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ABSTRACT: Dielectric screening plays a vital role in determining
physical properties at the nanoscale and affects our ability to detect
and characterize nanomaterials using optical techniques. We study
how dielectric screening changes electromagnetic fields and many-
body effects in nanostructures encapsulated inside carbon nanotubes.
First, we show that metallic outer walls reduce the scattering intensity
of the inner tube by 2 orders of magnitude compared to that of air-
suspended inner tubes, in line with our local field calculations.
Second, we find that the dielectric shift of the optical transition
energies in the inner walls is greater when the outer tube is metallic
than when it is semiconducting. The magnitude of the shift suggests
that the excitons in small-diameter inner metallic tubes are thermally
dissociated at room temperature if the outer tube is also metallic, and in essence, we observe band-to-band transitions in thin
metallic double-walled nanotubes.
KEYWORDS: dielectric screening, excitons, one-dimensional heterostructures, double-walled nanotubes, resonant Raman, carbon nanotubes

Carbon nanotubes (CNTs) can serve as a one-atom thick
container for molecules and one-dimensional (1D)

crystals.1−8 A CNT container may be exploited as a drug
carrier and local sensor.9,10 It also provides a unique
environment for tailoring and studying encapsulated materi-
als.11 For example, water changes its dielectric behavior and
viscosity inside tubes and can adopt new phases.12,13 Such
water@CNT channels were used for ion transport to
potentially model biological systems like transmembrane
proteins.14 In addition, CNTs act as templates to order and
align molecules, which lead to micrometer-sized single-file J
aggregates or molecular chains with huge optical non-
linearities.3,15 Despite extensive studies of filled nanotubes
and hybrid 1D systems, the environment produced by an
encapsulating CNT remains mysterious. For instance, 1D
chains of dye molecules or carbon atoms inside a nanotube
yield record-high Raman cross sections.3,16 This enhancement
may be due to intrinsic effects, molecule−molecule interaction,
molecule−wall coupling such as state hybridization, or
dielectric effects by the nanotube wall. In the case of 1D
molecular crystals and carbon chains, it is impossible to
discriminate between the different effects, because they exist
only inside the CNTs and cannot be extracted and studied
under ambient conditions. There are some indications of
systematic changes in materials inside CNTs. For example, the
nanotube walls affect the electromagnetic (EM) field inside the
CNT. C60@CNT demonstrated different depolarization
ratios,17 but whether this was related to the depolarization of
the EM field or strain remained unclear. On the contrary,
single-walled nanotubes are stable under ambient conditions or

can be an inner part of a double-walled CNT (DWCNT).18

DWCNTs can serve as ideal probes of the environment
produced by a nanotube, because an inner wall nanotube may
be easily referenced to an SWCNT19 and will probe the
environment produced by the outer wall. The nanotube walls
can alter the many-body effects of encapsulated materials,
because electron−hole interactions are subjected to exterior
screening.20 This may fundamentally change how collective
states form, for example, for 1D J aggregates inside tubes. It has
often been suggested that nanotube excitons are tuned by
interior filling,4,21 but the inverse effect, in which a CNT affects
the excitons of encapsulated species has not received much
attention. For example, the excitonic series of carbyne are
screened by the CNT wall,22 but the intrinsic exciton energies
remain unknown. This effect may become particularly
noteworthy for metallic outer CNTs, because the metallic
species are expected to provide a much denser dielectric
environment23,24 and the electrons in the metallic wall screen
the charge in the opposite one.25 Extreme screening by an
outer tube was predicted to reduce the excitons of the inner
tube to single-particle excitation in small-diameter CNTs,26,27

but experimental evidence has been lacking until now.
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In this work, we study dielectric screening by metallic CNTs
using resonant Raman scattering on DWCNTs. The EM
screening by the outer wall reduces the inner tube Raman
intensity in metallic@metallic DWCNTs by a factor of ≲100,
in agreement with a dielectric model of a hollow cylinder in the
quasistatic approximation and a dielectric constant εoT of 9−10
for the outer metallic wall. In addition, we compare the inner
tube excitonic transition energies for semiconducting and
metallic hosts. The transition energies shift to lower energies
compared to those of SWCNTs, which we analyze in the
framework of the dielectric screening model. The magnitude of
the shift in the transition energies of small inner metallic tubes
is compatible with a complete dissociation of the exciton due
to dielectric screening.

