layer playing the role of the
intercalant atoms in Pb-NbS,.

(ii1) Raman spectra of the 3 R-NbS, polytype exhibit a broad
phonon band centered around 160 cm~! [36,39]. McMullan
et al. [39] attribute it to an impurity or defect mode possibly re-
sulting from the expected nonstoichiometry of 3 R-NbS, with
some extra Nb atoms located in the van der Waals gap [40]. One
might argue that the situation here is similar. Both 3R-NbS;
and Pb-NbS, as well as the misfit layer compound have
different stacking orders compared to 2 H-NbS,, and all three
of the compounds exhibit a strong upshift of the E21g mode
compared to 2H-NDbS,. As we will discuss later, there is
strong likelihood of metal cross substitution in the misfit layer
compound [12]. The exchange of Pb atoms in the PbS layer
with Nb atoms of the NbS, layer and vice versa could indeed
lead to an impurity-induced Raman mode in the spectra of the
(PbS); 14NbS, nanotubes. The feature at around 140 cm™!

450 450
(a) (b) %
400 '\\\ é) - Algﬂoé-% B ——
350l \ ; y _350F §3<
300F Z————— il * 300 b ?
Ezso f iy 250
— «— 18
~ 200 P ook Pb-NDS,
2H-Nbs, /
150 150 f
100 100
50} 50}
0 0
r M K r r M K r

FIG. 4. (a) Phonon dispersion of the parent 2 H-NbS, bulk material. Above 200 cm latthe point, three first order Raman modes, the £,
Ezlg, and A, mode, are marked with blue circles and their calculated frequencies are listed in Table I. (b) The main features of the dispersion
are reproduced in the dispersion of lead intercalated NbS,. The three main I'-point Raman modes are seen above 250 cm™~!, with the two E
type modes considerably upshifted compared to their frequency in NbS,. The frequency of the A, mode, on the other hand, stays nearly the
same. Modes with contributions from the intercalant lead atoms are found around 100 cm™".
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in the (PbS); 14NbS, nanotubes has not been conclusively
attributed in the literature [37]. A feature observed at 165 cm™!
in the misfit layer compound (LaS); ;NbS, [16] is ascribed to
a mode induced by the interaction of the two components; that
is, the modulation along the a axis in the LaS layer. The fact
that the 140 cm~! mode has no significant intensity in Pb-NbS,
indeed is evidence of this mode being a Raman mode inherent
to the misfit compound.

B. Raman modes belonging to NbS, in the (PbS);.14NbS; and
Pb-NbS; nanotubes

Both NbS, and PbS Raman modes are observed in the
spectra of the misfit layer nanotubes. In particular, the character
of the two prominent NbS, modes is preserved as has been
shown by polarization dependent Raman measurements on
bulk (PbS); 14NbS, and other similar compounds [16,37].
Hence, the Raman spectra can be considered as a superposition
of contributions from their constituents. In the investigated
wave-number region, no new Raman modes were observed
that would point to structural changes or significant electronic
interaction between the layers of the two materials. Neither
did we observe Raman bands that could be assigned to
Raman inactive modes or phonons in violation of the ¢ =0
selection rule. Despite this apparent independence of the
alternation of layers, some modes are found to be considerably
shifted in frequency from those of the pristine crystals. Most

