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1. Applications Of Scanning Probe Microscopy

An important goal of condensed matter research is to understand how microscopic or atomic level
structural and electronic characteristics of a solid determine observable properties like
superconductivity and magnetism. This goal is motivated by the recognition that such an
understanding will enable scientists ultimately to design rationally bulk solids and nanostructures
having predictable properties. Instrumental methodologies that provide a real-space picture of the
connectivity of atoms in a solid and/or the local electronic structure are perhaps most appealing since
they can probe materials directly in the space (real vs. reciprocal) that we often think, and can
directly characterize defects and disorder that play significant roles in determining the properties of
solids. Furthermore, real-space probes are required to assess the intrinsic structural and electronic
properties of very small material structures that are a focus of the burgeoning area of
nanotechnology.

In the past decade, scanning probe microscopies (SPMs), such as scanning tunneling microscopy
(STM) and atomic force microscopy (AFM), have rapidly grown into uniquely powerful tools for
probing microscopic properties of materials [1-23]. STM can be used to probe the surface structure
and electronic states of conducting and semiconducting materials directly on the atomic scale [1-15],
while AFM can be used to assess the structure and elastic properties of insulators, semiconductors
and conductors at the nanometer scale [16-26]. SPMs are also effective tools for manipulating
matter on the atomic to nanometer scales, constructing individual nanostructures, and probing the
properties of individual nanostructures [11,26-30].

SPMs are by their very nature highly surface sensitive techniques. The ability to probe the
uppermost layers of a material is an important advantage in studies of very small supported
structures, such as nanocrystals on surfaces, and in fundamental investigations of growth and
catalysis on metal and semiconductor surfaces [31-34]. Surface sensitivity can, however, be a severe
limitation in studies designed to probe the bulk properties of a material since the coordinatively
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unsaturated surface atoms of three-dimensional (3D) solids typically adopt a different geometrical
arrangement (i.e., reconstruct) from those in the bulk. However, highly anisotropic materials--- for
example, layered solids possessing strong covalent bonding in two-dimensional (2D) sheets with
weak noncovalent bonds holding these layers together--- cleave preferentially along planes defined
by the weak noncovalent bonds. The coordination of atoms at the surface cleavage plane in such a
low-dimensional solid is similar to that in the bulk (i.e., the covalent bonding is unchanged), and thus
these surfaces do not reconstruct. SPM studies of such low-dimensional materials offer the
opportunity to probe atomic level structural and electronic properties that are representative of the
bulk of a material. .

Low-dimensional solids also offer a great richness and complexiﬁl of physical phenomena that
make them generally an important focal point of condensed matter research. - For example, many
two-dimensional and one-dimensional metal chalcogenide materials are known to exhibit complex
charge density wave (CDW) and spin density wave phases [35], and furthermore it is well-known
that the layered structure of the copper oxide superconductors is central to the high-temperature
superconductivity that these matenials exhibit [36]. STM has been extremely effective in elucidating,
not only the atomic structures of these fascinating materials, but also collective phenomena such as
the pinning of CDW and magnetic vortex lattices [10-15,37-39]. In the case of charge density wave
systems, STM can provide detailed structural information about the atomic lattice and the electron
density modulation with a resolution of ~1 A. Detailed real-space STM pictures also provide an
unambiguous approach to understanding complex CDW structures that have been long-standing and
controversial problems unanswered by diffraction.

In this chapter, we present recent advances in probing and understanding the microscopic
structures of charge density wave phases in low dimensional metal chalcogenide compounds
obtained using the STM approach. The scope of the chapter is as follows: first, we will describe the
STM technique; then we will review applications of STM to elucidating the low temperature CDW
phases in the one-dimensional NbSe3 system and further in the 2D 1T-TaS; system. Next, we will
focus on incommensurate CDW structures in chemically impurity doped 1T-TaSy materials, and the
wealth of physics revealed by real-space studies. Finally, we will conclude with a look at future
directions such as CDWs in very small 2D nanocrystals.

2. Background: Scanning Tunneling Microscopy

In this section, the instrumentation and theoretical concepts that are essential for understanding
STM studies will be discussed. More detailed reviews can be found elsewhere [1,2,6-9,40,41]. A
typical microscope is illustrated schematically in Figure 1. The underlying basis for the operation of
the microscope is electron tunneling between a sharp metal tip and a conducting sample. When the
tip and sample are brought sufficiently close, their wave functions can overlap. If a bias voltage V is
then applied to the sample, a tunneling current I will flow between the sample and tip. Electrons will

tunnel from filled electronic states in the tip to empty states in the sample when V is positive, and
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Fig. 1. Schematic view of a tunneling microscope.

conversely, electrons will tunnel from filled sample states to empty tip states when V is negative.
The tunneling current that flows when V is applied varies exponentially with the tip-sample
separation, and for a typical work function of 4 eV, I decreases 10-fold for an angstrom increase in
separation. The strong exponential dependence of the tunneling current on distance enables STM to
achieve high vertical resolution. An atomic resolution map of the surface can then be generated by
rastering the tip over the sample with angstrom level control using piezoceramic positioners.
Experimental images are typically acquired in the constant current mode in which a feedback loop
controls the vertical position of the tip above the sample so that I is equal to a reference current (Iref)
at all coordinates on the surface. Features in constant current mode images thus correspond to
vertical-displacements of the positioner needed to maintain a constant tunneling current.

Essential to the interpretation of such STM data is an understanding of the response of the
tunneling current to the barrier properties, applied voltage, etc.; insight into these problems can be
obtained from analyses of the tunneling problem [42-46]. As first discussed by Tersoff and Hamann,
an expression for I can be readily derived by assuming noninteracting sample and tip wave functions,
and then using perturbation theory [42]. In the limit of small bias voltage and low temperature this
treatment yields

1= 20/ 1 )e?VEM | 28(Es-EQ)S(E-Ep) (1)

where M is the tunneling matrix element between wave functions on the tip, y,, and sample, .
As shown by Bardeen [47], the tunneling matrix element can be written as

Mg = (h22m) [ (¥, V¥, - ¥,V¥,)dS @)

where the integral corresponds to a surface within the barrier region between the sample and tip. To
evaluate Mg in a way that the resulting expression for I can be compared quantitatively to STM
images in general (i.e, not for one specific choice of sample and tip) requires several
approximations. Tersoff and Hamann showed that by assuming the tip forms a locally spherical
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potential well with only s-wave functions, I could be expressed as

T z"S|‘Fs(ro)|26(Es'Ef) 3

By definition the summation is the local density of sample electronic states, p(r,,E), at the center of
curvature of the tip
p(ran) = Es|\Ps(ro)|26(Es'Ef) (4)

Thus, constant current images correspond to contours of constant density of sample electronic
states. Because a CDW causes a variation of the electronic states close to the Ef, STM represents a
uniquely sensitive and direct probe of the structure and amplitude of the CDW lattice. In the next
section, we review recent STM studies in pure materials and give some background information
about CDWs.

