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Our understanding of the electronic and vibronic properties of carbon nano-11

materials is largely based on the results obtained by optical techniques. Raman12

and photoluminescence spectroscopy, in particular, have played a vital role13

for the structural identification and characterization of graphitic materials.14

Tip-enhanced near-field probing takes these optical techniques to the nanome-15

ter length scale by providing highly resolved spectroscopic images. In this16

chapter, we first outline the physical principles of the field and the resulting17

signal enhancement generated by sharp metal tips and discuss the symmetry18

aspects for Raman scattering. The strongly confined optical fields involved19

in tip enhancement are seen to influence light–matter interactions, for exam-20

ple, with respect to selection rules, decay rates and the spatial coherence of21

emitted radiation. Tip enhancement thus does not just give images with high22

spatial resolution, but also provides access to sample properties inaccessible23

with conventional techniques. We then review representative applications of24

tip-enhanced near-field optical spectroscopy and microscopy to 1D single-wall25

carbon nanotubes (SWCNTs) and linear carbon chains, and 2D graphene,26

which illustrate the enormous potential of the technique.27
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The need to study and characterize nanostructures at the molecular or atomic24

level generated a large interest in the fields of near-field optical microscopy25

and local optical signal enhancement. Optical spectroscopy has always been26

a powerful technique for materials characterization, but when nanostructures27

come into play, low signal intensities due to the tiny sample volumes and the28

diffraction of propagating light limits optical technique significantly. The use of29

a nanometer-sized optical antenna overcomes these limitations providing the30

basis for tip-enhanced near-field optical microscopy and spectroscopy.31

Carbon nanostructures, including 3D graphite, 2D graphene, 1D carbon32

nanotubes (CNTs), nanofibers and linear carbon chains have been used as pro-33

totypes for the development of nano-optics (e.g., Refs. 1 and 2, see also Fig. 1).34

To illustrate the great importance of near-field optics for the characterization35

of these materials, we briefly summarize its historical evolution, present sev-36

eral key studies and give an overview over more recent achievements. With her37

scientific work and invaluable contributions, Professor Mildred S. Dresselhaus
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Fig. 1. Sketch of an CNT in the enhanced optical near-field of a sharp metal tip
together with a series of simultaneously recorded scan images showing the topography,
Raman scattering and photoluminescence signal of the CNT. Adapted from Ref. 45.

provided the basis for the development of the field, which she closely followed1

and stimulated from the very beginning.2

The work of Prof. Dresselhaus on graphene-related materials started in3

the 1960s. She pioneered the magneto-optic measurements used to estab-4

lish the proper identification of electron and hole states in the graphite5

Brillouin zone.3–5 Later, in the 1970s, she provided the foundations for6

the development of graphite intercalated compounds (GICs).6–12 The use of7

Raman spectroscopy to characterize stage levels in GICs significantly impacted8

a field that is today the basis of lithium-ion batteries, and triggered the9

study of truly 2D materials. In the 1980s, Prof. Dresselhaus and collabo-10

rators studied highly oriented pyrolytic graphite (HOPG) subjected to ion11

implantation,13–15 placing the foundations for the use of Raman spectroscopy12

to analyze amorphization of graphene-related materials. These studies were13

essential for the field in a very broad sense, including quality assessment of14

graphite fibers,16–20 graphene growth and the characterization of amorphous15

carbon.21,22
16

Raman spectroscopy became increasingly important for the investigation of17

graphitic materials and significantly impacted the field of nanocarbon, start-18

ing in the 1990s, when fullerenes were discovered.23–28 Fullerenes inspired19
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the discovery of one of the most intensively studied carbon materials, CNTs.1

Mildred’s work on the Raman spectroscopy of CNTs already started in the2

early 1990s and gained enormous impact in the new millennium,29–43 dis-3

playing the richness of nanotube photophysics. A key finding of this work4

was the close link between the nanotube’s particular structure, specified by5

its chiral indices (n, m), and strong, characteristic electronic resonances.30,31
6

Subsequently, these resonances were shown to be sufficient to allow for single-7

nanotube Raman spectroscopy,34 an observation that provided the basis for8

a huge number of Raman spectroscopic studies, addressing increasingly com-9

plex questions, for instance, concerning the chirality-specific electron–phonon10

coupling and higher-order resonance phenomena. In 2004, Mildred and11

collaborators also reported the Raman spectroscopic investigation of single12

graphene-nanoribbons grown on graphite.44
13

Besides her invaluable scientific contributions, which provided the ground-14

work for the development of a number of research fields, Millie Dresselhaus15

always recognized and emphasized the role and impact of science on society.16

Once being asked what was special about Raman scattering and awaiting a17

technical explanation, she replied that the Raman effect was special for show-18

ing the egalitarian aspect of science. She explained that, in that time, there were19

so many powerful rich nations in science, and the effect was found in India, a20

country with, at that time, far less scientific infrastructure and human resources.21

Above all, Millie inspired us with her openness and her warm personality. She22

had an amazing talent to detect and bring out the best in people. Her main23

working tool was a magical, astonishing, and indestructible smile. She cared24

for the person she talked to. Despite her many projects and commitments, she25

always took her time to listen, discuss, and simply be there for the moment.26

1. Introduction27

The optical investigation of single carbon nanotubes (CNTs), graphene sheets28

and graphene-nanoribbons could only be achieved by advanced sample prepa-29

ration procedures that allowed to control and reduce the density of the nanoob-30

jects such that they can be probed individually using focused light. In addition,31

the detection of single units of these materials relies on the strong electronic res-32

onance effects in graphene-related systems mentioned above. What was lacking33

in the field was the capability of going beyond the diffraction limit and with this34

the possibility to study the internal properties of such nanomaterials on their35

characteristic, i.e., nanometer length scale. Here, starts the research field of tip-36

enhanced near-field optical spectroscopy and imaging of carbon nanomaterials.37
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In tip-enhanced near-field optical spectroscopy and microscopy, a sharp1

metal tip acts as an optical antenna by efficiently converting free propagating2

radiation into localized energy and vice versa.46–49 This localized energy can be3

used to optically excite a receiving object in the near-field of the antenna’s feed4

point leading to enhanced absorption of light. Conversely, energy released by5

a transmitting object can be radiated more efficiently. The analogy to radio6

frequency and microwave antennas stimulated the adoption of their well-7

developed concepts and of the corresponding formalism and terminology.8

The use of laser-illuminated metal tips for near-field imaging was suggested9

by Wessel in 1985.50 In general, three different approaches can be distin-10

guished: (1) scattering type microscopy51–53 in which the sample response is11

detected in the far-field at the frequency of the incident light; (2) tip-enhanced12

nonlinear optical frequency generation and mixing such as second-harmonic13

generation (SHG) and four-wave mixing (FWM);54–58 and (3) tip-enhanced14

microscopy that utilizes the locally enhanced fields to increase the inelastic15

spectroscopic response of the system.58–63 Local signal enhancement serves to16

achieve high spatial resolution but also increases the detection sensitivity enor-17

mously. The technique is therefore applicable to weak emitters with low quan-18

tum yield and intrinsically weak signals such as Raman scattering. Moreover,19

the versatility of the technique allows for studies of a variety of spectroscopic20

signals, including local time-resolved fluorescence or Raman spectra. In this21

review, we focus on the third approach and refer the interested reader to the22

references listed for the other two approaches.23

The next two sections of this article contain a brief theoretical descrip-24

tion, the first of field enhancement at a metal tip and how these fields modify25

the optical signals, the second of selection rules in tip-enhanced Raman spec-26

troscopy (TERS) based on symmetry aspects. Then we review applications of27

tip-enhanced near-field optical microscopy to carbon nanomaterials, including28

1D single-wall carbon nanotubes (SWCNTs) and linear carbon chains, and 2D29

graphene.30

2. Signal Enhancement by Metal Tips31

Irradiating a sharply pointed metal tip by laser radiation polarized along the32

tip axis generates a locally enhanced field at the tip apex.65 This scenario is33

illustrated in the calculation shown in Fig. 2. The enhanced field can be used34

as a secondary light source to interact with a sample placed in close prox-35

imity. The tip can be viewed as an optical antenna that receives incoming36

radiation and concentrates it on a receiver (the sample). A near-field image37

is recorded by raster scanning the tip relative to the sample (or vice versa)38
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Fig. 2. Intensity distribution near a gold tip irradiated from the left by a plane wave
polarized along the tip axis. Adapted from Ref. 64.

while continuously detecting the emitted field Eem(x , y). The spatial resolu-1

tion in near-field imaging is no longer limited by the wave nature of light2

but by the confinement of the near-field interaction. Resolutions of ∼10 nm3

have been demonstrated in various experiments for nanomaterials on dielectric4

substrates.5

2.1. The near-field interaction6

A near-field measurement renders the field Eem generated by the currents (pri-7

mary or secondary) that define the tip-sample system. This combined system8

can be represented in terms of a single Green’s function G = GT +GS, where9

GT and GS are the Green’s functions of tip and sample, respectively. The prob-10

lem, however, is that GS is defined in the presence of the tip and does not reflect11

the properties of the sample alone. To understand the mutual interaction of12

tip and sample, it is instructive to write the near-field interaction in terms of a13

perturbation series, similar to a Born series in standard scattering problems. As14

illustrated in Fig. 3, the field Eem can then be written as66,67
15

Eem = ES + ET + EST + ETS + ESTS + ETST + · · · . (1)