prominently, the E'/E) , mode of the NbS, material is upshifted

by more than 40 wave numbers to 353 and 348 cm™! in

(PbS);.14NbS, and Pb-NbS, nanotubes, respectively. Possible
strain effects would be expected to be much smaller. The cell
parameter of the NbS, part in the commensurate b direction
is slightly increased in the MLC with respect to 2H-NbS,
to match the cell parameter of the PbS part [32]. In fact,
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a softening of Raman frequencies from the resulting tensile
strain would be expected, opposite to what is observed here.
In Fig. 5(a) the region of the in-plane £ mode and the
out-of-plane A mode is shown for exemplary nanotubes of
both types. Again, the A|/A;, mode is rather broad and has
similar frequency in the two compounds, whereas the E'/E)
is of smaller FWHM especially in the Pb-NbS, nanotubes.
While the E mode is shifted drastically with respect to the
2 H-NbS, parent compound (309 cm™), the shift is a few wave
numbers smaller in Pb-NbS, than in (PbS); 14NbS,. Although
there is some spreading in the absolute frequencies of the
E and A modes, the frequency difference between the two
modes is always bigger in Pb-NbS, than in (PbS); ;4NbS;,
as is shown in Fig. 5(b). Hence the two types of nanotubes
investigated in this study can be easily distinguished. We
have calculated the frequencies of the first order Raman
modes of bulk 2H-NbS,, Pb-NbS,, and (PbS); 4NbS, as
detailed in the experiment section and present them in Table I.
The calculated frequencies of 2H-NbS, are in excellent
agreement with the experimentally obtained frequencies taken
from Ref. [36]. The calculated E;, NbS, mode is not
reported in Ref. [36] because it is forbidden in the employed
backscattering configuration. Employing the same method to
the Pb-NbS, and (PbS); 14NbS, bulk compounds, we find a
good agreement between measured and calculated frequencies.
The calculations confirm the strong upshift of the E21g/E "in Pb-
NbS; and (PbS); 14NbS, as compared to the 2 H-NbS, parent
material and the only small changes in the A,,/A] frequency.
The calculations on the misfit compound reveal a splitting of
the mentioned modes into several components which could
account for the experimentally observed broadening of the
modes with respect to the parent material. For the misfit
compound we can also see that the calculations are in excellent
agreement with bulk literature values. However, even though
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FIG. 5. (a) Raman features in the region between 300 and 420 cm™' of exemplary Pb-NbS, and (PbS); ;4NbS, nanotubes. The most
prominent intralayer NbS, modes in the investigated compounds are shown with the in-plane E’ of (PbS); 14NbS, (red line) always at slightly
higher frequencies than the Eég mode of Pb-NbS, (blue line). Again, the dashed line represents the position of the Ezlg mode in the pristine
2H-NbS, material (see Fig. 3) [36]. In contrast, the A} mode of (PbS); ;4NbS; is found at nearly the same frequency as the A;, mode in
Pb-NDS,. (b) The frequency difference between the above described modes clearly distinguishes the two types of nanotubes, with w(A-E)
between 24-27 cm™! for all of the measured (PbS); 14NbS, nanotubes and 28—30 cm™! for all of the Pb-NbS, nanotubes.
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TABLE 1. Calculated and experimentally obtained Raman frequencies (in cm™") of the bulk 2 H-NbS, structure, the lead intercalated NbS,
material, and the misfit layer (PbS), ;4NbS, compound. Where available, literature bulk values are added. The in-plane £ modes shift up in
frequency from the parent material to Pb-NbS, and (PbS); 14NbS,, whereas the out-of-plane A mode remains almost constant.

D¢, 2H-NbS, 2H-NbS, Pb-NbS, Pb-NbS, Dy, (PbS); 14NbS, (PbS);.14NbS, (PbS);.14NbS,
symm. bulk calc. bulk exp. [36] bulk calc. NT exp. symm. bulk calc. bulk exp. [37] NT exp.
Ei, 217 260 253 E” 237,241

E21g 306 309 364 348 E’ 333-340 342 353

A, 383 380 388 377 Al 372-379 375 378

the nanotubes investigated in this paper are hundreds of
nanometers in diameter, have a large number of walls, and
thus can be considered as bulklike, the measured Raman
frequencies in the nanotube deviate somewhat from the bulk
values. This is even more so for the intercalated Pb-NbS,
nanotubes. There is no literature on the Raman spectrum of the
Pb-NDbS, bulk, but bulk calculations and measured nanotube
frequencies differ more strongly than in the calculated and
measured MLCs. The calculations also show that the E; o/ E !
mode is not the only mode exhibiting an upshift but that
similar frequency shifts can be expected for the £, mode of
2H-NDS; in the intercalated and the misfit compounds. This
is in disagreement with Ref. [39], where the authors identify a
Raman feature in 2 H-NbS, around 260 cm~! as the E, ¢ mode,
although they describe their assignment as somewhat tentative
as it deviates strongly from their calculated 2 H-NbS, phonon
frequencies. On the other hand, the Raman mode observed at
258 cm~ ! in the stage-2 MLC (LaS)( ¢NbS, [16] perfectly fits
the picture presented here, as it is also likely to stem from an
upshifted 2H-NbS, E;, phonon mode.