3. Charge Density Waves In Pure Materials

3.1 THE ONE-DIMENSIONAL NbSe3 SYSTEM

A large number of quasi-one-dimensional materials exhibit CDW transitions including NbSes,
TaS;, (TaSes)z], Ko3MoOs; and organic conductors such as (fluoranthene)PFs and
(perylene)y Au(maleonitriledithiolate)y [48-51]. Among them the two most widely studied materials
are NbSe3 and Ko 3MoOs3 [51-53]. In this section, we will focus on NbSe3. NbSe3 crystals are
built up from a Se trigonal prismatic cage surrounding a metallic Nb chain. The NbSeg trigonal
prisms are stacked on top of each other to form linear chains along the b-axis of a monoclinic unit
cell (Figure 2a). In NbSes, the crystal lattice unit cell (ap = 10.0 A, bg=3.5 A, co = 15.6 A) [52]
contains three pairs of trigonal chains labeled as types I, II, and III (Figure 2b). These three chains
exhibit distinct CDW states [53]. Two independent charge density wave transitions are observed in
NbSe3 with transition temperatures of 144 K and 59 K. These transitions were first observed as DC
resistivity anomalies in the transport studies by Monceau et al. in the 70's [52]. Subsequent X-ray
diffraction and transport studies by Fleming et al. proved the existence of two independent CDWs
and showed that these have wave vectors of (0.00, 0.243, 0.00) and (0.5, 0.263, 0.5) at 144 K and
59 K respectively. Hence, both of these CDWs are incommensurate with respect to the atomic
lattice; the incommensurability is maintained down to 4.2 K [54].

In the past two decades, NbSe3 has been a model system for experimental condensed matter
studies of collective sliding, non-linear phenomena and pinning [49,50,55-59]. The detailed CDW
structure has been studied by a variety of techniques including X-ray diffraction [54,60,61], NMR
[62] and scanning tunneling microscopy [63]. Synchrotron-radiation X-ray diffraction and NMR
studies have found that the 144 K and 59 K CDW modulations are primarily associated with atomic
displacements of the type III and type I chains, respectively. These observations are consistent with
electronic structure calculations that suggest the type-II chains are not involved in CDW formation
[53].
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Fig. 2. (a) NbSe3 chains running along the b axis; (b) The structure of NbSe3 projected along [0 1 0}.

High resolution low-temperature STM studies of NbSe3 by Coleman and coworkers were also
used to probe the complex CDW states in real space [63]. Shown in Figure 3 is an STM image of
the b-c plane of NbSe3 acquired at 4.2 K by Coleman et al. [63]. In contrast to synchrotron X-ray
diffraction and NMR studies, CDWs were observed on all three types of chains. Comparison of
these 4.2 K images with STM images acquired at 77 K [64-66] led the authors to conclude that the
59 K CDW forms on type I and II chains, while at 144 K a CDW forms on the type III chain.
Furthermore, it can be seen that the type I and II chains of adjacent unit cells exhibit CDW
modulations that are out of phase by 180°, meaning that the CDW maxima matches the CDW
minima on adjacent type I or II chains. The type I and II chains are therefore associated with the low
temperature CDW state and have a wavelength of 2¢,. The CDW on type III chains is found to be in
phase in adjacent unit cells, and the repeat distance on each chain is ~4byg; these results are consistent
with diffraction data for the high temperature CDW. Besides providing detailed phase information of
the complex CDW in NbSes, the STM data also showed that the amplitude of CDW modulation on
type III chains is large, while the CDW amplitude on type I and IT chains is relatively weak.
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Fig. 3. STM image of charge density waves in NbSe3 at 4.2 K. Reproduced from Ref. 63.

The STM results of Coleman et al. suggest that all three types of chains in NbSes are
conducting and contribute to the Fermi surface sections that are responsible for the CDW formation.
These results contradict models [53] and other experiments [60-62] suggesting that the type II
chains are nearly insulating and are excluded from CDW formation. As described in another chapter
of this book, this conflict was considered by Whangbo [67] and coworkers using electronic band
structures calculations and numerical simulation of resulting STM images. This latter work suggests
that the character of electrons at the Fermi level is dominated by Nb atoms on type I and III chains.
However, due to geometric reasons, STM only detects Se atoms. Their calculations showed that
these Se atoms make similar contribution to the LDOS for all type I, II and III chains. Thus, this
analysis supports the STM studies of Coleman. These results demonstrate that real space STM
imaging and analysis can provide new insight about complex CDW structures that are otherwise
difficult to observe and enable a deeper understanding of the electronic structures of one dimensional

materials.

3.2 TWO-DIMENSIONAL METAL DICHALCOGENIDES: 1T-TaS,

The dichalcogenides of the group IV, V, and VI transition metals have layered structures in
which the transition metal (M) occupies either octahedral or trigonal prismatic sites between two
layers of hexagonally close packed chalcogenide atoms (X) (Figure 4) [68,69]. In general, the MX»
compounds are quasi-2D materials since the X-M-X layers are held together by strong covalent-
ionic bonding, whereas the interactions holding adjacent layers together are much weaker dispersion

forces. These materials cleave readily between the weakly bonded layers to yield free surfaces that
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are structurally and electronically similar to the bulk [68-71].

Among the MX» compounds, 1T-TaSy exhibits one of the most complex and interesting CDW
phase diagrams. At high temperatures the compound 1T-Ta$S; is metallic; however, on cooling
below 543 K 1T-TaS; exhibits four distinct temperature dependent CDW states [69,70]. A
schematic of the CDW and atomic lattice in 1T-TaS; is shown in Figure 4b. Electronic structure
calculations have shown that 1T-TaS; exhibits large Fermi surface nesting that leads to CDW
formation. Previous X-ray and electron diffraction have showed that the high temperature CDW
1T-TaS; is incommensurate, while for T < 183 K the CDW rotates 13.9° relative to the atomic
lattice to become commensurate [69-71]. The real-space structures of these phases are illustrated
schematically in Figure 5. The CDW superlattice of both phases has a regular hexagonal symmetry.
In the incommensurate phase the peaks of CDW are located randomly relative to the atomic lattice.
In the commensurate phase, the CDW superlattice rotates 13.9° relative to the atomic lattice and
expands 2% so that each CDW maxima is oriented over an equivalent atomic lattice site. It was not
possible using diffraction techniques, however, to resolve the structures of the intermediate
temperature nearly-commensurate and triclinic nearly commensurate CDW phases. These two
phase had been suggested to exhibit either uniformly incommensurate structures or domain-like
structures [72,73].
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Fig. 5. Schematic topviews of the (a) incommensurate and (b) commensuratc CDW phases in 1T-TaS).
The CDW maxima are indicated by the crosses and the atomic lattice by the filled.