Here, ES and ET are the fields emitted (or scattered) from the sample and tip,16

respectively. The next term, EST is the field emitted by the sample and then17
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Fig. 3. Tip-enhanced near-field microscopy represented by discrete interaction orders
between tip (T ) and sample (S). The emitted field can be written as a series
Eem = ES + ET + EST + ETS + ESTS + ETST + · · · .

scattered by the tip. The reverse happens for ETS. Additional interaction orders1

are added to every higher term in the series. Near-field microscopy capital-2

izes on prior knowledge about the tip and sample, which makes it possible to3

greatly suppress the majority of terms in the series (1). For example, the term4

ES corresponds to conventional microscopy (absence of probe). Photon scan-5

ning tunneling microscopy (PSTM) concentrates on the term ETS, whereas6

illumination-mode aperture-type microscopy is dominated by the EST term.7

The individual interaction steps can involve different frequencies. For exam-8

ple, TERS involves the ETST term, but the input and output frequencies are9

different. Depending on the signal to be measured (Rayleigh scattering, fluo-10

rescence, Raman scattering, nonlinear response, etc.) one has to consider the11

coherent or incoherent sum of interaction orders (a detailed discussion on the12

coherent properties of the scattered field is presented in Section 5.2).13

It is convenient to divide the different interaction schemes into two14

subgroups. The “strong probe” group comprises the terms EST... whereas15

the “weak probe” group includes the terms ETS.... As the name implies,16

in the strong probe regime, incident radiation interacts more strongly with17

the probe than with the sample, and the opposite is the case for the weak18

probe regime. This classification scheme is qualitative, but it strongly helps in19
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the interpretation of experimental near-field data. An added challenge is the1

fact that the tip-sample interaction is strongly distance-dependent and that2

it is difficult to separate distance variations from changes of material prop-3

erties. Distance variations as produced, for example, by the feedback loop4

that keeps the average tip-sample separation constant, can lead to imaging5

artifacts.6

In principle, the enhanced field E at the tip apex can be described rigorously.7

For example, using the volume integral67 the field can be represented as8

E(r′, ω) = E0(r′)+ ω2

c2

∫
d3r ′′

↔
G(r′, r′′)

[
ε(r′′)−1

]
E(r′′) , (2)

which is a superposition of incident laser field E0 and the localized field gener-9

ated by the tip acting as an optical antenna. ε(r′′, ω) is the spatial distribution of10

the dispersive dielectric constant and
↔
G is the Green’s function of the reference11

system.12

Close to the tip apex, the field resembles the field of an induced dipole and13

Eq. (2) can be approximated as56
14

E(r′, ω) ≈ E0(r′, ω)+ ω2

ε0c2

↔
G

o
(r′, r; ω)

↔
α tip(ω) E0(r, ω)

≈ ω2

ε0c2

↔
G

o
(r′, r; ω)

↔
α tip(ω) E0(r, ω). (3)

Here,
↔
G

o
is the Green’s function in the absence of a tip and

↔
α tip is the tip’s15

polarizability. In the second line of Eq. (3), we rejected the incident laser field16

E0 because the local field due to the metal tip is generally much stronger.17

Choosing a coordinate system in which the z axis coincides with the tip axis,18

↔
α tip can be represented as67

19

↔
α tip = 4πε0 r3

tip

⎡
⎢⎣
(ε−1)/(ε+2) 0 0

0 (ε−1)/(ε+2) 0

0 0 fe/2

⎤
⎥⎦. (4)

Here, rtip is the tip radius and fe is the complex field enhancement factor,20

which depends on the tip material and geometry. The transverse polarizability21

components correspond to the quasistatic polarizability of a small sphere of22

dielectric constant ε and radius rtip.23

The field E in Eq. (3) is the local excitation field that interacts with the24

sample and drives the Raman scattering process. However, depending on the25

nature of the sample, the field has to be scaled with depolarization factors or26
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local Fresnel transmission coefficients.68 Essentially, these terms account for the1

penetration of the local field into the material system of interest. For simplicity,2

we will ignore these contributions.3

The electric field E near the laser-irradiated tip is axially symmetric65 and4

interacts locally with the sample at frequency ω. The induced dipole p (per unit5

volume) at the Raman frequency ωs and at location r′ can be represented as6

p(r′, ωs ) = ↔αR
(r′, ωs ; ω) E(r′−r, ω) , (5)

where r denotes the position of the tip,
↔
α

R
is the Raman polarizability, and7

Etot is the total electric field interacting with the electron density at r′ in the8

sample.9

The matrix elements of the Raman polarizabilty tensor
↔
α

R
are defined as10

αR
n,m(ωs ; ω) =

∑
i=x ,y ,z

∂αn,m(ω)
∂qi

qi , (6)

where α is the polarizability at frequency ω, and q = (qx , qy , qz) is the11

lattice displacement vector associated with a particular vibrational mode of12

frequency ω ± ωs .13

The scattered field with shifted frequency ωs at the location of the detector14

r0 is calculated as15

E(r0, ωs ) = ω2
s

ε0c2

∫ +∞
−∞

d3r ′
↔
G(r0, r′; ωs ) p(r′, ωs ). (7)

Alternatively, as already done in (3), we can treat the metal tip as a dipolar16

entity and obtain for the Raman scattered field17

E(r0, ωs )∝
∫ +∞
−∞

d3r ′
↔
α tip(ωs )

↔
G

o
(r0, r′; ωs ) p(r′, ωs ) . (8)

This equation requires the substitution of the Raman polarization p(ωs ), which18

is defined by Eqs. (5)–(4). We now have all the ingredients to calculate the19

Raman field associated with a vibrational mode of frequency ω ± ωs enhanced20

by a metal tip with center of tip apex at r and irradiated by a laser field E0(ω).21

In what follows, we need to consider the coherence properties of the Raman22

dipoles p(r′, ωs ). It can be expected that the dipoles add coherently on length23

scales smaller than the phonon coherence length (�c). On the other hand, for24

length-scales larger than �c, there is no phase-correlation between the dipoles25

and hence the partial fields at the detector add incoherently. In most cases,26

�c < rtip, and hence, we can assume that the Raman responses from different27
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locations in space add incoherently (a most detailed review on the coherence1

properties of the scattered field will be provided in Section 5). Thus, the Raman2

intensity at the location of the detector becomes3

I R(ro, ωs ) ∝
∫ +∞
−∞

d3r ′
∣∣∣∣↔α tip(ωs )

↔
G

o
(r, r′; ωs ) p(r′, ωs )

∣∣∣∣
2

. (9)

This equation requires the substitution of the Raman dipole moment p defined4

by Eqs. (5)–(4). The Raman dipole in turn depends on the enhanced field; see5

Eq. (3). Assuming that the polarizability of the metal tip is much stronger along6

its axis, i.e., fe 	 (ε−1)/(ε+2), a necessary condition for TERS we find that7

(9) scales as we find8

I R(ro, ωs ) ∝ |fe(ω) fe(ωs )|2, (10)

that is, with the fourth power of the field enhancement factor.9

The classical description developed above has been shown to describe typi-10

cal TERS experiments on dielectric substrates very well. It also forms the basis11

for the fourth-order power dependence f 4 of the electromagnetic enhance-12

ment well-known for surface-enhanced Raman scattering (SERS). For very13

short length scales, details of the atomistic structure of the tip, sample, and14

substrate as well as electronic quantum phenomena will become important15

(see, e.g., Refs. 69–71). Moreover, optomechanical coupling between strongly16

interacting Raman scatterers and highly confined plasmon modes can give rise17

to additional, nonlinear signal enhancement.72–74
18

Tip-enhancement of photoluminescence (PL) can be divided into locally19

enhanced excitation fields leading to stronger absorption and increased spon-20

taneous emission. In contrast to Raman scattering, non-radiative relaxation of21

the absorber needs to be considered, which is described by the PL quantum22

yield η = γrad/(γrad + γnon-rad). Here, γrad and γnon-rad denote the radiative and23

nonradiative decay rates, respectively. In a classical description, the absorption24

enhancement can be calculated using the electric field in Eq. (3) and can be25

expressed in terms of the excitation rate in the presence and absence of the tip26

denoted by γexc and γ0
exc, respectively. Assuming a dipole-like absorber oriented27

along np the relative excitation rate enhancement can be expressed in terms of28

the local fields E and E0 with and without antenna as29

γexc/γ
0
exc =

∣∣np · E
∣∣2 / ∣∣np · E0

∣∣2 . (11)

Neglecting their vectorial character or assuming the same direction of enhanced30

and non-enhanced fields, the absorption enhancement can then be expressed31

by the local field enhancement factor f = E/E0 as γexc/γ
0
exc = f 2.32
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Absorption and emission at the same optical frequency can be connected1

following the reciprocity theorem. For a dipolar absorber/emitter, reciprocity2

leads to a relationship between its excitation rate γexc and its spontaneous3

emission rate γrad
46,47

4

γexc,θ(θ, φ)
γ0exc, θ, φ(θ, φ)

= γrad

γ0
rad

Dθ,φ(θ, φ)
D0

θ,φ(θ, φ)
. (12)