Most of the works dealing with Raman spectroscopy on
intercalated transition metal dichalcogenides or misfit layer
compounds commonly agree that the drastic frequency shifts
originate from charge transfer (CT) from the intercalated
layer to the T X, layer [15,17,18,37]. The MX layer acts
as the donor part of the structure, donating electrons to the
half-filled d.» conduction band orbital (one electron per T
atom) of the trigonal prismatic T X, layer (T = Nb, Ta).
Apart from the band filling and resulting shift of the Fermi
level to higher energies, following the rigid band model, the
electronic band structure closely resembles the superposition
of the band structure of the constituent materials. However,
no final conclusion has been reached as to why only certain
Raman modes are affected strongly by the CT whereas other
Raman modes are barely influenced. Pereira et al. [41] note
that the lobes of the d,> orbital are oriented in the z direction,
perpendicular to the layers. As the atomic displacement vectors
for the E-type phonons are in the layer plane, there will be
changes in the overlap of the sulfur valence orbitals with the
d,> orbital of the T atom. Therefore, the CT will have a bigger
influence on the Raman frequency than for the A} mode, where
sulfur atoms from the 7' X, layer move along z. Another way to
investigate the consequences of the band filling by the charge
transfer is to look at the changes of the intralayer central and
noncentral forces. While the former are increased as a result of
the CT, the latter angle bending force constants are decreased,
affecting the E-type modes in particular [42]. Looking at
the magnitude of the charge transfer one has to differentiate

between compounds where the 7 X, layer is not stable in itself
and only exists in MLCs because it is stabilized by the charge
transfer (for instance LaS-CrS; [25]), compounds with a stable
T X, layer and R = La, Ce, Gd (rare earth metals, which are
often trivalent in the RX layer of the MLCs) and compounds
with a stable T X, layer and M = Sn, Pb (post-transition
metals that take a divalent state in M X). In the first two
cases, a charge transfer mechanism seems well established
both experimentally and theoretically, and its magnitude is of
considerable strength with up to 0.9 electrons being donated
to the d,» orbital [43—46]. In the case we are dealing with
here, however, the charge transfer appears to be weaker. Using
a variety of experimental and theoretical methods, a charge
transfer of up to 0.4 electrons/Nb atom is reported by a number
of authors [18,47,48], while others find no evidence or are in
doubt whether there is charge transfer at all [49,50]. This is
in agreement with our calculations, which show no sign of
charge transfer but, as detailed above, yield Raman frequencies
in excellent agreement with literature values. Nonetheless,
assuming that charge transfer is responsible for the strong
upshift of the £’ mode in (PbS); 14NbS,, the magnitude of this
shift should be in some way related to the amount of charge
transfer. Indeed, Hangyo et al. [38] find that the upshift is
stronger by some 20 cm~! for RS-NbS, (R = La, Ce) than
for MS-NbS, (M = Sn, Pb). Furthermore, they substantiate
their argument by looking at the Raman spectra of stage-1 and
stage-2 compounds, where the M X layer is inserted every
T X, layer and every second T X, layer, respectively. The
weaker frequency shift in the stage-2 compounds is attributed
to only half the charge being transferred to the NbS, layer
in the stage-2 compounds as there are only half as many
M X layers [37]. Following this picture, the charge transfer
should be expected to be of similar strength for both the
investigated materials in the present work or even a little
weaker for Pb-NbS, than for (PbS); 14NbS,, as evidenced
by the slightly smaller frequency shift in the Raman spectra
of the former compound. However, Eppinga et al. [51] as
well as Dijkstra et al. [52] made a convincing case that the
transferred charge for compounds, where post-transition metal
atoms are intercalated between dichalcogenide layers (such as
in Pb-NbS,), is one electron per post-transition metal atom.
The NbS, d,» band is then completely filled, and one can
instead expect metallic conduction of the remaining electrons
in the intercalated layer. Photoelectron spectra of the valence
bands as well as the Nb (3d) core levels exhibit shifts and
increased band filling with respect to the host material spectra,
which clearly indicates that charge transfer takes place. The
transfer of one electron per Pb atom leads to an “unusual
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(formal) valency” of Pb*, but there is evidence that a rapid
valency fluctuation between Pb® and Pb>* can account for this
average valency [53]. Our QE calculations on the other hand,
similarly to the calculations on the misfit compound, show
little to no charge transfer from the intercalated atoms to the
transition metal dichalcogenide layer.

In summary, the charge transfer process is very important
for misfit compounds with rare earth metal chalcogenide
layers RX, and there is experimental evidence that it is
important for Pb-NbS, as well, although this is not supported
by our calculations. The same, however, can not be said about
(PbS);.14NbS; and other M X-T X, misfit compounds, where
experimental and theoretical evidence points to little to no
charge transfer at all. This means that charge transfer alone
can not sufficiently explain the strong upshift of the £ modes
in misfit layer compounds. For (PbS); 14NbS, and Pb-NbS,
more specifically, the amount of suspected charge transfer
does not correlate with the magnitude of the Raman frequency
upshifts, furthermore rendering improbable the charge transfer
mechanism as a way to explain the observed shifts.