We consider a situation in which a single-walled carbon
nanotube is embedded in another tube (Figure 1a). Neglecting
direct tube−tube coupling, the outer tube creates a dielectric
environment that changes the optical response of the inner
tube in two ways. The outer tube reduces the amplitude of an
external EM field for the inner wall and the field orientation so
that it is predominantly polarized along the axis.20 The change
in polarization direction arises from what has been coined the
antenna effect,20 i.e., the fact that a nanoscale cylinder screens
an EM field that is polarized perpendicular to its axis. The
change in the electric field amplitude is determined by the
effective dielectric constant due to the presence of the outer
wall, as shown in Figure 1a. Local field Eloc inside the outer
tube can be derived from classical electrodynamics. We model
the outer tube as a hollow cylinder with diameter d, wall
thickness t (∼0.32 nm), and dielectric constant εoT (see Figure
1a). To calculate the contribution to ε, we requite not the
mechanical thickness28 but rather a dielectric thickness of the
wall. The wavelength of light (530−850 nm) is much larger
than the CNT diameter (2 nm), which indicates the quasistatic
regime and the field inside the cylinder can be approximated
as29

E E f E
2

loc 0 loc 0
env

eff env
= =

+ (1)

where f loc is the local field factor, E0 is the external electric field,
and εenv is a dielectric constant of the environment around the
outer tube. Effective dielectric constant εeff arises from the
combined dielectric effect of the outer wall itself with εoT and

inner core εi (εi = 1 for an empty tube). We calculate it
according to Maxwell−Garnet mixing30−32
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is the volume fraction of the empty

part of the cylinder. For a CNT with a d of 2 nm, we find V =
0.54. Assuming εi = 1 and εoT = 10, we obtain the effective
dielectric constant εeff ≈ 5.

Effective dielectric constant εeff changes the optical transition
energy as given by33,34

E E E E E E Ebii sp ee eh sp BGR
1

eff
1 1

eff= + = + = =

(3)

Single-particle band gap Esp is independent of that of εeff.
EBGR is the electron−electron interaction energy for the
unscreened system.34 Electron−electron correlation Eee scales
as εeff

−1 for small electron wave vectors according to the
Coulomb potential.35 The electron−hole Eeh interaction is
more complex and leads back to a hydrogen atom problem in
one dimension, where a cutoff potential of ∼1/|z0 + z| is
typically introduced to converge the ground state.36 This yields
the equation Eeh = Rh*/λ2, where effective Rydberg radius Rh*
depends on εeff and λ varies with potential cutoff z0 as a
function of εeff. When these two factors are combined, one
obtains Eeh ∼ εeff

α, where α = 1.2−1.4 is a semiempirical
scaling factor.34,37,38 The different scaling of the electron−
electron and electron−hole interactions yields an overall shift
of the optical excitation energy as given by eq 3.

The optical response of the inner tube is sensitive to the
change in the local field and the exciton transition energies
caused by the outer tube. In principle, the optical effects can be
studied by any optical techniques such as photoluminescence
excitation,39 direct absorption,40,41 or resonant Raman spec-
troscopy.42−44 However, photoluminescence is present in only
semiconducting inner tubes; in addition, it is strongly
quenched by the outer wall. Optical absorption is challenging
to measure experimentally due to the small cross sections and
signal overlap in chiral mixtures. In contrast, resonant Raman
scattering provides a sufficient signal for metallic and
semiconducting walls up to the single-tube level.45 Resonant
Raman spectroscopy of the radial breathing modes (RBMs) is

Figure 1. Dielectric screening in DWCNTs. (a) Model of a DWCNT as a cylinder of two dielectric walls. The EM field at the position of the inner
tube is modulated by the outer wall dielectric constant. (b) The dielectric effect manifests in the resonant Raman profiles of the (n0, m0) inner wall
(blue) compared to corresponding SWCNT (black) computed by eq 4. The profile of DWCNTs is red-shifted due to exciton screening, and the
amplitude is reduced by the local field factor compared to that of the SWCNT.
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a key method for following the optical and vibrational changes
in samples containing mixed and single chiralities.20,42−44 The
phonon energy of the RBM depends on tube diameter46

d d c( ) 227 1/RBM
2

a= + , allowing one to distinguish
between nanotubes of different sizes (e.g., inner and outer
tube).47,48 A van der Waals parameter ca depends on the filling,
exterior functionalization, and wall-to-wall interac-
tions.4,18,43,49,50