Here, the subscripts “θ, φ” indicate the polarization state of the incident plane5

wave used to excite the system and Dθ,φ(θ, φ) the corresponding partial direc-6

tivities. Neglecting again the vectorial character or assuming the same direc-7

tion of enhanced and non-enhanced fields, the spontaneous emission rate8

enhancement can also be expressed by the local field enhancement factor9

f = E/E0 as �rad/�0
rad = f 2.10

In addition to Raman scattering and PL, metal tips have also been used for11

the near-field enhancement of photocurrents and electroluminescence in the12

case of nanocarbons. Tip enhancement of photocurrents and electrolumines-13

cence can be attributed to the locally enhanced excitation and emission rates14

discussed above, respectively.15

2.2. Symmetry aspects for TERS16

The description of TERS as a higher-order Raman process75 provides a natural17

way to establish its selection rules using group theory.76 The TERS process18

is described by a series of possible interaction processes between sample and19

plasmonic structure,67,75 like in Fig. 3, the most fundamental processes depicted20

as Feynman diagrams in Fig. 4.21

The first diagram S is the usual Raman scattering Stokes process, where S22

stands for “sample”, and light interacts only with the sample itself. This process23

does not make use of the plasmonic enhancement and its selection rules are well24

established.77,78 In the ST and TS processes the interaction of the incoming and25

outgoing light, respectively, are mediated by the plasmonic tip (T) structure,26

and the plasmon is responsible for exciting or de-exciting the sample. In the27

TST process, both incoming and outgoing light interactions are mediated by28

the plasmon. The following selection rules for the processes in Fig. 4 have been29

established76:30

S : (�vec ⊗ �vec) ⊂ �pn, (13a)

ST, TS : (�vec ⊗ �Hpl−el ⊗ �vec) ⊂ �pn, (13b)

TST : (�vec ⊗ �Hpl−el ⊗ �Hpl−el ⊗ �vec) ⊂ �pn, (13c)
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Fig. 4. Feynman diagrams for the TERS effect as a higher-order scattering event.76

Dashed line indicates a photon, single-solid line a plasmon, double-solid line an
electron–hole pair and wavy-solid line a phonon. �, white, gray and black � indi-
cate photon-plasmon (pt–pl), photon–electron (pt–el), plasmon–electron (pl–el) and
electron–phonon (el–pn) interactions, respectively. S is the usual Raman scattering
Stokes process, where light interacts only with the sample. ST and TS are processes
where the interaction of the incoming and outgoing light, respectively, is mediated by
the plasmonic structure. The order of T or S follows the operator logic, i.e., events hap-
pen from the right to the left.67 TST is a process where both incoming and outgoing
light interactions are mediated by the plasmon.

where �vec, �Hpl−el and �pn are the symmetries for vectors, the plasmon-electron1

interaction Hamiltonian Hpl−el and the phonon, respectively.2

In the approximation of incoherent TERS, scattering intensities from differ-3

ent areas will add up without interferences. The symmetry �Hpl−el = �vec when4

restricting to the dipole approximation. However, spatially coherent scattering5

appears to be dominant for extended, crystalline samples, such as graphene,6

because the dimension of the plasmonic near field is often comparable or even7

smaller than the phonon coherence length.79,80 Under these conditions the8

symmetry properties of the plasmonic eigenmodes excited during the TERS9

process, which will define the symmetry of the perturbation �Hpl−el = �pl, has10

to be examined.11

Table 1 lists the irreducible representations for which TERS resonances12

are possible (TERS-active processes) considering the C∞v point group sym-13

metry (see Fig. 5). Particularly interesting are crossed configurations of the14

incoming and scattered light [.(x , y).; .(y , z).; .(x , z). etc.]. Depending on the15

exact TERS process, they will selectively enhance different representations.16

TST processes in crossed configurations require the resonance with two17

plasmon modes of different symmetry for incident and scattered lights. If18

the energetic separation between the plasmon eigenmodes differs strongly19

from the phonon energy of the sample, the resulting TERS resonances20

will remain weak. Under these conditions, ST and TS processes may be21
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Table 1. Raman configurations in Porto notation and the TERS-active
irreducible representations, considering spatially coherent processes.

Geommetry Active plasmons TST ST TS
C∞v (+(A1), �(E1)) (A1, E2, E4) (A1, E1, E2, E3)

.(x , x). � +, �, � �, � �, �
E1 A1, E2, E4 E1, E3 E1, E3

.(z, z). + + + +
A1 A1 A1 A1

.(x , z). +, � +, � � +, �
A1, E1 A1, E2 E1 A1, E2

.(z, x). +, � +, � +, � �

A1, E1 A1, E2 A1, E2 E1

Notes : The Porto notation lists the direction of the incoming ki (scattered ks )
wavevector and the incoming ei (scattered es ) polarization as ks (es , ei)ki . The
dots in .(ξ, ξ). represent any wavevector that is compatible with ξ polarization.
x and y are interchangegable and not listed separately.76

σv

Cϕ
z

Fig. 5. Schematics of the semi-infinite group C∞v , representative of a TERS tip
structure.76 The symmetry elements are the identity E , a C2 axis along the z-direction,
a mirror plane σv and an infinite possibilities of rotations Cϕ. Some of these symmetries
are shown.

of comparable or even larger intensity than TST contributions to a TERS1

spectrum.2

Typically, molecules and nanostructures studied by TERS belong to a dif-3

ferent point group than the plasmonic system. To derive the TERS selection4

rules for the TERS-active phonons belonging to the Raman probe, the com-5

bined system of plasmonic nanostructure and sample has to be considered. This6

aspect will be considered further in Section 5.7
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3. Single-Wall Carbon Nanotubes1

Since their discovery by Iijima in 1992, SWCNTs have aroused great interest2

in the research community because of their exotic electronic structure as well3

as a series of other intriguing properties such as their remarkable electronic4

transport and mechanical characteristics (see, e.g., Ref. 81). An ideal nanotube5

can be considered as a hexagonal network of carbon atoms that has been rolled6

up to make a seamless hollow cylinder. These hollow cylinders can be tens of7

microns long, but with diameters as small as 0.7 nm. The unique electronic8

properties of SWCNTs arise from this particular quasi-1D structure that gives9

rise to van Hove singularities in the density of electronic states and which10

also results in very strong electron–electron correlation. The optical transitions11

of semiconducting nanotubes therefore arise from excitons, strongly bound12

electron–hole pairs. Because SWCNTs are photochemically stable and render13

clear topographic signatures that can be used for their precise non-optical local-14

ization they are particularly well suited for tip-enhanced experiments.15

SWCNTs have been studied extensively using tip-enhanced near-field opti-16

cal microscopy and spectroscopy. At the same time, they have been used as17

model systems for a variety of tip-enhanced techniques, including TERS,62,82
18

coherent anti-Stokes Raman scattering (CARS),83 photoluminesence84 as well19

as photo-current and electroluminescence..85,86 In this section, we provide20

a review of this work and highlight several examples to illustrate the wealth21

of information that can be gained by applying tip-enhanced near-field optical22

microscopy and spectroscopy to CNTs.23

3.1. TERS on SWCNTs24

SWCNTs feature rich phonon and electron–phonon coupling physics, making25

Raman spectroscopy a very useful tool.81 The Raman spectrum of SWCNTs26

shows four dominant bands. At low energies between 80 and 330 cm−1, the27

diameter dependent radial breathing mode (RBM) can be detected, which can28

be used to determine the SWCNT’s structure (n, m). The D-band at around29

1300 cm−1 is activated by distortions in the nanotube’s structure and provides30

information on the defect density. The Raman G-band at around 1590 cm−1
31

occurs for all graphitic materials and originates from C–C stretching vibra-32

tions. Finally, around 2600 cm−1, the dispersive G′-band can be observed,33

which is also common for graphitic materials and which results from a higher-34

order resonance process. Raman detection of single or few CNTs typically35

relies on the resonant enhancement that result from resonances between elec-36

tronic transitions in the nanotube and the incident or the scattered photon or37
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both. Accordingly, Raman spectroscopy of SWCNTs not only provides impor-1

tant information on their vibrational properties but also on their electronic2

characteristics.3

TERS of SWCNTs was shown first in 2003.62,82,87 Since then it has been4

used extensively by several groups to gain detailed insight into the structural5

properties of SWCNTs on the nanoscale but also to benchmark and test tip-6

enhanced Raman microscope setups.88 TERS of SWCNTs on glass typically7

provides a spatial resolution around 10 nm, which is mainly determined by the8

diameter of the tip. The technique was used for introducing and probing local9

defects.89 Here it was found that D-band scattering only occurs in the vicinity10

of the defect on a length scale of about 2 nm. In another application of TERS11

the composition of nanotube bundles was resolved on the nanoscale.90
12

Polarization sensitive TERS of SWCNTs was studied in Refs. 91 and 9213

where it was shown to crucially depend on the details of the tip shape and14

symmetry. Pressure-assisted TERS was reported in several studies, where the15

local force applied by the tip was used to obtain few nanometer spatial reso-16

lution.93,94 Tip-enhanced Raman spectroscopy was shown to enable analytical17

imaging of locally induced strain distributions in CNTs.95
18

The role of spatial coherence in TERS was investigated both experimentally19

and theoretically.79,80 As in the case of graphene (Section 5), spatially coherent20

Raman scattering with coherent length in the range of few tens of nanometers21

is expected to lead to different tip-sample distance dependences as compared22

to fully incoherent scattering.23

Recently, tip-enhanced Raman microscopy based on scanning-tunneling24

microscopy (STM) has been applied to the study of individual carbon nan-25

otubes. Using gold tips and substrates at ambient conditions, Chen and26

coworkers achieved a spatial resolution down to 1.7 nm.97 Employing a low-27

temperature ultra-high vacuum (UHV) setup with silver tips and substrates, a28

spatial resolution of 0.7 nm was reached by Liao et al.96 Figure 6(a) presents29

the STM topograph together with the simultaneously acquired TERS maps30

of the G-band and D-band of a CNT. Detailed spectral mapping allowed31

them to investigate how strain and local environment affect the Raman32

G-band and as well to compare the inner side with the outer side of an indi-33

vidual CNT. The authors investigated the origin of the subnanometer resolu-34

tion by recording the tip-sample distance dependence of the signal intensity35

(Fig. 6(d)) and the dependence of the Raman G-band intensity on the inci-36

dent laser power (Fig. 6(e)). The latter showed a clearly nonlinear dependence,37

suggesting that the conventional model based on electromagnetic (EM) field38

enhancement is not sufficient to account for the observed spatial resolution and39

contrast.40
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Fig. 6. (a) Simultaneously acquired STM topograph and TERS mappings for the
G-band (1450–1650 cm−1) and D-band (1200–1450 cm−1) of a CNT, respectively.
The bright feature inside the rectangle marked in panel a is identified as amorphous
carbon cluster impurity. (b) Apparent height profile and TERS intensity profiles along
the arrow lines marked 1–3 in panel a, respectively. Taken from Ref. 96 with permission
from the American Chemical Society (ACS).