The first application of STM to CDWs was carried out by Coleman and coworkers in 1985 on
IT-TaS, [74]. This work showed that the charge modulation of a charge density wave and the
atomic lattice could be viewed simultaneously in real space. In addition, comparison of early STM
data with previous diffraction results demonstrated that the surface sensitive STM experiment truly
reflected the bulk properties of 1T-TaS; [10,74]. The ability of STM to determine simultaneously
both CDW and atomic lattice positions has subsequently been exploited by our group and others to
resolve the compticated structural details of the intermediate temperature CDW phases in TaS; that

previously could not be determined by diffraction techniques [64,75-78].
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STM studies of the real-space structure of 1T-TaS; at room temperature showed that the
nearly-commensurate CDW phase adopts a novel, hexagonal, domain-like structure, in which there
is a periodic variation in the CDW amplitude that occurs on a wavelength much larger than the
CDW wavelength, A (Figure 6) [75]. In large area images, the CDW maxima (Figure 6a, filled

white circles) define a regular hexagonal superlattice with average wavelength in agreement with

Fig. 6. Room temperature STM 1mages of 1T-TaSy. (a) 50 x 50 nm? image showing CDW maxima
and domains. (b) Atomic-resolution image of four domains. The domains are highlighted by
circular white lines. The white lines indicate the single atom phase shift that occurs between the

CDWs 1n adjacent domains. Reproduced from Ref. 75.




234 ELUCIDATING COMPLEX CHARGE DENSITY WAVE STRUCTURES BY STM

diffraction and STM measurements. The amplitude of the CDW maxima further exhibits a larger
periodic modulation that defines domains consisting of relatively high-amplitude CDW maxima
separated by lower amplitude domain boundaries. The roughly circular, high amplitude domains are
arranged in a hexagonal superstructure with a period of approximately 70 A at room temperature.
Hence, the nearly commensurate CDW exhibits a fascinating hierarchy of structures: the hexagonal
atomic lattice with period 3.35 A, the fundamental hexagonal CDW lattice with period of ~12 A,
and the hexagonal domain superlattice with period 70 A.

Atomic resolution images of the nearly commensurate phase have provided further insight into
the complex structure of the domain phase (Figure 6b). First, these images show that there are well-
defined phase shifts of one atomic lattice period between the CDWs in adjacent domains [75,76].
The abrupt changes in CDW phase are clear in real-space images, but are quite difficult to detect in
diffraction measurements. Secondly, the high-resolution images show that there is a similar
arrangement of atoms at each CDW maxima within a domain, thus indicating that the CDW is
approximately commensurate (e.g., see schematic in Figure 5) in the domains. Because the actual
angle between the atomic lattice and CDW superlattice can be measured, such images also afford the
ability to address quantitatively the issue of commensurability. Significantly, these measurements
showed the angle within single domains was that expected for a commensurate CDW, ~13.9°.
Taken together, these STM studies unambiguously resolved the long standing controversy about
the structure of the nearly commensurate CDW phase in 1T-TaS;.

Temperature-dependent STM measurements also represent an important approach for further
probing CDW phases in the transition metal dichalcogenides since temperature variations can be
used to assess melting and other phase transitions [10,76,77]. STM studies of the nearly
commensurate phase in 1T-TaS; first demonstrated the power of such measurements [76]. Images
recorded between 200 and 350 K show the hexagonal CDW domain structure described above.
The period of the domain structure was found to undergo a remarkable and unexpected change with
temperature decreasing from 100 A at 200 K to ~60 A at 350 K (Figures 7a-c). At still higher
temperatures, there is an abrupt loss of the domain structure as the true incommensurate phase is
formed (Figure 7d). Significantly, the decrease in domain size appears similar to a second-order
melting transition as the sample temperature is raised, however, it is important to point out this
corresponds to melting of an electronic (CDW) lattice and not the atomic lattice.

4. Charge Density Wave Pinning

4.1 INTRODUCTION TO CHARGE DENSITY WAVE PINNING

An important goal in condensed matter research is to understand the factors that determine the
structure, electronic properties and phase transitions in materials since such knowledge will lead the

way to the rational design of new solids with predictable properties [79,80]. Essential to the
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Fig. 7. STM images of 1T-TaS; recorded at sample temperatures of (a) 242, (b) 298, (¢) 349, and (d)
357 K. The images are (a) 30 x 30, (b) 17.5 x 17.5, and (c), (d) 15.5 x15.5 nm2 in size. The
insets in (b) and (c) are 30 x 30 nm2. The domain center positions for an ideal hexagonal structure

are marked with white dots in (a). Reproduced from Ref. 76.

achievement of this goal is a detailed understanding of how material properties vary and can be

controlled by atomic level modifications such as substitutional doping. In principle, doping is a

straight-forward process with readily predictable effects (e.g., doping semiconductors). However, in

many materials, especially those that exhibit cooperative phenomena such as charge density waves
and superconductivity, the role of dopants and impurities is not well understood [13,81]. Past
difficulties in elucidating the microscopic effects of dopants and impurities on material properties can
be traced to the fact that conventional diffraction and spectroscopic techniques provide only an
averaged view of a solid [82]. These techniques have not been able to assess unambiguously

structural disorder and electronic inhomogeneity in doped solids [13,81,83].

Impurities in charge density wave compounds tend to interact or pin CDWs because their
electronic properties differ from the host atoms. It can be envisioned that an impurity in the atomic
lattice will attract or repel a CDW maxima, and thus distort the otherwise perfect CDW lattice.
However, this qualitative picture encounters much complication due to factors such as the strength
of the interaction or pinning, the randomness and concentration of impurities, and the susceptibility
(or rigidity) of CDWs to distortion. Previous diffraction studies have found that in metal-doped
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TaS; compounds, the CDW diffraction peaks became progressively broader as dopant
concentration is increased [69,71]. These results provided the first structural evidence of CDW
pinning by metal dopant atoms, and showed that pinning can distort the overall CDW structure.
Nevertheless, a detailed picture of CDW pinning on a microscopic scale was inaccessible from
diffraction studies, and thus comparison with theoretical models on structural effects of CDW
pinning was not possible.