The optical transitions of inner walls and EM screening
effects are probed via resonant Raman spectroscopy, i.e., the
dependence of the scattering intensity on laser excita-
tion.20,42,43,49 The screening by the outer tube manifests in a
shift of the resonant Raman profile that is determined by
optical transition energy Eii, as shown in Figure 1b. The change
in the EM field intensity reaching the inner tubes reduces the
amplitude of the resonant Raman profile varying with laser
excitation energy El as
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where MR is the combined Raman matrix element. It is given
by the equation MR = Mex−pt

2Mex−RBM as the product of
exciton−photon Mex−pt and exciton−phonon matrix elements
Mex−RBM.51 Mex−pt(in) depends linearly on the local electric field
amplitude and thus scales with f loc, which leads to the
relationship IR ∝ f loc

4. Broadening factor γ is inversely
proportional to the exciton lifetime. Overall, higher screening
is expected to reduce the Raman intensity and produce a red-
shift of the resonance, as shown in Figure 1b.

Figure 2a shows the experimental RBMs of M@M and M@
S DWCNT samples (inner@outer); i.e., all inner tubes are
metallic, and the outer tubes are metallic in the M@M sample
but semiconducting in the M@S sample. We confirm the
semiconducting or metallic character of the DWCNT wall
from the RBM spectra. We first divide the frequencies into a
range of outer tubes (ℏωRBM < 200 cm−1) and inner tubes

(ℏωRBM > 200 cm−1). We deduce the metallic and semi-
conducting character of the inner tube from the excitation
energy dependence and frequency, because only resonant
tubes show measurable intensity.20,42,43 Thereby, we identify
the RBM frequency ranges for metallic (labeled blue) and
semiconducting (orange) species (Figure 2a). Individual
RBMs are grouped by 2n + m laola families, as shown in
panels b and c of Figure 2.42

The RBM frequencies of the DWCNTs with metallic and
mixed walls were only slightly shifted (a few inverse
centimeters or less) compared to the corresponding
SWCNT, and no splitting, which is characteristic for S@S,
was observed. This can be explained by the electronic states of
the inner and outer walls in M@M and M@S being
energetically well separated, which reduces the level of moire ́
coupling.18 We fitted the diameter dependence of the RBM
frequencies and obtained higher van der Walls constants caM@M

= 6.6 × 10−2 nm−2 and caM@S = 7.5 × 10−2 nm−2 compared to
caSWCNTs = 5.7 × 10−2 nm−2.46 The RBM frequency shifts of the
inner metallic tubes result from a changed intercept of the
RBM diameter dependence, which is associated with environ-
mental effects, as a change in solvent or nanotube
bundling.42,52

The EM screening effect by the outer tubes is manifested in
the measured RBM intensities from the inner walls. We first
selected spectra with the highest RBM intensities for the inner
and outer species in S@S, M@S, and M@M samples (Figure
3a−c) [the S@M sample had a lower sorting purity and will
not be considered here (see Experimental Methods in the
Supporting Information)]. When the outer tubes are semi-
conducting, the maximum RBM intensity of the inner tube is
comparable to or even stronger than that of the outer species
(Figure 3a,b). This is expected, because the RBM intensities
scale with the inverse of the nanotube diameter.19,20,53 In sharp
contrast, the integrated intensity of the inner tube is 1 order of
magnitude smaller with a metallic outer tube in the M@M
sample (Figure 3c). To study the intensities in detail, we
measured the full resonant profiles of the inner and outer walls.
Figure 3d compares the exemplary Raman profiles of the
(12,0) inner tube (ℏωRBM

i = 249 cm−1, and E11 = 2.08 eV) and
the (12,12) outer tube (ℏωRBM

oT = 144 cm−1, and E11 = 1.48
eV). The difference between the Raman intensities is a striking
factor of 30 (Figure 3d). Similar trends were observed for the
other M@M walls as shown in Figure 3e, where Raman
intensity IR is plotted versus the wall diameter; the inner wall
intensities in the range 0.8−1.8 nm are ≤100 times smaller.