Nonetheless, it is the change of interlayer interaction from
the pristine to the misfit layer compounds that is not only
the key to an understanding of the remarkable stability of
MLCs [12] but will also define their vibrational properties.
Some of these interlayer interaction mechanisms shall be
discussed here.

(i) Among the different possible bonding mechanisms
between neighboring MLC layers, Kallane et al. [12] find ex-
perimental evidence from photoemission microspectroscopy
on the core levels of the system (PbS); 13TaS, of metal cross
substitution of Ta atoms into the PbS layer and Pb atoms
into the TaS, layer, thus charging the planes and binding
them together via Coulomb interaction. They argue that
stoichiometry is not a necessary condition for the stabilization
of the MLCs. In contrast, in a more recent paper that
references the work by Kalanne et al., Kabliman et al. [14]
use ab initio DFT calculations to compare the metal cross
substitution mechanism for stoichiometric and nonstoichio-
metric (PbS); 14TaS,. The obtained formation energies clearly
favor nonstoichiometry and indicate that stoichiometric metal
cross substitution cannot stabilize the investigated MLCs. A
minimum in the formation energy is reached for an impurity
concentration of nr,, = 0.15 in the PbS layer. To sustain
overall neutrality the substitution of cationic sites within the
M X layer by Nb 3" atoms must be balanced by an equal
amount of reduced trivalent Nb atoms in the NbS, layer.
As a result, neighboring layers are electrostatically bound
with an interlayer interaction that might be called ‘“cationic
coupling” [54]. As a result of this redistribution of charge
there is an increase in the electronic population in the NbS,
layers able to further fill the Nb d,> band without actually
transferring charge from PbS to NbS,. This could explain
the shifts seen in optical reflection spectra and photoelectron
spectra without using the concept of charge transfer. Mo€lo
et al. [54] find a substitution of up to 12%, which makes the
MLC COIIlpOLlIld a (Pbo_gg]Nb0.126slA136)Nb82. This pseudo
charge transfer, however, is also unlikely to be responsible
for the frequency upshift of the £ mode. Our calculations
on Pb-NbS, and (PbS); 14NbS, reproduce the experimentally
observed shift and are intrinsically performed on the pure
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stoichiometric compound. Assuming that the reason is the
same in both of the investigated compounds, it can thus be
concluded that the reason for the upshift has to be found
somewhere else.

(i) Another mechanism that comes into play as soon as
the PbS and the NbS, layer are combined and could play
a role in stabilizing the MLCs is the coordinative interlayer
bonding. The Pb atoms in the PbS layers possess a lone pair
of electrons in an orbital that extends in the interlayer van der
Waals gap. This enables the Pb atoms to covalently bond to
one or two S atoms in the —2 oxidation state of the neighboring
NbS, layer depending on their relative position along the
incommensurate ¢ axis [8]. In fact, it is observed that the Pb
atoms in (PbS) 14NbS, always protrude into the van der Waals
gap [55] in between layers and that interlayer Pb-S distances
from Pb atoms in the PbS layer to S atoms in the NbS; layer are
well within range of normal PbS intralayer bond lengths [56].
Based on the 0.88 nm periodicity observed in Pb-NbS, [4],
the interlayer Pb-S distance is even shorter than a normal
intralayer PbS bond length in the case of the intercalated NbS,
nanotubes. However, to the best of our knowledge there has
been no direct proof of covalent interlayer bonding so far.
This idea has only been surfaced in the absence of another
mechanism that could explain the stability of misfit layer
compounds [10,49] or from theoretical considerations [47].
In addition, it is doubtful that covalent bonds would have a
larger influence on the £ modes than on the A mode. Instead,
one would assume that the out-of-plane movement of sulfur
atoms in the latter is more strongly affected than the in-plane
movement of the £ modes.

(iii) In the context of discussing possible reasons for the
upshift of the £ modes in intercalated and the MLC compound,
it is also interesting to look at other related compounds
where frequency shifts occur. In 3R-NbS,, for instance,
two E modes are seen upshifted considerably compared to
2H-NbS; [39,57]; again the A mode is barely shifted. We have
calculated the Raman frequencies of pristine 3R-NbS, and
found close to no difference between the Raman frequencies
in 2H- and 3R-NbS,. We can thus conclude that the layer
stacking order in NbS, does not affect the frequency of
the phonon modes, contrary to the assumption made in
Ref. [36] for explaining the experimentally obtained Raman
frequencies in 3R-NbS,. Instead, we think that 3R-NbS,
is indeed normally nonstoichiometric [40,58] with extra Nb
atoms occupying octahedral sites in between the layers. These
excess Nb atoms add an additional interlayer force to the weak
van der Waals interaction and could be responsible for the
observed upshift. As there are only a few of them, the frequency
of the in-plane mode highly depends on the local composition
and is therefore rather broad. An upshift is seen for Fe,NbS,
as well [59] and can be explained along similar lines.