In the following section, we will focus on STM studies of the Nb-doped 1T-TaS; system to
illustrate the effects of pinning by random impurities in a CDW system. We will first discuss CDW
pinning in the framework of a theoretical model, and then present STM images of the pinned CDW
state.  Systematic structural analyses and calculations will be presented and compared with
theoretical models. We will show that a deeper understanding not only of charge density waves, but
also of complex yet generic phenomena in two-dimensional systems such as collective pinning,
dislocation related hexatic ordering and two-dimensional melting can be obtained using this
approach.

42 THEORY OF CHARGE DENSITY WAVE PINNING

The one-dimensional Fukuyama-Lee-Rice (FLR) CDW pinning model [84,85] has been the
starting point for many studies of CDW-impurity pinning. In the FLR model the electron density
distribution p(r) is treated as a sinusoidal wave with a constant amplitude py modulated over a

uniform background electron density pay:

p(r) = pay + po cos (Q - r + ¢(r)) )

The wave vector of the CDW is Q = 2kg and the real-space periodicity of the electron density is
n/ks. The FLR model treats the impurity-CDW interaction within a Ginzburg-Landau framework,
where the order parameter is the CDW phase, ¢(r). For a perfect CDW free of impurities, ¢(r) is a
constant. Interestingly, if ¢(r) is constant and if the wave vector Q is incommensurate with the
atomic lattice, then the energy of the CDW state is independent of its position relative to the atomic
lattice [86].

However, ¢(r) may vary with position when impurities are introduced into the host atomic
lattice since impurities can pin the CDW phase. To calculate the expected behavior of the CDW in
presence of impurities we consider several limiting cases for a one-dimensional system. In the
commensurate state (Q = 2n/na) the CDW is in registry with the atomic lattice and is thus strongly
pinned to the atomic lattice. Tmpurity pinning does not perturb significantly the commensurate
CDW state [87]. On the other hand, an incommensurate CDW (Q # 27/na) interacts weakly with
the underlying lattice. Variations in the lattice potential due to impurity atoms can thus effectively
distort or pin an incommensurate CDW. Qualitatively, an attractive pinning potential will distort
CDW maxima towards the nearest impurities to minimize the energy. The interaction of the

impurities with the incommensurate CDW is examined below.
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First, we assume that each impurity has a short-ranged pinning potential and that this potential
has the same magnitude for every impurity. The total pinning potential distribution is thus a function
of the positions of the randomly quenched impurities:

Vpin(r) = VoZ;d(r - R) (6)

where R is the ith impurity position vector and the sum is over all impurities.

Similar to other solids, the CDW lattice has rigidity that can be quantified by the elastic constant
K ~ hvi/Ao, where Aq is the unit cell area [88]. Because a distortion of the CDW lattice from
equilibrium will cost the system elastic energy, it is necessary to account for both pinning and CDW
rigidity simultaneously. This is accomplished by computing the potential energy gain associated with
pinning and the elastic energy loss due to CDW distortions using the following effective
Hamiltonian:

H = Jp(r) Vpin(r)ddr + gj [V(r)]2ddr (7)

The first term is the pinning energy, the second term is the elastic energy and d is the dimensionality
of the system. Combining equations (5), (6) and (7) yields

H= poloZicos(Q - R; + $(R;))+ gf [Vo(r)]2ddr (8)

The pinning energy depends on the random impurity configuration, and the elastic energy depends
on the CDW phase fluctuations caused by pinning,

The phase variation is determined by minimizing the total energy. Two limiting cases,
strong and weak pinning, are considered. In the strong pinning regime, the elastic energy is much
less than the pinning potential. Hence, the CDW phase is pinned to each impurity site with the
phase given by QR+(R;) = -n (Figure 8). The energy determined for the limiting case of
strong pinning is then -po|Vo[N; , where N; is the total number of impurities; that is, the energy
is simply proportional to the number of impurities. On the other hand, in the weak pinning regime
the pinning energy is much smaller than the energy required to deform the CDW. Hence, phase
distortions do not occur at each impurity site [QR+$(R;) # —n |, but rather, ¢(r) varies on a length
scale much larger than the impurity spacing (Figure 8). Since each term in the sum in equation 8 can
be either positive or negative the total pinning energy grows only as N;1/2 (vs. N; for strong
pinning). An interesting consequence of the FLR weak pinning model is that the CDW will be
unstable to domain formation for d < 4. These domains should consist of distinct regions containing
many impurities within which the CDW phase varies smoothly. The STM studies described below
provide a unique test of this prediction.

Quantitatively, a parameter € is used to characterize the pinning strength and separate the strong
and weak pinning regimes:

V.,
gt ©)
Kn;
where poVy is the pinning potential energy per impurity and K'I’liZ/ 41 s the dimensionality
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Fig. 8. Plots of the CDW phase, ¢(r), and amplitude versus position for (a) a perfect one-dimensional
lattice and (b, ¢) for lattices that contain impurities, D. The abrupt variation in ¢(r) at each impurity
site (b) corresponds to strong pinning. The smooth variation in ¢(r) over a distance containing

several impurities (¢) corresponds to weak pinning.

dependent elastic energy per impurity [88]. Hence, € >> 1 corresponds to the strong pinning regime

and € << 1 corresponds to the weak pinning regime.

As indicated above, approximately constant phase domains containing many impurities are
expected in the weakly pinning regime. The length scale of these domains can be estimated
using scaling arguments of Imry and Ma [89]. Specifically, they showed that the pinning
energy scales as LY2 while the elastic energy scales as Ld-2. Hence, the pinning energy gain is
PoVoNil2 = poVon;12L4/2 and the elastic energy cost is kL9-2 (assume ¢(r) varies by ~ m over
length L). We can thus define a critical length L, which defines the average size of constant phase

domains, by minimizing the energy with respect to L:
1
Le=oa- —dj (10
€

where o is of order unity and dj = ni"1/d is the average impurity spacing.
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Specific defects in the CDW lattice arising from CDW-impurity pinning have also been studied
theoretically. For example, McMillan showed that the energy cost for a single dislocation diverges
logarithmically with the size of the sample [87); this behavior is similar to that of a dislocation in an
ordinary solid. The existence of dislocations can be explained using the scaling argument outlined
above. First, a dislocation loop with size L will contain n;Ld impurities. The pinning energy gain is
~PoVoni”2L42 and the elastic energy cost for creating the dislocation is ~« up to a logarithm
[87,90]. Since the total energy is the same as in the treatment of domains we can obtain the critical
length given by equation 10. In the case of dislocations, L is comparable to the average separation
between dislocation.