The experimentally observed variation of Raman intensity is
reproduced in eq 1 with dielectric constants εoT = 9−10 and εin
= 1. The RBM intensity is plotted in Figure 3e with and
without local field factor correction (details in the Supporting
Information). As an alternative to dielectric screening, strong
doping can change the Raman intensities,54,55 yet the LO
phonon line width is relatively high at 72−73 cm−1, which
indicates moderate doping of 40 meV in the M@M and M@S
samples56−58 (see the Supporting Information). Overall, we
see good agreement between theory and experiment in terms
of intensities, whereas the dependence of MR

2 without local
field correction (gray line in Figure 3e) disagrees with
experiment. The experimental dielectric constant εoT of 10
compares reasonably well with the theoretical εoT

th value of 1623

and previous experimental reports where it was deduced from
the transition energy shift in a dielectric environment. Araujo

Figure 2. Radial breathing modes in M@M (blue) and M@S
(purple) nanotubes excited with a 2.1 eV laser. (a) RBM spectra in
the region between 100 and 400 cm−1. The top line roughly divides
expected RBMs from metallic (blue) and semiconducting (orange)
walls. Inner wall RBM fitting in the (b) M@S sample and (c) M@M
sample. The vertical lines divide different 2n + m laola families. The
arrow indicates the increase in the chiral angle within a laola group.
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et al.59 reported an εeff of 7.759,60 for a d of 1 nm, and we
obtain an εeff of 7 in our model.

The EM screening of metallic CNTs can hide Raman and
nonlinear signals originating from the inner walls. d values of
1−2 nm and an εoT of 10 reduce the amplitude of the electric
field within the tube by f loc ≈ 0.36, which leads to f loc

4 ≈ 0.017.
Thus, Raman signals are reduced by 2 orders of magnitude,
which may be the reason why carbyne chains so far have been
observed in only individual semiconducting DWCNTs.61,62

This also means that the semiconducting container will be
favored during in situ Raman spectroscopy monitoring of
chemical reactions, e.g., in the fusion of molecules to graphene
ribbons and inner tubes.63,64 Finally, when the laser energy
matches the optical transition of the outer wall, εeff will trigger
an active dielectric screening.

Now we turn to the analysis of the exciton screening effects
and determine the transition energies of inner CNTs from the
resonant Raman profiles. We start with the RBM at 244 cm−1

in Figure 2b, belonging to (11,2)@S. The integrated area of
the (11,2)@S RBM is plotted as a function of excitation energy
in Figure 4b. The intensity increases when the laser approaches
the E11(L) transition energy of the nanotube. We quantify this
energy by fitting the (11,2)@S Raman profile by eq 4 and find
a transition energy E11(L) of 2.16 eV, marked by a vertical red
line. The transition energy in the DWCNTs is comparable to
that in the (11,2) SWCNTs (2.12 eV). In single-walled CNTs,
E11(L) may depend on many factors, surfactant type and filling,
compared to that of DWCNTs, in which the exclusive
environment is the outer wall that can be either semi-
conducting or metallic.

The metallic outer wall induces a larger shift in transition
energy of the inner wall exciton compared to a semiconducting
outer wall. The resonant Raman profiles for (11,2)@M and
(11,2)@S are plotted in Figure 4a,b, respectively. In the (11,2)
@M sample, we find E11(L)

(11,2)@M = 2.163 eV, which is smaller by
35 meV than E11(L)

(11,2)@S. Because the Raman frequencies of the
inner walls are identical, both at ∼244 cm−1, moire ́ coupling
can be neglected18 and the dominant origin of the energy shift
must be dielectric screening, as expected from eq 3. Lifetime
broadening γ of the Raman profile for (11,2)@M is 69 meV,

which compares well with our previous observation in the S@S
sample (γS@S = 60 meV).18 The broadening is smaller that
expected in bundles of metallic SWCNTs, typically between 90
and 100 meV;52,58 therefore, we estimate the amount of single-
walled impurities arising from the sonication process65,66 to be
small and confirm that profiles in panels a and c of Figure 4
belong to DWCNTs (details in the Supporting Information).