In Ref. 98, the effects of a single defect on electrons and phonons in1

SWCNTs was studied using tip-enhanced near-field probing. Combining mea-2

surements on nanotube ensembles and on single nanotubes, we capture the3

relation between atomic response and the readily accessible macroscopic behav-4

ior ensemble Raman spectroscopy. Electron–phonon coupling can be partic-5

ularly strong in sp2 carbon systems such that defects can cause a significant6

renormalization of electron and phonon energies. We indeed find that near a7

negatively charged defect, the electron velocity is markedly increased, which in8

turn influences lattice vibrations locally.9

3.2. Tip-enhanced photoluminescence on SWCNTs10

Semiconducting SWCNTs are direct band gap materials. The optical resonances11

are dominated by excitons, bound electron–hole pairs with Bohr radii around12

1–2 nm. The optical transition energies are mainly controlled by the nanotube13

structure (n, m) and scale approximately with the inverse of the nanotube diam-14

eter dt . The PL of nantoubes results from exciton recombination and occurs15

in the near-infrared region.16
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The first tip-enhanced near-field PL experiments on SWCNTs with a spa-1

tial resolution of less than 15 nm was reported in 2005.99 Here, the nan-2

otube PL intensity was found to be highly localized in some cases possibly3

because of the interaction with the environment. Because nanotubes con-4

sist of surface atoms only, the detected emission energy is very sensitive to5

the nanotube’s environment, making them promising candidates for sens-6

ing applications. At present, the influence of the environment is described7

by its relative dielectric constant ε influencing exciton binding energies but8

also renormalizing the band gap through charge carrier screening.100–103 As a9

result, the emission energy of nanotubes is modulated by the dielectric con-10

stant, which can be expected to be non-uniform along nanotubes, leading to11

nonuniform emission energies in single nanotubes measurements.104,105 Such12

variations in the emission energy on the length scale of 20 nm and the influ-13

ence of DNA-wrapping on the local optical response of SWCNTs have been14

observed.106
15

In Refs. 84 and 107, exciton propagation, localization and quenching in16

SWCNTs were investigated using tip-enhanced near-field optical microscopy.17

Figure 7 illustrates localized and strong PL for a nanotube. The simultaneously18

recorded topography (Fig. 7(b)) shows that the nanotube is about 450 nm19

long. However, PL is only emitted from three points in the left part of the20

SWCNT. The PL intensity and energy appear correlated in the sense that strong
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Fig. 7. Near-Field PL (a) and topography image (b) of a 450-nm long (9, 1) SWCNT.
Maps of the PL intensity (c) and energy (d) derived from a subsequent spectroscopic
image. Bright PL is apparently shifted to lower energy.
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PL occurs a lower PL energies whereas weaker PL tends to be blue-shifted. This1

can be explained by the localization of mobile excitons at local energy minima2

within the nanotube’s energy landscape. Based on the PL energy, the chirality of3

the SWCNT is assigned as (9, 1). Compared to the average PL energy of DNA-4

wrapped (9, 1)-SWCNTs on substrate of 1.332 eV, the localized PL observed5

in Fig. 7(d) with energies down to 1.310 eV is exceptionally red-shifted.15
6

This can account for the strong degree of localization in Fig. 7(a). The role7

of nanotube ends has been investigated.107 Mobile exciton were found to be8

quenched at the nanotube ends within distance of their diffusion length, i.e.,9

around 50 nm.10

Exciton energy transfer in pairs of SWCNTs of different chiralities within11

a thin bundle has also been studied.108 Here, tip-enhanced near-field PL12

microscopy allowed them to visualize distance dependent energy transfer13

between two nanotubes.14

3.3. Tip-enhanced photocurrent and electroluminescence15

of SWCNTs16

Photocurrent and electroluminescence spectroscopy provide insight into the17

optoelectronic properties of materials by probing correlated optical and trans-18

port phenomena. Following the discussion on the signal enhancement in19

Section 2, the photovoltaic response is expected to benefit only from exci-20

tation rate enhancement and should thus approximately scale with the square21

of the local field enhancement factor f 2. Compared to the optical schemes22

discussed above, this should lead to weaker enhancement and lower spatial23

resolution.24

Figure 8 illustrates how tip-enhanced photocurrent microscopy can be used25

to study the optoelectronic properties of a CNT device with nanoscale reso-26

lution. Simultaneous hyper-spectral Raman imaging probing different phonon27

modes provides complementary structural information.85
28

Tip-enhanced electroluminescence imaging and spectroscopy can be per-29

formed on the same device by applying a bias voltage.109 This technique makes30

it for the first time possible to determine a value for the spatial extension of the31

electroluminescence emission in SWCNTs with a spatial resolution of 40 nm.32

With this it was shown that the electroluminescence emission can be pinned to33

a pointlike region occurring at a nanotube crossing but can also extend over34

more than 100 nm. By correlating the photocurrent and the electrolumines-35

cence image acquired for the CNTs it was shown, that the bright electrolumi-36

nescence is due to impact excitation of excitions which occurs most efficiently37

at positions of strong in-built electric fields.38
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4. Linear Carbon Chains1

Linear carbon chains are the newest member in the family of low-dimensional2

carbon nanostructures investigated by TERS. With the first TERS study on3

linear carbon chains appearing in 2015, it seems appropriate to begin this4

section with a brief introduction to carbyne, an infinite linear chain of car-5

bon atoms, including its fundamental properties and Raman characteristics.110
6

We will then discuss the importance of TERS in resolving open questions in7

carbyne research, review recent TERS measurements on linear carbon chains,8

and discuss future directions.9

4.1. Introduction10

Forming the truly 1D allotrope of carbon, carbyne is an infinitely long linear11

carbon chain with sp1 hybridization. Its anticipated stiffness, strength, and elas-12

tic modulus exceeds that of any other known material.111 Carbyne is either a13

culmulene with double bonds or a polyyne with alternating single- and triple14

bonds, c.f. Fig. 9(a), which arises from a Peierls distortion.112 The latter leads to15

a bond-length alteration (BLA), which determines the electronic and vibronic16

properties of the chain, i.e., by giving rise to the opening of a direct band gap.17
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Fig. 9. (a) Atomic structure of polyynic carbyne with alternating single- and triple
bonds. Arrows indicate the displacement of the carbon atoms for the only Raman-
active vibration of carbyne. (b) A linear carbon chain encapsulated in the hollow space
inside a DWCNT. (c) Bulk Raman spectra of carbon chains encapsulated in multi-wall
CNTs for four different excitation wavelengths. Panels (a) and (c) are adapted from
Refs. 126 and 122, respectively.
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Only in the polyyne form, carbyne shows a Raman response, which con-1

sist of one singular Raman mode. This Raman active vibration arises from a2

longitudinal-optical phonon mode close to the � point. It is characterized by3

an in-phase stretching of the chain’s triple bonds called R-mode in Zerbi’s4

effective conjugation coordinate theory.113 Finite carbon chains are expected5

to have the intrinsic properties of carbyne if they are comprised of more than6

100 atoms.114,115 For shorter chains, the chain length modifies the bond-length7

alteration. This affects both the R-mode frequency and the band gap. The8

Raman shift of the R-mode can hence be utilized to determine the band gap9

of the carbon chain.10

Due to their unsaturated bonds, linear carbon chains are unstable and11

highly reactive under ambient conditions. This has long hindered the explo-12

ration of carbyne experimentally with the longest chains available consisting13

of 44 atoms.116 These obstacles were overcome by synthesizing linear car-14

bon chains inside multi-wall CNTs starting in 2003.110,117–125 The empty15

space inside the core of the nanotube serves a nanoreactor that allows for the16

growth of long chains. The nanotube walls stabilize the chains by protecting17

them from chemical interaction with the environment. The chains reside at18

the center of the inner CNT, which we schematically depict for a DWCNT19

in Fig. 9(a).20

4.2. Linear carbon chains encapsulated in carbon nanotubes21

Raman spectra of bulk quantities of carbon chains encapsulated in multi-wall22

CNTs are shown in Fig. 9(c) for several excitation wavelengths.122 The Raman23

peaks associated with the encapsulated chains appear in the range between24

1790 and 1870 cm−1. Their peak positions vary strongly with the excitation25

energy and a general trend towards higher phonon frequencies with increas-26

ing excitation energy emerges. Recent Raman measurements on carbon chains27

encapsulated in DWCNTs using tunable laser sources showed that the bands28

are a superposition of multiple Raman peaks, with the intensity ratio between29

the peaks varying with excitation wavelength.125 Through resonance Raman30

profiles it was revealed that each Raman peak can be associated with a different31