Lastly, it is important to point out that the FLR model only considers phase fluctuations of the
CDW; amplitude fluctuations of the CDW are ignored. A justification for ignoring amplitude
fluctuations is that the energy cost for an amplitude fluctuation is significantly higher than that of the
long wavelength phase fluctuations treated by FLR. Recent work by Coppersmith shows, however,
that amplitude fluctuations do have nontrivial effects on the CDW state [91]. Hence, we believe that
the relative importance of phase and amplitude fluctuations is an area that requires additional
theoretical and experimental study.

4.3 RESULTS OF CHARGE DENSITY WAVE PINNING IN Nb,Ta|xS;

4.3.1 STM Images

Here we review studies of niobium-substituted tantalum disulfide, NbyTa1.xS>. Substitution of
isoelectronic Nb(IV) for Ta(IV) represents the weakest perturbation on the potential that is possible
with metal substitution, and thus serves as the best test of the weak pinning regime [15,92,93]. The
effect of Nb-substitution on the macroscopic transport properties of these NbyTa|.xSy materials
have been assessed by variable-temperature resistivity measurements (Figure 9). In general, it is
well-established [13,69,70] that Nb-substitution (and other metal substitutions) decreases the
transition temperature from the high-temperature incommensurate (IC) CDW state to the lower
temperature nearly-commensurate state. Qualitatively, the suppression in the transition temperature
can be rationalized by assuming that the IC state is stabilized by impurity pinning. Macroscopic
measurements do not, however, address the fundamental details of pinning that were outlined above.
To develop a microscopic understanding of the CDW-impurity interaction we turn to STM studies
of the CDW state in these materials.

High resolution STM images of the NbyTaj_xS; materials are shown in Figures 10-12. Images
of the IC CDW phase of undoped TaS; samples [92,93] exhibit a well-ordered hexagonal structure.
In contrast, substitution of Nb causes disorder in the IC CDW lattice (Figures 10-12). The images
of the Nb-doped materials exhibit areas in which the CDW lattice has hexagonal order and regions
containing defects. These defects introduce disorder into the CDW lattice. The predominant
defects observed in the x(Nb) < 0.07 samples are dislocations. Dislocations are formed by the
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Fig. 9. Normalized resistance versus temperature curves recorded on the NbyTa}.xS2 materials.
Reproduced from Ref. 15.

insertion of extra balf rows of CDW sites in the lattice; black lines in Figure 10a highlight the
creation of two dislocations in a x(Nb) = 0.02 sample. Importantly, there is a significant strain field
associated with the dislocations [90]. The CDW can relax the strain field by locally deforming
through site positional shifts and rotations (Figure 10a), although these deformations introduce
disorder into the lattice. We have also found one or more CDW site vacancies close to the
dislocation core in many of the images (Figure 10b). This latter observation is interesting since it is
completely analogous to the classical behavior of vacancies and dislocations in the atomic lattice of
materials [90). Since STM can be used to study directly such defects we believe that it will be
interesting in the future to explore the generality of the MxTajxS2 materials as models for the
behavior of crystal defects and the dynamics of vacancy/dislocation formation.

As the impurity concentration increases to x(Nb) = 0.04 a higher density of defects
(predominantly dislocations) is observed in the CDW lattice (Figure 11). The CDW rows near the
dislocations are distorted as discussed above. However, in areas free of dislocations the CDW
lattice is locally ordered. We have highlighted several dislocation cores by constructing Burgers
loops (Figure 11). The Burgers loop consists of an equal number of steps along each lattice
direction; the loop will remain open if it encloses a single dislocation. The vector pointing from start
to end of the loop, the Burgers vector, uniquely defines the dislocation [90]. We find that the
Burgers vectors defining the CDW dislocations in the Nb-doped samples occur along each of the
three crystallographic axes, and thus it is apparent that impurity-induced dislocations oceur randomly
in the CDW lattice. In the samples containing higher impurity concentrations, x(Nb) = 0.07 and
0.10 the STM images exhibit extended defects (Figure 12). The CDW lattice in these latter samples
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Fig. 10. STM images of the incommensurate CDW state in Nbg 02Tag 98S2. Black lines highlight the
insertion of an extra row of CDW maxima. The extra rows in (a) are highlighted with heavy black

lines. Vacancies are also seen in (b). Reproduced from Ref. 92.
exhibits significant disorder with regions of hexagonal order and positional order extending only

several lattice constants.
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Fig. 11. STM images of the incommensurate CDW state in Nbp 04Tag.96S2. Black lines highlight the
insertion of extra rows of CDW maxima in the lattice. Two distinct Burgers loops and Burgers
vectors are drawn to highlight dislocations in the CDW lattice. Reproduced from Ref. 92.

To qualitatively assess the nature of CDW pinning in this system we first calculate the Nb
impurity spacing. In two-dimensions the impurity spacing is dj(x) = n;"2, and thus the average
impurity spacing for the x(Nb) = 0.02, 0.04, 0.07 and 0.10 samples are 0.80, 0.57, 0.43 and 0.36
CDW lattice constants, respectively. This estimate shows that there is more than one impurity
atom/CDW maximum in the doped samples investigated. Since the STM images indicate that the
CDW lattice exhibits order for at least several lattice constants (which will contain many impurities)

these results are suggestive of the weak pinning regime described by the FLR model.

4.3.2 Topological Defects

The topology and density of defects can also be assessed by quantitative image analysis
[15,93-96]. The quantitative analysis involves defining the location (x, y coordinates) of each CDW
maximum and the unique nearest neighbors in the lattice. Once the lattice points are determined, a
sweep-line algorithm [97] is used to construct the Voronoi diagram for the lattice. The Voronoi
diagram uniquely defines the nearest neighbors of all lattice points [98]. To illustrate defects in the
lattice we triangulate the Voronoi diagram by drawing "bonds" from all CDW lattice points to their
nearest neighbors. This resulting plot is termed the Delauney triangulation diagram. In our CDW

system fully coordinated lattice sites are indicated by six bonds, while defects contain a smaller or
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Fig. 12. STM images of the incommensurate CDW phase in (a) Nbg 07Tag 93S2 and (b) Nbg 1 Tag 9S5.
Reproduced from Ref. 92.

greater number of bonds. Typical results obtained from the analysis of x(Nb) = 0, 0.02, 0.04, 0.07
and 0.10 samples are shown in Figure 13. In these triangulation diagrams we have highlighted the
defect sites by shading. Inspection of images recorded on pure TaS; samples show that the CDW
lattice is free of topological defects; that is, all of the lattice sites are six-fold coordinated (Figure
13a). The triangulations explicitly show, however, that the Nb-doped materials have topological
defects in the CDW lattice. At low concentrations of impurities, x(Nb) = 0.02 and 0.04, we find that
the dislocations consist of five-fold/seven-fold disclination pairs (Figures 13b, ¢). Extended defect
networks are also obvious in the triangulation data for the x(Nb) = 0.07 and 0.10 samples. These
extended topological defects consist of dislocations, vacancies and free disclinations.