The red-shift in the transition energy is stronger for small-
diameter inner nanotubes. We plot the shift of the transition
energy between the M@S and M@M samples in Figure 4c.
The magnitude of the shift decreases from ∼40 meV for a d of
1 nm to nearly zero for a d of 1.2 nm. The shift scales with
effective dielectric constant εeff, plotted as a function of inner
wall diameter for εoT and εi values of 10 and 1, respectively, in
the inset of Figure 4c. The shift direction compares well with
previous theoretical calculations27 and experiments in large-
diameter S walls,67 as listed in Table 1. The scattering of the
symbols on the order of 10 meV is mainly due to the weak

Figure 3. Electromagnetic field screening in the M@M sample. (a−c) Relative intensities of the RBMs originating from the inner and outer walls in
S@S, M@S, and, M@M samples, respectively. The inner and outer walls excited at different energies are separated by a vertical line at 200 cm−1.
(d) Resonant Raman profile of the inner (12,0)@M and outer M@(12,12) wall, with RBMs at 249 and 144 cm−1, respectively. Symbols are
experimental data, and lines are fits by eq 4. (e) Green bars: measured Raman intensities (MR

2) as a function of wall diameter, estimated from
resonant Raman profiles (note the logarithmic scale of the y axis). Red line: calculated Raman intensity εoT = 10 and εoT = 1, by eq 1. Gray line:
intrinsic MR

2 without the correction factor.

Figure 4. Exciton screening in the S@M and M@M samples studied
by resonant Raman scattering. Resonant Raman profiles of (a) (11,2)
@M and (b) (11,2)@S. Symbols represent experimental data, and
lines fits by eq 4. The positions of the transition energies are marked
by vertical lines. (c) Transition energy shifts measured in the identical
inner tubes in the M@M and M@S samples (listed in Table 1). The
inset shows diameter dependence εeff vs the outer wall diameter for
εoT and εi values of 10 and 1, respectively.
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moire ́ effects, which also induce a slight negative shift in some
cases.

Excitons in thinner M@M inner walls can be reduced to
single particles by extreme outer wall screening. The thermal
dissociation of the excitons occurs when the exciton binding
energy becomes comparable to the thermal energy at room
temperature kBT293 = 25 meV. With an εoT of 10, we obtain an
εeff of 4.5 and a reduction in binding energy from 114 to 15
meV. This yields an E11(L) red-shift of 19 meV, given by eq 3.
These or greater red-shifts are indeed observed for inner CNTs
with d values of <1.03 nm in our sample (Figure 3 and Table
1), indicating that we observe single-particle band gaps in the
inner M@M walls. A more efficient screening of the inner wall
exciton by the outer metallic wall than by the semiconducting
wall was theoretically studied in ref 27. We find similar effects;
in addition, when both walls are metallic, the screening yields
exciton dissociation at room temperature.

Many fundamental properties of CNTs are governed by
excitons, including absorption,23 emission,68 and Raman
scattering.44,69 It would be extremely interesting to perform
such experiments on screened excitons, which are available in
the inner walls of M@M DWCNTs. For example, we expect
asymmetric absorption peaks, identical energies in one- and
two-photon luminescence excitation spectroscopy, and a
change in the relative intensity of the incoming and outgoing
G mode Raman resonances.26,44,68,69 The fragility of the
excitonic states in partly or fully metallic DWCNTs makes
them unlikely candidates for preparing exciton condensates
and exciton insulators, where a better choice would be fully
semiconducting species with strong moire ́ effects.18

The dielectric effects may be used to control materials
encapsulated inside carbon nanotubes via screening. The
optical transition energies of the molecules and carbon chains
are ruled by excitonic effects.70 Such effects would manifest in
an optical energy shift when confined inside metallic nanotubes
compared with semiconducting ones. For example, in linear
carbon chains, we would expect a deviation from the linear
behavior between the Raman mode frequency and the
transition energy.71 To date, individual single-carbon chains
have been reported in only semiconducting CNT contain-
ers.16,72 This is likely related to their localization method,
where first the lateral Raman maps are analyzed for the
strongest Raman signal. As we showed, the Raman signals
inside the metallic shells are much smaller; therefore, improved
localization methods are required to target excitonic effects in
1D chains.

In conclusion, dielectric screening plays an important role in
DWCNT; its effects are 2-fold as it modulates many-body
effects and alternates the electric field inside the outer tube.
Many-body effects manifest in the energetic positions of the
excitons. We measured inner wall exciton energies by resonant
Raman spectroscopy for semiconducting and metallic outer
walls. In metallic outer walls, we found an additional red-shift
of ≤40 meV, compared to that in semiconducting outer walls.
The optical resonances of inner metallic walls most likely
originate from band-to-band excitations because the excitons
dissociate thermally. The electric field is also strongly altered
by the electronic type of outer wall. The metallic walls act as a
dense dielectric shield, blocking a substantial fraction of the
electromagnetic field. That manifests in ≤30 times weaker
Raman signals of the inner metallic walls compared to those of
the outer metallic walls. These results open interesting
prospects for dielectric cloaking and active dielectric screening.
We believe that in all types of 1D heterostructures, one will
find strong dielectric effects altering many-body interactions
and electromagnetic fields.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01668.