band gap. This indicates that inside the nanotubes the carbon chains exist with32

different bond-length alterations, each of which resulting in a different Raman33

shift and band gap.34

The nature of this variation has not been convincingly revealed to date.35

Several studies suggest that the chains inside the nanotube are short and also36

have different lengths.122,127,128 As the length of the chain modifies the phonon37

frequency, this would explain the appearance of different Raman shifts in the38
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spectra in Fig. 9(c). The observation of several distinct phonon frequencies1

in the bulk Raman spectra, however, speaks against this interpretation, as it2

requires that the encapsulated chains only occur in certain lengths while other3

lengths are forbidden. No mechanism that could govern the growth of the4

carbon chains in such a way, i.e., with the chirality and diameter of the inner5

nanotube as a parameter, has been convincingly demonstrated. In addition,6

transmission electron microscopy (TEM) studies showed that carbon chains7

inside nanotubes can contain far more than 100 atoms, which would preclude8

length effects in the Raman spectra.117,123,129
9

Alternatively, the different Raman frequencies may also arise from the local10

environment inside a nanotube which strongly affects the encapsulated chains11

through interactions such as van der Waals forces, charge transfer or dielectric12

screening.130 These interactions vary with the chirality of the encasing nanotube13

and modify the bond-length alteration. Hence, they could explain the variety14

of phonon frequencies observed in the bulk Raman spectra.117 More recently15

it was suggested that a mixture of length effects and interactions between the16

carbon chains and its nanotube host give rise to the Raman features observed17

experimentally.110,123–125,129
18

It is important to note that the correlation between the properties of the19

encapsulated chain and the chirality of the host nanotube cannot be established20

through bulk measurements or even confocal Raman measurements, because21

it is impossible to verify that the measured Raman signal of the nanotube and22

the chain originate from the same pair. TERS, on the other hand, offers the23

key to understanding the intricate interaction between the carbon chain and24

its nanotube host. It provides the spatial resolution required to characterize25

individual pairs of encapsulated chain and nanotube, to measure the length of26

the chain, and to unravel the correlation between the chain’s properties and27

the nanotube’s chirality through their respective Raman signatures.28

4.3. TERS of linear carbon chains29

Regarding the interaction with the near-field at the tip apex, linear carbon30

chains should be treated as 1D systems akin to CNTs as discussed in Section 2.31

Even with out experimental data at hand, it is reasonable to assume that lin-32

ear carbon chains primarily absorb and emit light that is polarized along their33

axis.67,131 Note that this is generally the case for objects encapsulated inside car-34

bon nanotubes as the tube’s strong antenna effect effectively shields its interior35

from light polarized perpendicular to the tube’s axis.132–134
36

TERS images ( R-mode intensity) of two linear carbon chains encapsulated37

in DWCNTs are shown in Fig. 10(a). The same image is overlaid with an atomic38



September 12, 2018 20:6 Handbook of Carbon Nanomaterials — Vol. 9 – 9.75in x 6.5in b3211-v9-ch05 1st Reading page 23

Tip-Enhanced Spectroscopy and Imaging of Carbon Nanomaterials 23

(c)(a) (b)

100 nm 100 nm

Fig. 10. (a) TERS image of two individual linear carbon chains encapsulated inside
DWCNTs by signal filtering: 1796cm−1 (top) and 1800 cm−1 (bottom). (b) Overlay
of the near-field Raman signal of the linear carbon chains (colour) on the topographic
AFM image (greyscale). (c) Raman spectra of the top (green) and bottom (yellow)
linear carbon chain in (b) using 647.1 nm excitation. The inset shows the fitting of
the LLCC-bands by a single Lorentzian peak (black solid lines) in an extended range.
Adapted from Ref. 123.

force microscopy image in Fig. 10(b), which confirms the presence of the host1

nanotubes and verifies that the chain’s Raman signal arises from the same loca-2

tion as the nanotubes. Within the spatial resolution of the experiment (20 nm),3

the carbon chains depicted in Figs. 10(a) and 10(b) appear continuous. This4

allowed Shi et al. to extract chain lengths of 190 and 290 nm.123 The longest5

chain reported in their study reached a length of 860 nm, which corresponds6

to around 6000 atoms.7

The Raman spectra of the two linear carbon chains depicted in Figs. 10(a)8

and 10(b) are shown in Fig. 10(c). The inset shows Lorentzian fits to the9

R-mode and reveals frequencies of 1796 and 1800 cm−1, respectively. This10

confirms experimentally that a single, isolated linear carbon chain gives rise to11

only one Raman mode.12

The intensity of chain’s Raman modes is remarkably strong — considering13

that the G-modes of the nanotubes are barely visible — which confirms that the14

chains exhibit a strong resonance Raman effect.115,135 The magnitude of the15

chain’s Raman signal is masked in bulk measurements because the CNTs are16

only partially filled with carbon chains. Overall, the measurements presented17

in Fig. 10 show that TERS measurements on the single chain level are feasible,18

and benefit greatly from strong Raman response of linear carbon chains.19

The TERS study of Lapin et al. marks an important step forward in20

revealing the interactions between encapsulated linear carbon chains and the21

nanotube hosts.110 Figure 11(a) shows a TERS image (superimposed with22

topography) of several linear carbon chains of different lengths encapsulated in23

a single, isolated DWCNT. TERS spectra shown in Fig. 11(b) were acquired at24
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(a) (b)

Fig. 11. (a) TERS image of several linear carbon chains encapsulated inside a single
DWCNT superimposed with AFM topography. (b) TERS spectra acquired at the loca-
tions marked with the diamond, circle, and square in. The spectra are normalized to
the chain Raman mode at 1800 cm−1 in the bottom spectrum. All spectra contain the
D- and G-modes of the nanotubes. The RBM of the inner nanotube at 364 cm−1 and
that of the outer nanotube at 204 cm−1 appear in the spectra. Adapted from Ref. 110.

different locations marked with a diamond, circle, and square. For the first1

time, the RBM of both the inner and the outer CNT at the location of2

the chains could be observed. Through the RBM it is possible to determine3

the chirality of the corresponding nanotube, revealing both the diameter4

and the electronic properties of the nanotube. In combination with the length5

of the encapsulated chain and its Raman mode frequency, the complex interac-6

tion between the chain and the host nanotube can be investigated. So far, this7

has not been possible as only a single measurement by Lapin et al. has reported8

the RBM of the host nanotubes.9

4.4. Open questions, outlook and conclusions10

Many aspects of the interaction between linear carbon chains and their car-11

bon nanotube hosts are still open questions in both theory and experiment.12

Several theoretical calculations, for instance, predict the disappearance of the13

bond length alternation for carbon chains inserted in CNTs which would make14

the combined system metallic, while other works anticipate a semiconducting15

behavior.136–138
16

Linear carbon chains inside CNTs constitute the only known finite physical17

system where the chains are long enough to mimic the properties of carbyne.18

The fundamental band gap of carbyne, however, is subject to debate in the
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literature.122,125,129 The predicted values vary depending on the interpretation1

of the encapsulated chains’ Raman response as discussed in Section 4.2.2

Future TERS experiments should focus on the transition region between3

the empty parts of the nanotubes and the region with encapsulated carbon4

chains. The effect of charge transfer from the CNTs to the chains may then be5

observable, as the frequency and shape of the nanotube’s G-mode depends6

on the Fermi-level of the nanotubes.139 A difference between empty and7

filled parts of the nanotubes can be expected. Another interesting route are8

TERS experiments in combination with tip-based nanomanipulation to explore9

the mechanical properties of the encapsulated carbon chains, i.e., the effect10

of strain and bending. Such experiments have successfully been conducted11

for CNTs and should be applicable to the combined system of chain and12

CNT.140,141
13

In conclusion, TERS on isolated pairs of carbon chains and CNTs is14

and will remain the key experimental technique to advance our understand-15

ing of linear carbon chains in nanotubes, and — in a wider sense — our16

understanding of carbyne for two main reasons. First, it is clear that only17

TERS provides the spatial resolution necessary to verify that only one chain18

is measured. Secondly, alternative characterization techniques, such as PL19

spectroscopy, are not an option. PL from the chain is quenched by the20

encasing nanotube(s) whose lowest optical transition extend into the near21

infrared part of the spectrum, which is well below the band gap of the carbon22

chains..122,125,139
23

5. Graphene24

Graphene has been investigated by different types of near-field optical25

microscopy in numerous studies within the last years. TERS has been26

used by several groups to probe phonons and electron–phonon coupling in27

graphene.79,110,142–158 Near-field infrared microscopy has been demonstrated28

to be particularly well suited for the investigation of graphene plasmons159–163
29

while near-field Rayleigh scattering has been applied to study coherence30

effects.164,165
31

Graphene is a member of the D6h symmetry group, with six phonon32

modes belonging to the �pn = B2g ⊕ E2g ⊕ A2u ⊕ E1u irreducible represen-33

tations.166,167 The first-order Raman fingerprint belongs to E2g , which gives34

rise to the G-band (∼1584 cm−1) in the Raman spectra from graphene-related35

materials. Another band named G′ or 2D (∼2700 cm−1) is the second most36

relevant feature in the spectra of graphene-related materials, and it originates
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Table 2. TERS selection rules for a Raman probe with
D6h symmetry coupled to a TERS tip belonging to the
C∞v point group.