This data has also been used to evaluate the average separation between dislocations. We find
that the average spacing between dislocations in the x(Nb) = 0.02, 0.04, 0.07 and 0.1 samples is 12,
8, 5, and 3 lattice constants, respectively. As stated above, the average separation between Nb
impurity atoms is 0.80, 0.57, 0.43 and 0.26 CDW lattice constants, respectively. The average
spacing between dislocations is thus always greater than the average impurity spacing; that is,
impurity pinning is a collective effect. Hence, this analysis shows that CDW pinning in the
NbyTa|xSy materials is weak.

The topological defects highlighted in Figure 13 strongly affect positional order. For example, a
dislocation displaces lattice points by about a lattice constant, and thus will destroy positional order
on a scale of the size of dislocation loop. Areas of the CDW lattice that are free from dislocations
should, however, exhibit a smooth variation in the CDW phase; i.e., the domains in the FLR model.
In Figure 14 we show a typical large scale image with several phase coherent regions highlighted to
demonstrate this important point. This image also shows clearly that the local crystallographic axes
of adjacent domains are rotated with respect to one another.

Further analysis of large area images containing different impurity concentrations shows that the
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Fig. 13. Delauney triangulations of the STM images recorded on NbyTa.xS2 crystals where (a). (b). (c). (d) and (¢) correspond to x
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Fig. 14. A large area STM image of the incommensurate CDW lattice of a Nbg 7Tag 9352 sample. Several

adjacent domains containing positionally ordered lattices are highlighted with black lines. Note that
adjacent domains are rotated with respect to each other. Reproduced from Ref. 92.

area of the ordered regions (the domain size) shrinks as the impurity concentration increases. This

behavior follows directly from equation 10. Importantly, if we take the dislocation separation as the

critical length, L, and using the impurity spacing d; given above, we find that the calculated value of

the FLR pinning parameter € is ~ 0.1. These results quantitatively confirm that the system is in the

weakly pinned regime.

4.3.3 Two-Dimensional Order

Above we have characterized the nature of CDW pinning and defects. More generally, it is
important to examine the consequences of the disorder produced by weak pinning since this
phenomena is important to a number of important physical systems [95,96]. To quantify disorder,
we first examine the structure factor S(k).

S(k) = p(k)P? (1

where p(k) = [p(r)e’c Tdr is the Fourier transform of the number density of lattice points. S(k)
provides an average of the structural effects of pinning. The results for the Nb-substituted materials
are shown in Figure 15. S(k) for pure TaS; (not shown) exhibit sharp six-fold symmetric peaks

(Bragg peaks). These peaks broaden both radially and angularly as the impurity concentration
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increases to 0.04. For the x(Nb) = 0.07 and 0.10 the first order Bragg peaks have broadened to
form a ring whose intensity has a six fold modulation. The angular broadening is due to CDW
rotations that were discussed above. This broadening indicates a loss of orientational order;
however, it is not possible to provide a quantitative measure of the orientational disorder from this
S(k) data. In addition, the radial widths of the Bragg peaks indicate that the translational correlation
length is short in all of the Nb-doped materials. Notably, our S(k) data are qualitatively similar to
the results expected for second order melting transition in 2D [92-94,96,99,100].

Fig. 15. Structure factors corresponding to the CDW lattices of (a) x = 0.02, (b) x = 0.04. (c) x = 0.07. and
(d) x=0.10 NbyTa]-xS) materials. Reproduced from Ref. 15.

To provide a more quantitative measure of the order in this system and how it is affected by
impurity pinning we have investigated systematically the radial distribution, translational
correlation and orientational correlation functions. The radial distribution function is defined as
g(r) = <n(r)>/no, where n(r) is the point density at a distance r from the origin of the structure and
no is the average density of points. For a general structure, g(r) tends to 1 as r goes to infinity; that

is, the distribution of lattice points at large distances appears uniform. Plots of g(r) determined from
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STM images of the NbyTa]-xSy materials are presented in Figure 16. For the pure sample, g(r)
oscillates strongly out to more than 10 lattice constants. - The persistent oscillation indicates that
positional order is long range. When the impurity level increases to 0.02 and 0.04 the amplitude of
the oscillations in g(r) decreases and the oscillations die out much more rapidly than in g(r) for the
pure material (Figures 16a-c). For the x(Nb) = 0.07 or 0.10 materials the amplitude of the peaks in
g(r) is further reduced and those peaks only persist to the second or third nearest neighbors. These
results indicate that Nb impurity pinning induced disorder destroys translational order in this CDW
system.

The order of the CDW system can be further characterized by calculating the translational and
orientational correlation functions. These functions were first introduced by Mermin [101] in his
theoretical studies of the positional and orientational order of 2D solids. In two dimensions, the

translational correlation function is defined as

Gr(r) = <y(0)y(r)*> (12)
3
where w(r) = % YeiGir (12a)
=1

is the translational order parameter for a hexagonal lattice at position r. This order parameter
consists of the local Fourier components of the number density of lattice points at reciprocal lattice
vectors G. The translational correlation function is equivalent to the Debye-Waller factor and its
Fourier transform gives the structure factor S(k). Thus, it measures how lattice points are
correlated positionally in real space.

The orientational correlation function for a 2D lattice with hexagonal symmetry is defined as

Ge(r) = <yg(0)we(r)*>, (13)
nn
where Ye(r) = 2e 169i(0) (13a)
=]
is the orientational order parameter at position r. 6(r) is the local bond angle with respect to a given
direction. Bonds correspond to the lines that connect the nearest neighbors (nn) defined by the
Voronoi analysis and Delauney triangulation discussed earlier. The sum is over all nn bonds of a
point at position r. This definition for the orientational correlation function is also valid for liquids
since the average coordination number of a 2D liquid is also six.