Experimental methods, detailed Raman intensity calcu-
lation, RBM frequency diameter dependence, Maxwell−
Garnet mixing scheme, exciton lifetime broadening
comparison, and estimation of the Fermi level in the
inner metallic walls (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Georgy Gordeev − Department of Physics, Freie Universität
Berlin, 14195 Berlin, Germany; Department of Physics and
Materials Science, University of Luxembourg, L-4422
Belvaux, Luxembourg; orcid.org/0000-0002-3273-2105;
Email: georgy.gordeev@uni.lu

Stephanie Reich − Department of Physics, Freie Universität
Berlin, 14195 Berlin, Germany; orcid.org/0000-0002-
2391-0256; Email: stephanie.reich@physik.fu-berlin.de

Authors
Sören Wasserroth − Department of Physics, Freie Universität
Berlin, 14195 Berlin, Germany

Han Li − Department of Mechanical and Materials
Engineering, University of Turku, 20500 Turku, Finland;

Table 1. Summary of RBM Frequencies ℏωix and Transition Energies E11(L)
ix Extracted from Fitting Resonant Raman Profiles,

Where ix = SW (single-walled), M@M, or M@S [ΔE11(L)
M@X = E11

M@S − E11
M@M]

2n + m (n,m) ℏωSW (cm−1) ℏωM@M (cm−1) ℏωM@S (cm−1) E11(L)
SW (eV) E11(L)

M@M (eV) E11(L)
M@S (eV) ΔE11(L)

M@X (meV)

24 (9,6) 228 232.0 231.7 2.25 2.134 2.156 22
(10,4) 238 238.8 238.9 2.24 2.132 2.172 40
(11,2) 244 244.2 244.5 2.22 2.128 2.163 35
(12,0) 247 249.4 249.6 2.21 2.128 2.152 25

27 (10,7) 203 207 210 2.04 2.050 2.070 21
(11,5) 211 210 213 2.08 2.050 2.062 12
(12,3) 217 217 217.9 2.07 2.037 2.049 12
(13,1) 221 222 222.4 2.07 2.024 2.034 10

30 (13,4) 193.5 195.9 197.6 1.93 1.902 1.899 −2
(14,2) 196.3 199.8 201.9 1.92 1.901 1.896 −6
(15,0) 200.4 204.4 206.0 1.88 1.904 1.894 −10

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c01668
Nano Lett. 2024, 24, 8030−8037

8034



Turku Collegium for Science, Medicine and Technology,
University of Turku, FI-20520 Turku, Finland; orcid.org/
0000-0002-0597-8409

Ado Jorio − Departamento de Física, Universidade Federal de
Minas Gerais, Belo Horizonte, Minas Gerais 30123-970,
Brazil; orcid.org/0000-0002-5978-2735

Benjamin S. Flavel − Institute of Nanotechnology, Karlsruhe
Institute of Technology, 76344 Eggenstein-Leopoldshafen,
Germany; orcid.org/0000-0002-8213-8673

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.4c01668

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
G.G. and S.R. acknowledge the Focus Area NanoScale of Freie
Universitaet Berlin and the supraFAB Research Center. S.R.
acknowledges support by the Deutsche Forschungsgemein-
schaft under Grant SPP 2244 (443275027) and the European
Research Council ERC under Grant DarkSERS (772108).
B.S.F. acknowledges support from the DFG under Grants FL
834/5-1, FL 834/7-1, FL 834/12-1, FL834/13-1, and FL 834/
9-1. G.G. acknowledges funding from the Luxembourg
National Research Fund (FNR) under Project [AWORD].

■ REFERENCES
(1) Gallagher, M. J.; Chen, D.; Jacobsen, B. P.; Sarid, D.; Lamb, L.