C∞v D6h via C6v(z)

+(A1) A1g, A2u
−(A2) non-TERS active A1u , A2g
�(E1) E1g , E1u
�(E2) E2g, E2u
�(E3) B1g , B1u , B2g, B2u
�(E4) E2g, E2u

Notes : The −(A2) is non-TERS-active, but we include it here
for completeness. Bold-face is used to highlight the irreducible
representations for phonons in the D6h symmetry system (�pn =
B2g ⊕ E2g ⊕A2u ⊕ E1u plus the second-order A1g ).76

from a two-phonon second-order Raman scattering process. The symmetry1

for higher-order scattering involving phonons out of the Brillouin zone cen-2

ter (q �= 0) is derived by analysing the representations of the phonon over-3

tone at the symmetry line/point where the phonons originate from, and then4

finding the induced representations for the entire symmetry group (at �).5

In general, the translational symmetry selects the allowed wavevectors to be6

q1 = q and q2 = −q for the two phonons involved, so that the second-7

order process obeys qtotal = q2 − q1 = 0. As for the non-translational sym-8

metries, specifically for the G′-band, the two phonons come from the in-plane9

transversal optical (iTO) branch around the K point, with the highest con-10

tribution coming from the � − K − M high symmetry lines, under the so-11

called “inner” and “outer” processes.168 At the K point, the little group is12

isomorph to D3h , and the induced representation at � (D6h) is A1g ⊕ B2u. For13

regular (non-TERS) Raman scattering, the B2u is not Raman active, and the14

hypothetical second-order scattering at this high symmetry point would hap-15

pen via the totally symmetric phonon eigenmode. When moving away from16

the K point within the � − K − M line-directions, the little group changes17

to the C2v point group, the overtone of the G′ branch (iTO like) belongs18

to the A1 totally symmetric representation, with induced representation at �19

given by A1g ⊕ E2g ⊕ B1u ⊕ E1u. In regular Raman scattering (non-TERS),20

the B1u and E1u irreducible representations are not Raman active, and the G′21

Raman band is composed by A1g and E2g -like phonons, with predominance22

of A1g .76,169
23
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5.1. Symmetry aspects for TERS in graphene1

To study the Raman selection rules in a TERS experiment, we consider a TERS2

tip that is placed above a graphene sheet. The tip has a cone structure repre-3

sented by the C∞v point group symmetry, as shown in Fig. 5 of Section 2.2.4

If the tip is placed perpendicular to the graphene plane, the symmetry of the5

combined system reduces to C6v. The TERS-active representations of C∞v are6

subduced onto C6v and then the induced representations of D6h are obtained,7

and the resulting correlation between TERS-active representations of C∞v and8

the representations of D6h are given in Table 2.9

According to the plasmon-photon coupling, for the most prominent Raman10

modes, the G mode (E2g ) and second-order G′ mode (A1g ⊕ E2g ), the TERS11

enhancement vanishes for linearly-polarized incident light that is propagating12

normal to the graphene sheet (along z or the tip axis), since the light polariza-13

tion is in the graphene (x , y) plane, whereas the tip dipole is along the z-axis.14

�′pl = �z is orthogonal to the light electric field and the transition probability is15

zero. The plasmon mode is activated by rotating the tip orientation with respect16

to the light propagation direction, so that �′pl = �z ⊕�(x ,y), in agreement with17

calculations.170 Alternatively, using radially polarized light propagating along18

z and focused with a high numerical aperture results in an electric field with a19

z component.67
20

For deriving the TERS selection rules, it has been assumed a z polarized21

incoming and outgoing light,76 as utilized experimentally.79 When looking at22

the symmetry-imposed selection rules, only the +(A1) representation con-23

tributes to coherent TST-type scattering processes in the .(z, z). configura-24

tion, as shown in Table 1 of Section 2.2. Group theory thus predicts A1g25

and A2u phonons to be TERS-allowed in graphene for coherent TST pro-26

cesses. Incoherent scattering, on the other hand, occurs for �incoh
TST [.(z, z).] =27

�z ⊗ �vec ⊗ �vec ⊗ �z = A1 ⊕ E1 ⊕ E2 implying that A1g , A2u, E1u, and E2g28

phonons are enhanced (see bold-faced irreducible representations in Table 2).29

ST and TS scattering processes are not allowed in the .(z, z). configu-30

ration for graphene, because electron-photon coupling is only non-zero for31

light polarized within the plane. Inspecting the .(x , z). and .(z, x). config-32

urations we find the A1, E1, and E2 representations to be TERS-active for33

coherent scattering according to Table 1. For incoherent scattering we reduce34

�x ,y⊗�vec⊗�z and find A1⊕E1⊕E2. Therefore, ST and TS processes enhance35

A1g , A2u, E1u, and E2g phonons (see bold faced irreducible representations in36

Table 2), irrespective of spatial interferences.37

The symmetry analysis is in agreement with the calculations for A1g and E2g38

modes80,170 and the related results have been observed experimentally.79,80 The39

G mode (E2g ) was found to be enhanced in TERS for incoherent scattering,40
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but not for coherent TERS. In contrast the G′ mode is TERS active for both1

coherent and incoherent scattering through its A1g component.79 This inter-2

play between processes becoming allowed and forbidden in TERS for a given3

scattering process and spatially coherent vs. incoherent scattering makes TERS4

strongly dependent on the phonon correlation lengths, as shown by Beams5

et al.79 These aspects will be discussed in Section 5.2. It may also result in dif-6

ferent TERS enhancement for molecules (incoherent scattering dominates) and7

2D materials (interplay between coherent and incoherent scattering depending8

on phonon and system size).76
9

5.2. Spatial coherence and dimensionality10

The classical theory describing the TERS intensity was developed in11

References,79,80,170,171 and the basic description of signal enhancement in a12

TERS experiment was summarized in Section 2. This section provides a review13

of the effects of spatial coherence and sample dimensionality on the near-field14

Raman signal. We can start our analysis by considering Eq. (7) introduced in15

Section 2. By considering the field as a single realization in the spectral domain,16

the detector renders a signal S that is proportional to the ensemble average of17

the scattered field of the form80
18

S(r0, ωs) = 〈E∗(r0, ωs) · E(r0, ωs)〉

= ω4
s

ε2
0c4

∫
D

d3r1

∫
D

d3r2 〈
↔
G
∗
(r0, r1)p γ∗(r1) · ↔G(r0, r2)p γ(r2)〉 .

(14)

Figure 12 illustrates two individual scattering events, where the scattering19

domain D is irradiated by the field E(ωi). On length scales |r1 − r2| smaller20

than the phonon correlation length �c, the partial fields
↔
G(r0, r1)p γ(r1) and21

↔
G(r0, r2)p γ(r2) add coherently at the detector. On the other hand, for length22

scales larger than �c, there is no phase correlation between the Raman dipoles23

p γ(r1) and p γ(r2), and, therefore, the partial fields add incoherently. By intro-24

ducing the relation p γ(r) = ↔αγ

(r)E(r, ωi) in Eq. (14), the scatted signal in25

experiments using coherent exciting fields (laser sources) can be described as80
26

S(r0, ωs) = 〈E∗(r0, ωs) · E(r0, ωs)〉

= ω4
s

ε2
0c4

∫
D

d3r1

∫
D

d3r2

∑
l ,m,n

∑
i,j

〈αγ∗
mi(r1) α

γ

nj (r2)〉

×G∗lm(r0, r1)G∗ln(r0, r2)E∗i (ωi , r1)Ej (ωi , r2) (15)
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Fig. 12. Illustration of two individual scattering paths associated with a scatterer
domain D irradiated by the field E(ωi). On length scales |r1 − r2| smaller than the

phonon correlation length �c, the partial fields
↔
G(r0, r1)p γ(r1) and

↔
G(r0, r2)p γ(r2)

add coherently at the detector. On the other hand, for length scales larger than �c, there
is no phase correlation between the Raman dipoles p γ(r1) and p γ(r2), and therefore
the partial fields add incoherently. Adapted from Ref. 80.

with l , m, n, i, j ∈ {x , y , z}. The expression 〈αγ∗
mi(r1) α

γ

nj (r2)〉 accounts for1

the correlation between Raman dipoles p γ at positions r1 and r2 [p γ(r1)2

and p γ(r2)].3

Classical textbooks describing Raman scattering usually do not consider the4

spatial coherence of the scattered field. They assume the correlation function5

〈αγ∗(r1) αγ(r2)〉 to be a Dirac delta function δ(r1−r2), for which the
∫

signal in6

Eq. (15) turns into a simple integration over the scattering volume V, leading7

to S(ωs) ∝ V
∣∣∣ês · ↔αE(ωi)

∣∣∣2. In fact, spatial correlations associated with vibra-8

tional states can be neglected in usual Raman scattering experiments performed9

in the far-field regime, since the correlation length �c of optical phonons in crys-10

tals is on the order of tens of nanometers, one order of magnitude shorter than11

the wavelength of visible light. However, this approach is not valid if we take12

into account the non-radiating near-field components in the light–matter inter-13

action.79,80,170,171 Due to coherence, Raman intensities at the nanoscale depend14

significantly on the mode symmetry and spatial confinement of the vibration.15

In this scenario, the proper evaluation of the scattered signal must account for16

interference effects. This can be done by considering Gaussian correlations of17

the form79,80
18

〈αγ∗(r1) αγ(r2)〉 = αγ∗(r1) αγ(r2)
π�2

c
exp

(
−|r1 − r2|2

�2
c

)
. (16)

The term exp( − |r1 − r2|2/�2
c ) turns into a spatial delta function in the limit19