It is instructive to examine the general behavior of these correlation functions before we proceed
with the analysis of the CDW system. First, translational and orientational order of a crystal lattice
are often coupled to one another. For example, a grain boundary rotates the area (volume) of one
part of a crystal lattice relative to an adjacent one; this rotation disrupts both translational and
orientational order. However, it is also possible for Gp(r) and Ge(r) to exhibit very different
dependencies with r. First, theoretical studies have shown that long wavelength phonon fluctuations

destroy only translational order in a 2D solid; orientational order will remain long-range [101,102].
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Fig. 16. Radial distribution functions for the NbyTa1-xS7 materials. The x-axis corresponds to CDW lattice
constants. Reproduced from Ref. 93.

Secondly, Halperin and Nelson [103,104] have shown that dislocations affect translational and

orientational order differently in 2D crystals: translational order is destroyed and decays

exponentially, while orientational order is quasi long-ranged and decays algebraically.
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Calculated results for Gp(r) and Gg(r) for the NbyTaj.4xS» materials are shown in Figure 17.
Gr(r) and Ge(r) decay very slowly over 20 lattice constants for the incommensurate CDW lattice
of the pure sample. This quasi long-range order is indicative of a crystalline state. In contrast, all of
the samples that contain Nb impurities exhibit a rapid decay of translational order. This decay in
G (r) can be fit reasonably well to an exponential of the form G(r) = exp(-r/§ ) where & is the
translational correlation length. The &T's are 7-10, 3-6, 2-3, 1-2 CDW lattice constants for the
x(Nb) = 0.02, 0.04, 0.07 and 0.10 samples, respectively. These results demonstrate quantitatively
that the dislocations and other defects arising from weak pinning destroy translational order. In
contrast, we find that the orientational order decays slowly for the x(Nb) = 0.02 and 0.04 samples,
although Gg(r) decays rapidly for x(Nb) = 0.07 and 0.10 (Figure 17). If the x(Nb) = 0.02, 0.04,
0.07, and 0.10 Gg(r) data are fit with an exponential, G¢(r) = exp(-1/€¢), we obtain orientational
correlation lengths (£6) of 200, 100, 11 and 5 lattice constants, respectively. A better fit to Ge(r)
for x(Nb) = 0.02 and 0.04 is obtained, however, using an algebraic decay, Gg(r) = r', with n =
0.03 and 0.12, respectively.

The simultaneous observation of long-range orientational order and short range translational
order in the x(Nb) = 0.02 and 0.04 samples is strongly suggestive of the hexatic state that was
proposed on the basis of theoretical studies of 2D melting driven by topological defects [103,104].
This theory predicts that 2D melting involves two continuous phase transitions. First, a crystalline
solid phase that has quasi long range translational order and long range orientational order
(G1(r) = r; Gg(r) ~1) undergoes a second order transition to the hexatic phase that has short
range translational order and quasi long range orientational order: GT(r) = exp(-1/£1);, Gg(r) =M.
At higher temperature, the hexatic undergoes a second continuous transition to a liquid phase that
has short range translational and orientational order: GT(r) = exp(-1/£T); Ge(r) = exp (-1/€g). The
results for the CDW phase in NbxTaj.xS» show similar behavior, and thus we suggest that the
CDW lattice evolves from crystalline (x = 0) through hexatic glass (x = 0.02 - 0.04) to liquid-like
{x > 0.07) states. We assign the intermediate state to a hexatic glass (versus equilibrium hexatic)
since the impurity distribution in these materials is quenched. The fundamental difference between
the 2D melting theory and our study is that the topological defects arise from thermal fluctuations in
the former and from pinning to a quenched impurity distribution in our work." Since statistical
averaging differs for equilibrium versus quenched disorder [105], we have compared further the
CDW system to equilibrium melting.

First, we can estimate the power law exponent n using the relationship n = 9¢/w, where ¢ is a
fractional area of dislocation cores, derived for dislocations in thermal equilibrium [94]. The values
of n calculated in this way, 0.02 and 0.13, are in excellent agreement with the values obtained from
fits to Ge(r) for x(Nb) = 0.02 and 0.04. This agreement suggests that dislocations arising from
impurity pinning are responsible for the decay in orientational correlation. Although the average
dislocation spacing (§p) is similar to €T, £p is always larger than &t at the smallest impurity
concentration (Table I). The fact that £T < Ep in the x(Nb)=0.02 samples indicates that factors in
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addition to dislocations decrease translational order; this observation contrasts the prediction of
equilibrium theory. However, we can explain this result (i.e., £T < &p) within the context of weak
pinning theory. As discussed above, the CDW phase varies smoothly from -7 to = in regions
separated by dislocations (i.e., within domains). The smooth variation in phase causes small
distortions of the CDW lattice positions that reduce the translational order. Indeed, Chudnovsky has
explicitly shown how elastic distortions (i.e., smooth variations in the phase vs. a singular phase
variation at a dislocation) destroy the positional order of weakly pinned lattices [106]. Hence, a
combination of the equilibrium melting and weak pinning theories provide a better description of the
changes in translational correlation for this metal-substituted CDW system.

TABLE I.
Important length scales in the NbyTa| xSy CDW system.
(the units for dj, ep, e, &8¢ are CDW lattice constants)

NbyTa) <S> dj €D ET €6 |
x=002 0.80 12 7-10 200 0.02
x =0.04 0.57 8 3-6 100 0.13
x=007 0.43 5 2-3 11 —
x=0.10 0.36 3 1-2 5 —

4.3.4 Other Comments: Pinning and Dimensionality

The analysis discussed above indicates that the CDW state in NbxTa].xS2 can be treated as a
two-dimensional system. Because dimensionality plays an essential role in determining the physical
properties of materials (e.g., the physics of critical phenomena), we examine further the
consequences of the dimensionality of a system below.