D.; Tinker, F. A.; Jiao, J.; Huffman, D. R.; Seraphin, S.; Zhou, D.
Characterization of carbon nanotubes by scanning probe microscopy.
Surface Science Letters 1993, 281, 335−340.
(2) Xiang, R.; et al. One-dimensional van der Waals heterostructures.
Science 2020, 367, 537−542.
(3) Gaufres, E.; Tang, N. Y.-W.; Lapointe, F.; Cabana, J.; Nadon, M.-

A.; Cottenye, N.; Raymond, F.; Szkopek, T.; Martel, R. Giant Raman
scattering from J-aggregated dyes inside carbon nanotubes for
multispectral imaging. Nat. Photonics 2014, 8, 72−78.
(4) Cambré, S.; Schoeters, B.; Luyckx, S.; Goovaerts, E.; Wenseleers,

W. Experimental observation of single-file water filling of thin single-
wall carbon nanotubes down to chiral index (5,3). Phys. Rev. Lett.
2010, 104, 207401.
(5) Li, H.; Gordeev, G.; Toroz, D.; Di Tommaso, D.; Reich, S.;

Flavel, B. S. Endohedral Filling Effects in Sorted and Polymer-
Wrapped Single-Wall Carbon Nanotubes. J. Phys. Chem. C 2021, 125,
7476−7487.
(6) Pham, T.; Oh, S.; Stetz, P.; Onishi, S.; Kisielowski, C.; Cohen,

M. L.; Zettl, A. Torsional instability in the single-chain limit of a
transition metal trichalcogenide. Science 2018, 361, 263−266.
(7) Kashtiban, R. J.; Burdanova, M. G.; Vasylenko, A.; Wynn, J.;

Medeiros, P. V.; Ramasse, Q.; Morris, A. J.; Quigley, D.; Lloyd-
Hughes, J.; Sloan, J. Linear and Helical Cesium Iodide Atomic Chains
in Ultranarrow Single-Walled Carbon Nanotubes: Impact on Optical
Properties. ACS Nano 2021, 15, 13389−13398.
(8) Nascimento, V. V.; Neves, W. Q.; Alencar, R. S.; Li, G.; Fu, C.;

Haddon, R. C.; Bekyarova, E.; Guo, J.; Alexandre, S. S.; Nunes, R. W.;
Souza Filho, A. G.; Fantini, C. Origin of the Giant Enhanced Raman
Scattering by Sulfur Chains Encapsulated inside Single-Wall Carbon
Nanotubes. ACS Nano 2021, 15, 8574−8582.
(9) Ravi Kiran, A.V.V.V.; Kusuma Kumari, G.; Krishnamurthy, P. T.

Carbon nanotubes in drug delivery: Focus on anticancer therapies. J.
Drug Delivery Sci. Technol. 2020, 59, 101892.
(10) Huth, K.; Glaeske, M.; Achazi, K.; Gordeev, G.; Kumar, S.;

Arenal, R.; Sharma, S. K.; Adeli, M.; Setaro, A.; Reich, S.; Haag, R.
Fluorescent Polymer�Single-Walled Carbon Nanotube Complexes
with Charged and Noncharged Dendronized Perylene Bisimides for
Bioimaging Studies. Small 2018, 14, 1800796.

(11) Guo, J.; Xiang, R.; Cheng, T.; Maruyama, S.; Li, Y. One-
Dimensional van der Waals Heterostructures: A Perspective. ACS
Nanoscience Au 2022, 2, 3−11.
(12) Kavokine, N.; Bocquet, M. L.; Bocquet, L. Fluctuation-induced

quantum friction in nanoscale water flows. Nature 2022, 602, 84−90.
(13) Koga, K.; Gao, G. T.; Tanaka, H.; Zeng, X. C. Formation of

ordered ice nanotubes. Nature 2001, 412, 802−805.
(14) Faucher, S.; Kuehne, M.; Koman, V. B.; Northrup, N.; Kozawa,

D.; Yuan, Z.; Li, S. X.; Zeng, Y.; Ichihara, T.; Misra, R. P.; Aluru, N.;
Blankschtein, D.; Strano, M. S. Diameter Dependence of Water Filling
in Lithographically Segmented Isolated Carbon Nanotubes. ACS
Nano 2021, 15, 2778−2790.
(15) Cambré, S.; Campo, J.; Beirnaert, C.; Verlackt, C.; Cool, P.;