�c → 0 (no coherence), and into a constant term for �c →∞ (full coherence).20
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For a coherent process the strength of the scattered field depends on the sym-1

metry of the vibrational mode, since the scattered fields from neighboring lat-2

tice points add constructively or destructively depending on the relative phase3

between the points.79,80 Beyond this, the dimensionality of the sample is also4

important since it determines the number of lattice points that are coherently5

added. The degree to which the fields from neighboring points interfere is6

determined by the spatial correlation function (Eq. (16)).7

This model has been used to analyze Raman modes of CNTs, pristine8

graphene and graphene edges.79,80,170,171 The analysis is based on the tip-9

enhanced Raman scheme. Equation (15) reveals three important aspects in10

the near-field Raman signal of nanocarbon materials which must be taken into11

account: dimensionality, symmetry, and coherence. Graphene is an excellent12

prototype material to study all these aspects. Its three main Raman features13

(Fig. 13(a)) span the different mode symmetries and dimensionalities that are14

needed: the G- and G′-bands are allowed over the whole graphene lattice but15

they exhibit different symmetries.80 The G-band belongs to the E2g irreducible16

representation, which means it is symmetric under a C2 axis (180◦ rotation).17

The G′-band is dominated by the totally symmetric irreducible representation18

A1, thus exhibiting the full C6 symmetry of graphene (the symmetry identifica-19

tion is exact at the K point). The third prominent band is the defect-induced20

(a)

(b)

D G

G’

(c)A1 (D,G’) E2g (G)

Fig. 13. (a) Raman spectrum of a graphene with defects. The three main features
(D, G, and G′) are indicated. (b) and (c) Sketches of the enhanced Raman scattering
(TERS) process. The emission dipoles on the sample add constructively for the D- and
G′-bands (b) and destructively for the G-band (c). Adapted from Refs. 79,80.
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D-band graphene edges or point defects. This Raman feature has the same1

symmetry as its overtone G′-band, but unlike the two previous cases that are2

spread over the 2D graphene lattice, the localization of the D-band mimics a3

1D system in case of a graphene edge, a 2D system in case of point defects4

spread all over the sample surface, or a quasi-0D system in the case of an iso-5

lated point defect.170 Therefore, graphene allows the study of the TERS signal6

dependence on mode symmetry and sample dimensionality.7

Figure 14(a) shows the evolution of the Raman intensities of the D-,8

G- and G′-bands with tip-sample distance separation in a TERS experiment.9

The Raman signal was measured at the edge of a pristine graphene sample, for10

which the D-band resembles a 1D object. The points are experimental data,11

(a) (c)

(b) (d)

Fig. 14. Experimental tip-sample distance curves (zts) for the Raman D (black trian-
gles), G (blue circles), and G′ (red squares) bands of two graphene samples. Top row:
acquired at the edge of a pristine graphene flake. Bottom row: ion bombarded flake
with uniformly distributed defects. (a), (c) Amplitudes of the Raman bands. (b), (d)
Normalized data from (a) and (b), respectively, with the far-field values subtracted.
The data are overlayed with the theoretical curves evaluated from Eq. (15). Adapted
from Ref. 79.
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and the solid curves are theoretical fittings based on Eq. (15).79 The most1

prominent feature shown in this plot is how the presence of the tip generates2

much more enhancement for the D-peak than the for the G- and G′-peaks.3

This is a purely geometrical effect related to the cross-sectional area of the scat-4

tering system when interacting with the secondary field generated by the tip.5

When the tip-sample distance is increased (decreased), the magnitude of this6

secondary field will decrease (increase), and this variation will be maximum at7

the position right under the tip. Because the integral sum that determines the8

scattered intensity runs over the whole sample (Eq. (15)), the scattered field9

originated from this position is more representative in 1D systems than in 2D10

systems. To make it clear that this is a purely geometrical effect, Fig. 14(b)11

shows similar data as in (a), but in this case the measurements were taken from12

an ion bombarded flake with uniformly distributed defects. Here, the D-band13

is originated from numerous defects spread all over the whole graphene surface,14

mimicking a 2D system. A simple visual inspection leads to the conclusion that15

the D-band enhancement is now comparable to the G′.16

Figures 14(c)–14(d) show normalized versions of the plots shown in17

Figs. 13(a)–13(b), respectively. The normalization process consists in first sub-18

tracting the intensity obtained without the tip (far-field background), and then19

dividing by the maximum intensity value obtained for the minimum tip-sample20

separation. From these plots one can clearly see that D- and G ′-bands follow the21

same trend in the case of the sample with point defects (panel (d)). This can be22

explained by the fact that they both have the same symmetry and dimensional-23

ity. However, although the G- and G′-bands have the same dimensionality, the24

enhancement is always steeper for the G′, as can be clearly seen in Figs. 13(c)–25

13(d). In fact, the observation of the reduced enhancement of the G-band26

compared to the G′-band was an important proof that the phonon symmetry27

impacts the TERS signal.28

As introduced in Refs. 79 and 80, the deviation of enhancement properties29

between the G and G′ bands arises from the interaction between neighboring30

lattice points and provides theoretical evidence for interference effects associ-31

ated with the coherence of the scattered field. This interference is illustrated32

in sketches shown in Figs. 13(b) and 13(c). The incident field (vertical black33

arrow) induces a vertical dipole in the tip. The fields from the tip induce dipoles34

in the sample (horizontal arrows), which then interact again with the tip by35

inducing a vertical dipole (at the Raman frequency) that scatters the Raman36

signal to the detector. The strength of the Raman signal depends on the rela-37

tive phase of the dipoles induced in the sample. For the D- and G′-bands the38

fields from the dipoles in the sample add constructively at the tip (Fig. 13(b)).39
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However, for the G-band the fields destructively interfere, which reduces the1

Raman signal at the detector (Fig. 13(c)).2

Finally, we review the numerical parameters extracted fit the experimental3

data shown in Figs. 13(a)–13(d). These curves are the fit of the experimen-4

tal data based on Eq. (15), were the main fitting parameters are the phonon5

correlation length �c and the field enhancement factor fe. The latter was intro-6

duced in Section 2, and is associated with the tip polarizability which depends7

solely on the plasmonic properties of the near-field tip used in the experi-8

ment.79,80,170,171 From the fits we find �c ≈ 30 nm and fe ≈ 4.79 As such,9

the analysis of coherent properties of Raman scattering allows for the mea-10

surement of the phonon coherence length �c in single crystals. This quantity11

determines the limits for quantum confinement regimes, and is responsible for12

Raman linewidth broadening due to the uncertainty principle.172 Most impor-13

tantly, it has been demonstrated that it is not a priori legitimate to treat Raman14

scattering as an incoherent process in which the signal from different sample15

regions is simply summed up.79,80
16

5.3. TERS imaging in 2D graphene17

As stated at the beginning of this chapter, the large interest in the field of18

local optical signal enhancement came with the need to study and character-19

ize nanostructures in the molecular or atomic level. As such, apart from the20

coherence aspects discussed in the previous sections, TERS in a perfect 2D21

lattice should have the primary goal of looking for local events such as light22

scattering from defects in the 2D network. And this is what most of the TERS-23

on-graphene literature does (see Section 5.4). However, before entering this24

topic, it is interesting to explore the pure TERS effect in pristine graphene fur-25

ther, demonstrating it actually has a very powerful contribution as a reference26

material.27

The upper153 and lower152 panels in Fig. 15 illustrate two similar TERS28

experiments in graphene, made on two distinct samples, with two distinct TERS29

systems. Figures 15(a) and 15(b) are the G-band spectral imaging of a graphene30

flake, using (a) confocal and (b) TERS scattering configuration. The upper31

panel of Fig. 15(c) provides the G-band line-intensity profiles along the two32

dashed-blue lines in Figs. 15(a) and 15(b), while the lower panel provides33

the pure near-field intensity obtained by the subtraction of the profiles taken34

without (far-field contribution) and with (TERS) the tip. The overall signal35

enhancement does not go beyond four times. This relatively small enhancement36

is due to the comparatively large far-field signal in an extended material where
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(a) (b)

(d)
(e)

(c)

Fig. 15. (a) and (b) Confocal and near-field hyperspectral images of a twisted
bilayer graphene (tBLG) piece obtained without and with the tip, respectively. The
color scale in both images renders the amplitude of the bond stretching G mode
(∼1580 cm1). (c) Upper panel: G mode intensity profiles obtained from hyperspectral
scan lines taken along the dashed lines in panels (a, b). Lower panel: pure near-field
intensity profile obtained by the subtraction of the profile taken without the tip (far-
field contribution) from the profile taken with the tip. The sharp edges in this intensity
profile indicate a spatial resolution of∼40 nm. Tip-enhanced Raman scattering (TERS)
data carried out using a HeNe laser source (excitation wavelength λ = 632.8 nm) and
a gold tip etched to provide surface-plasmon resonance with the HeNe line. Adapted
with permission from Ref. 153. Copyright 2015 ACS. (d) TERS image of the G′ of
another graphene flake. The inset shows the confocal image of the same area scaled in
intensity by ×2 as compared to the TERS image. (e) Spectra with (red) and without
(black) the tip in the central area of the graphene flake. Adapted with permission from
Ref. 152. Copyright 2015 IOP.