The CDW pinning theory developed earlier shows that different effects should arise from
pinning in systems of different dimensionality. First, domain formation should occur for a weakly
pinned CDW for d < 4 [84,85,89]. This prediction for domain formation does not, however, lead to
a distinguishable criteria in our system. Secondly, the impurity concentration dependence for
pinning also varies significantly for systems of different dimensionality. This variation is readily
apparent upon examination of the parameter € in equation 9. For a 1D CDW chain, € ~ pgVo/nx
x n;"l. Hence, in a one-dimensional system, the pinning should be strong if the impurities are dilute
and pinning should be weak if the impurities are dense. In 2D, however, € = pgVo/x. This indicates
that the pinning strength (weak or strong) should be independent of impurity concentration. Qur
studies are consistent with this prediction since the results for the NbyTa xSy materials indicate that
pinning is weak for 0 <x <0.1.
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As indicated above, melting in 2D also differs fundamentally from melting in 3D. The solid to
liquid phase transition in a 3D solid is an abrupt first order phase transition with discontinuities in the
thermodynamic parameters. However, 2D melting is characterized by two continuous phase
transitions that are mediated by topological defects. The first transition is from a crystalline solid to
a hexatic phase and is caused by paired dislocations unbinding into isolated dislocations. The second
transition is from the hexatic phase to a liquid phase and is caused by dislocation unbinding into
isolated disclinations. Our investigations of the Nb-doped materials bear a strong resemblance to the
theoretical predictions for 2D melting, and do not exhibit an abrupt phase transition based on our
analysis of the structural order. However, these systems are clearly not ideal 2D systems and it is
expected there is at least small 3D couplings (i.e., between layers). The effect of interlayer coupling
has been considered theoretically by McMillan [87]. He argued that weak coupling of the CDW
phase between layers will provide 3D stiffiiess to the CDW, and hence, it should not undergo a 2D
melting transition. To clarify this issue, it will be necessary to assess experimentally the strength of
the interlayer interactions and the 3D stiffness of the CDW. In the future these parameters could be
probed by determining thermodynamic quantities (e.g., heat capacity) and the structure as a function
of temperature.

A central result presented above is the direct elucidation of the structural manifestations of
quenched impurity pinning. We have identified three different phases of the pinned IC CDW lattice,
these are: (1) crystalline solid; (2) hexatic glass; and a (3) liquid-like state. It is interesting to ask
whether there are observable consequences of these novel structural phases. Indeed, we find that
these structurally distinct CDW states can be mapped to distinct macroscopic transport behavior.
Resistivity data from the pure material exhibit a sharp first-order phase transition. However, in the
hexatic glass regime (x(Nb) = 0.02 and 0.04) resistance versus temperature plots show a broadened
phase transitions. Finally, in the liquid-like state (x(Nb)  0.07) no distinct transition is observed in
the resistivity data. Thus, the three structurally distinct CDW phases may correspond to true
thermodynamic phases. Other physical measurements, such as heat capacity and magnetic
susceptibility, should also be carried out to confirm this suggestion.

5. New Directions: CDWs In Nanocrystals

It is widely recognized that Fermi surface nesting plays a vital role in CDW formation
[56,75,77,86-88,107-112]. The Fermi surface of a nanocrystal can be modified by varying the size
and shape of the crystal, and furthermore, for sufficiently small sizes the very concept of a Fermi
surface will be ill-defined. As mentioned above, STM is an exciting tool for research on single
nanoscale structures since it can in principle both create and probe the properties of very small
structures. For example, STM has been used to manipulate individual atoms and molecules into
structures [27,29,113-115], to probe quantum behavior in nanostructures 27,117], and to
lithographically pattern surfaces [117-125].
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Recently, we discovered a new approach to fabricate well defined nanocrystals on the surface of
layered transition metal dichalcogenide [126]. We can create T phase TaSey nanocrystals in the
surface layer of 2H-TaSep crystals by STM tip induced local solid-solid phase transition.
Furthermore, it is possible to control the size of the T-phase TaSer nanocrystals by varying the
applied bias voltage during the tip-induced modification as shown in Figure 18. The three T-phase
nanocrystals in these images have dimensions of 70, 35 and 7 nm. The two large nanocrystals
(Figure 18a, b) exhibit relatively uniform commensurate CDW states. The CDW superlattice in both
nanocrystals also show different domains that likely result from pinning to atomic lattice defects or
the T/H-phase interface. In the smallest nanocrystal (Figure 18¢), both the intensity and wavelength
of the CDW are distorted relative to the uniform state observed in single crystals or the large
nanocrystals. The CDW amplitude is larger at the center of the triangular nanocrystal, and
furthermore, the wavelength appears to decrease from 12.5 A at the center to 10.0 A at the edge.
We believe these results demonstrate that it is indeed possible to probe effects of size on the
properties of a CDW state, although future systematic investigation will be needed to define the
CDW physics in this new size regime.

6. Concluding Remarks

In this chapter, we have reviewed some of the recent advances in elucidating charge density
wave structural and electronic properties in low dimensional metal chalcogenide compounds by
scanning tunneling microscopy. Probing and understanding charge density waves in both pure and
doped materials has been presented. In the one-dimensional pure NbSe3 system, STM research has
shown that all three atomic chains in this material are involved in forming the CDW phases at low
temperature. In the two-dimensional 1T-TaSy compound, our STM studies have unambiguously
identified the structure of the nearly-commensurate CDW state and thus resolved a long-standing
problem. We have also shown how STM can be used to elucidate systematically CDW pinning and
disorder with studies of NbxTa]xS» solids. Analyses of STM images demonstrate that Nb
impurities introduce topological defects into the CDW lattice. Quantitative analysis of the
density of dislocations and comparisons of this data with theoretical scaling arguments
demonstrates that the pinning of the CDW by Nb impurities is in the weak-pinning regime.
In addition, we have shown how pinning affects the translational and orientational order of
the 2D CDW lattice. Calculations of the translational and orientational correlation
functions suggest that the CDW lattice evolves continuously from a crystalline solid, x(Nb)
=0, to a hexatic glass, 0 < x(Nb) < 0.04, and finally to an amorphous state, x(Nb) = 0.07.
Finally, we have shown that the structural evolution of the CDW lattice with increasing
impurity concentration has many analogous features to equilibrium melting in 2D, although
there are differences that likely arise from the quenched disorder and pinning in
NbyTa).xS2. We believe that M T'a|.xS; materials will be ideal systems for future studies since
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Fig. 18 STM images of T-phase nanocrystals that were created using different applied voltage. The T-phase

nanocrystals in these images are all located near the center of the image frame. The nanocrystals in

(a), (b) and (c) were made using voltages of -1400 mV, -1300 mV and -1200 mV respectively. The

scale bar in (a), (b) and (c) are 10, 10 and 1 nm, respectively. Reproduced from Ref. 127.

the impurity concentration and potential can be varied systematically, and since the CDW-lattice
coupling can be changed through variations in the temperature. Hence, experimental and theoretical
investigations of this system will lead to a much deeper understanding of pinning and non-
equilibrium disorder in 2D systems. In a more general sense, it is clear from this work that STM can
provide key insight into understanding the microscopic properties of other complex low-dimensional
solids [4]. Future investigations of such materials will undoubtedly lead to significant advances in

our understanding of materials.
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