(iv) A yet unexplored way to account for the frequency
shift of the in-plane modes in particular combines the charge
transfer mechanism with an ionic interlayer coupling. Even in
semiconducting intercalant layers like PbS, a non-negligible
amount of charge transfer will leave some empty states that
enable metallic conduction. Because of the layered nature of
the intercalants, this conduction will primarily take place in the
a-b plane. In the context of the rigid band model that explains
the properties of the MLC as a combination of the properties
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FIG. 6. Atomic displacement patterns of the three main Raman
modes in (PbS); 14NbS, discussed in the text and listed in Table I.
They are derived from the 2H-NbS, Ej,, Egg, and A;, modes (in
brackets) and have E”, E’, and A| symmetry, respectively, in the
(PbS),.14NbS, misfit layer material.

of the two constituents, for the first-order Raman modes of
the NbS, layer, the atoms in the intercalant layer (here Pb
or PbS) do not move (see Fig. 6). With the displacement
of atoms in the NbS, layer, the charge at the sulfur atoms
is moving in-plane for the E modes. As a result, in the
neighboring intercalant layer, there will be some in-plane
electron charge redistribution. In order to regain minimal
energy, this longitudinal charge redistribution will be followed
by a restoring force acting on the phonon modes, hence lead
to a stiffening of the phonon frequency compared to the parent
compound. For the out-of-plane A mode (see Fig. 6), on the
other hand, the movement of sulfur atoms will not have the
same effect, as charge inside the intercalant layer will not be
redistributed significantly along the stacking c¢ direction. The
A mode is thus unaffected or even exhibits a slight downshift
due to the lack of interlayer interaction with a neighboring
NbS; layer, much like the redshift seen in few-layer transition
metal dichalcogenides compared to the bulk material [60,61].
This charge redistribution model represents a new take on
the hitherto unexplained phenomenon of drastic frequency
upshifts of Raman modes in intercalated and misfit materials
with respect to the respective Raman modes in the transition
metal dichalcogenide parent compounds. However, elaborate
work is still needed to further support this model and to gain
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more insight into the reasons for the experimentally observed
Raman shifts.

III. CONCLUSION

We have taken Raman measurements of a number of misfit
layer (PbS); 14NbS, as well as of Pb-NbS, nanotubes. Their
Raman spectra have in common that they can be interpreted in
terms of a superposition of Raman modes of the constituents:
First order Raman modes of the transition metal dichalco-
genide are found above 250 cm~!, and Raman modes of the
intercalant and second order modes of NbS, are situated below
200 cm~!. We have calculated the phonon dispersions of the
lead intercalated NbS; bulk material and the pristine 2 H-NbS,
as well as the I"-point phonons of the misfit layer compound to
help us attribute the measured Raman modes. Most strikingly,
the E21 g/ E’ mode of Pb-NbS; and (PbS); 14NbS,, respectively,
is shifted up in frequency by more than 30 wave numbers
compared to the parent material. The calculations reveal that
a similar upshift for the E,/E” mode exists. Although this
mode is forbidden in the employed backscattering geometry,
it can be detected as a peculiarity in the spectra of the Pb-NbS,
nanotubes. In contrast to the in-plane E type modes, the
frequency of the out-of-plane A;,/A} mode in the intercalated
and misfit nanotubes stays almost the same as in the parent
compound. There are small differences in the magnitude
of the measured Ezlg/E’ Raman mode upshifts in Pb-NbS,
and (PbS);14NbS; nanotubes that are used as a starting
point for a discussion about the underlying mechanisms for
the drastic frequency shifts. We find evidence contradicting
the charge transfer model that is brought forward by most of the
literature discussing Raman spectra of misfit layer materials
in the past. Other interlayer bonding mechanisms such as
metal cross substitution and coordinative interlayer bonding
are presented and discussed regarding their likelihood of being
responsible for the frequency upshifts. We introduce a charge
redistribution model that could account for the phenomenon
but has yet to be put on solid theoretical ground. Our results
will guide future investigations of interlayer interlayer bonding
mechanisms in intercalated and misfit layer transition metal
dichalcogenides.
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