scattering comes from the entire laser spot, different from a single-molecule1

experiment, where the signal comes from a localized emitter, as discussed in2

Sections 3 and 4. However, the enhancement is still enough to provide a clearer3

picture of the graphene flake and its nuances, such as border, folding, multi-4

layer regions, due to the better definition of the edges imaged with resolution5

beyond the diffraction limit.6
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Similarly, Fig. 15(d) shows the G′ imaging of another graphene flake1

using TERS. The correspondent confocal image is shown in the inset figure.2

Figure 15(e) exhibits the overall Raman spectra obtained with and without the3

tip, showing consistently a relatively small enhancement, in the order of 2–34

times. However, like in Fig. 15(a) and 15(b), the TERS image in Fig. 15(d)5

has well-defined borders, while the confocal image (inset) is blurred.6

Although the signal improvement may seem minor in these experiments,7

the graphene flakes are indeed a practical reference material for TERS. Sample8

preparation is generally trivial, for example using the mechanical exfoliation of9

graphite. Sample-tip alignment is not an issue, since the graphene is extended10

over a reasonably large area. Therefore, experiments such as tip-approach to11

characterize the TERS enhancement (as discussed in Section 5.2) and tip-to-12

laser focus alignment — maximizing the signal steepness on a scan across the13

graphene edge — can be routinely performed as a quality test for the TERS14

system itself. Therefore, graphene is useful as a reference material, enabling the15

development of protocols for a TERS system quality.16

5.4. TERS for local events in graphene17

Different authors used TERS to image edges,79,148,152 defects150,151,154,156 and18

local perturbation152 in graphene. Figure 16 provides three different exam-19

ples of local defect imaging. In a 2D system, defects can be either 1D or20

2D.172 Line-like (1D) defects, including the graphene flake edge and multi-21

domain-graphene crystallite borders, have been imaged (see, e.g., Figs. 16(a)–22

16(e))79,158). Point-like (0D) defects,154 which can be related to vacancies, 7–523

defects, dopant atoms, local funcionalization groups or any local breakdown of24

the regular hexagonal graphene network have been imaged as well (see, e.g.,25

Figs. 16(f)–16(g)).26

Figure 16(a) is a TERS spectral imaging of the G′-band of a single graphene27

flake.79 Figure 16(b) shows the Raman spectra with (red) and without (black)28

the tip acquired in the center (top panel) and at the edge (bottom panel) of the29

flake, with the precise locations indicated by the black square and circle in (a).30

The G- and G′ enhancement is modest, as explainned in Section 5.3. How-31

ever, the enhancement of the defect-induced D-band at the graphene edge is32

very large, going from non-observable (black spectrum in the bottom graphic33

of Fig. 16(b)) to larger than the G- and G′-peaks (red spectrum in the same34

graphic). The top graphic in Fig. 16(b) shows that this local D-band enhance-35

ment only happens at the graphene edge. The black line in Fig. 16(a) indicates36

the location of an hyperspecral line scan. The inset to this figure plots of the37

D-band amplitudes along this hyperspectral line scan. Besides demonstrating38
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Fig. 16. (a) TERS image of the G′-band of a single graphene flake. The black line
indicates the location of the hyperspecral line scan in the inset. Inset: Plots of the
amplitudes for the D-band from the hyperspectral line scan. (b) Raman spectra with
(red) and without (black) the tip acquired in the center (top panel) and at the edge
(bottom panel) of the flake. The locations are indicated by the black square and circle
in (a), respectively. Adapted with permission from ref.79 Copyright 2014 APS. (c) and
(d) Simultaneous STM (c) and TERS (d) images of another graphene flake. For the
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the local nature of the D-band scattering, such a protocol can be used to define1

the TERS spectral resolution, which in the case of Figs. 16(a)–16(b) was show2

to be ∼40 nm.3

Figures 16(c) and 16(d) explores the TERS imaging of crystallite borders4

(grain boundaries) in a multi-domain graphene structure.158 Panels (c) and5

(d) shows the images obtained from a simultaneous STM (c) and TERS (d)6

imaging process where, for the TERS imaging, the spectral energy between7

the D- and the G-bands were acquired. The lines observed all over the figures8

are images of grain boundaries. The different spectral profiles are shown in9

Fig. 16(e), obtained from three different locations in (Figs. 16(c)–16(d)), as10

indicated by numbers 1,2 and 3. Red and black traces stand for spectra obtained11

with the TERS tip (tip down) and without the TERS tip (tip up, equivalent to12

a confocal configuration). Notice specifically the large amorphous-like spectral13

profile in the tip down spectrum of location 3. Notice also that location 114

has almost no D-band contribution, indicating the bright line crossing this15

point in the TERS image in Fig. 16(d) is not related to a grain boundary. This16

is confirmed by the absence of any line in the STM image (Fig. 16(c)), and17

the authors demonstrated this bright emission was due to luminescence from18

contaminants.19

Figures 16(f)–16(g) addresses the TERS imaging of local point defects on a20

different graphene flake. Panel (f) shows a D-band intensity imaging. One can21

count about 15 defects on a graphene area of about 600×600 nm2, which is22

relatively a very small defect density.172 Panel (g) shows representative spectra23

of (top) TERS on a defect site (top), where the D-band can be observed;24

(meddle) TERS off a defect site, where the D-peak is consistently absent; and25

finally (bottom) a far-field spectrum, showing that the far-field is unable to26

identify such a small number of defects in a graphene flake.27

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Fig. 16 (Continued). TERS imaging, the spectral energy between 1250 and
1780 cm−1 (D- and G-bands) is being recorded. (e) Raman spectra at three different
locations in (c) and (d), as indicated by numbers 1,2 and 3, after background subtrac-
tion. Red and black traces stand for spectra obtained with the TERS tip (tip down)
and without the TERS tip (tip up, equivalent to a confocal configuration). Adapted
with permission from ref.158 Copyright 2017 Wiley. (f) D band intensity imaging of
point defects in a different graphene flake. (g) Representative spectra of: TERS on a
defect site — see the observation of the D-band; TERS off a defect site — notice the
absence of the D-peak; and a far-field spectra, showing the inability of the far-field to
image small defect densities. Adapted with permission from Ref. 154. Copyright 2015
RSC.
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5.5. Graphene for TERS1

In Section 5.3, we stressed that not only TERS can be useful for graphene, but2

graphene can be useful for TERS as a reference material for a TERS-system3

evaluation. Cano-Marquez et al.173 demonstrated this idea can be extended to4

generate novel technologies for TERS.5

Figure 17 illustrates the use of graphene as a reinforcement material for6

making a robust TERS tip. Gold is a noble metal that, in comparison with7

silver and copper, has the advantage of corrosion resistance. For this reason,8

gold is one of the most common materials for producing TERS tips. Despite its9

high conductivity, chemical stability and biocompatibility, gold exhibits high10

plasticity, which limits its applications in some nanodevices. Cano-Marquez11

et al.173 fabricated a gold tip by chemical etching and further encapsulated12

(g)(a) (b)

(c) (d)

(e) (f)

Fig. 17. Encapsulation of a gold nanotip with a carbon nanocone. (a) One isolated
multi-wall carbon nanocone (MWCNC) on Si substrate; (b) and (d) Approaching
and soldering MWCNC on a gold tip; (e) and (f) Zoom-out views showing the Au
nanotip on a larger scale; In (f) the nanocone is no longer seen. (g) Molecular dynamics
simulations of pushing a bare and an encapsulated (Au@CNC) gold tips against a solid
substrate. The red (bare tip) and black (encapsulated tip) curves show the stress-strain
(experienced by the gold tip) as a function of simulation time. Top and bottom insets
are representative snapshots of the moments indicated in the black and red curves,
respectively. The shaded area refers to the moment where the tip starts to be retracted.
Adapted with permission from Ref. 173. Copyright 2015 NPG.
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with carbon nanocones via nanomanipulation (see Figs. 17(a)–17(f)). Molec-1

ular dynamics simulations showed that the encapsulated nanocone changes the2

strain release mechanisms at the nanoscale by blocking gold atomic sliding,3

redistributing the strain along the whole nanostructure (see Fig. 17(g)), and4

atomic force microscopy experiments were carried out to demonstrate their5

mechanical stability.6

6. Conclusions and Outlook7

In this chapter, we outlined the physical principles of tip-enhanced near-field8

optical spectroscopy and described the enhancement mechanisms of differ-9

ent signals in the case of carbon nanomaterials. We then reviewed several key10

applications of tip-enhancement to CNTs, linear carbon chains, and graphene,11

illustrating the enormous potential of the technique for the investigation of12

nanomaterials. We also showed that tip-enhanced probing does not simply13

provide images at high, subdiffraction spatial resolution but that the spe-14

cific enhancement mechanisms involve rich and fascinating physics from which15

additional information, e.g., on the coherence properties of Raman scatter-16

ers, can be obtained. In addition, the simultaneous observation of different17

near-field enhanced optical and electrical signals allows for a comprehensive18

characterization of nanomaterials by connecting, e.g., information on local19

structural defects and their influence on the electronic properties. Because20

small tip-sample distances are needed to exploit the short-ranged near-field21

enhancement, topographic information is usually obtained along with near-22

field optical data. In addition, tip-enhancement could be combined with fur-23

ther scanning probe modalities, such as electric or magnetic force and Kelvin24

probe microscopy.174 While subnanometer spatial resolution has already been25

achieved by TERS on SWCNTs on metal surfaces, similar experiments appear26

to be in reach for the other nanocarbons. Based on the achievements illustrated27

in this chapter and ongoing developments in the field, we expect tip-enhanced28

techniques to continue to provide fascinating new insights into nanocarbons,29

particularly with respect to coherence and collective phenomena as well as30

atomistic and quantum effects.31
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