Wenseleers, W. Asymmetric dyes align inside carbon nanotubes to
yield a large nonlinear optical response. Nat. Nanotechnol. 2015, 10,
248−252.
(16) Tschannen, C. D.; Gordeev, G.; Reich, S.; Shi, L.; Pichler, T.;

Frimmer, M.; Novotny, L.; Heeg, S. Raman Scattering Cross Section
of Confined Carbyne. Nano Lett. 2020, 20, 6750−6755.
(17) Kuzmany, H.; Pfeiffer, R.; Hulman, M.; Kramberger, C. Raman

spectroscopy of fullerenes and fullerene-nanotube composites.
Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences 2004, 362, 2375−2406.
(18) Gordeev, G.; Wasserroth, S.; Li, H.; Flavel, B.; Reich, S. Moire-́

Induced Vibrational Coupling in Double-Walled Carbon Nanotubes.
Nano Lett. 2021, 21, 6732−6739.
(19) Pesce, P. B. C.; Araujo, P. T.; Nikolaev, P.; Doorn, S. K.; Hata,

K.; Saito, R.; Dresselhaus, M. S.; Jorio, A. Calibrating the single-wall
carbon nanotube resonance Raman intensity by high resolution
transmission electron microscopy for a spectroscopy-based diameter
distribution determination. Appl. Phys. Lett. 2010, 96, 051910.
(20) Thomsen, C.; Reich, S. In Raman Scattering in Carbon
Nanotubes; Light Scattering in Solids IX; Manuel, C., Merlin, R., Eds.;
Springer: Berlin, 2007; pp 164−169.
(21) Wenseleers, W.; Cambré, S.; Čulin, J.; Bouwen, A.; Goovaerts,
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S.; Joselevich, E. Few-Wall Carbon Nanotube Coils. Nano Lett. 2020,
20, 953−962.
(46) Araujo, P. T.; Maciel, I. O.; Pesce, P. B. C.; Pimenta, M. A.;

Doorn, S. K.; Qian, H.; Hartschuh, A.; Steiner, M.; Grigorian, L.;
Hata, K.; Jorio, A. Nature of the constant factor in the relation
between radial breathing mode frequency and tube diameter for
single-wall carbon nanotubes. Phys. Rev. B 2008, 77, 241403.
(47) Ghavanloo, E.; Fazelzadeh, S. A.; Rafii-Tabar, H. Analysis of

radial breathing-mode of nanostructures with various morphologies: A
critical review. Int. Mater. Rev. 2015, 60, 312−329.
(48) Ghavanloo, E.; Fazelzadeh, S. A. Prediction of radial breathing-

like modes of double-walled carbon nanotubes with arbitrary chirality.
Physica B: Condensed Matter 2014, 451, 34−38.
(49) Telg, H.; Maultzsch, J.; Reich, S.; Hennrich, F.; Thomsen, C.

Chirality distribution and transition energies of carbon nanotubes.
Phys. Rev. Lett. 2004, 93, 177401.
(50) Setaro, A.; Adeli, M.; Glaeske, M.; Przyrembel, D.; Bisswanger,

T.; Gordeev, G.; Maschietto, F.; Faghani, A.; Paulus, B.; Weinelt, M.;
Arenal, R.; Haag, R.; Reich, S. Preserving π-conjugation in covalently
functionalized carbon nanotubes for optoelectronic applications. Nat.
Commun. 2017, 8, 14281.
(51) Mueller, N. S.; Heeg, S.; Reich, S. Surface-enhanced Raman

scattering as a higher-order Raman process. Phys. Rev. A 2016, 94,
023813.

(52) O’Connell, M. J.; Sivaram, S.; Doorn, S. K. Near-infrared
resonance Raman excitation profile studies of single-walled carbon
nanotube intertube interactions: A direct comparison of bundled and
individually dispersed HiPco nanotubes. Phys. Rev. B 2004, 69,
023813.
(53) Machón, M.; Reich, S.; Telg, H.; Maultzsch, J.; Ordejón, P.;

Thomsen, C. Strength of radial breathing mode in single-walled
carbon nanotubes. Phys. Rev. B 2005, 71, 035416.
(54) Kalbac, M.; Green, A. A.; Hersam, M. C.; Kavan, L. Probing

charge transfer between shells of double-walled carbon nanotubes
sorted by outer-wall electronic type. Chem. - Eur. J. 2011, 17, 9806−
9815.
(55) Farhat, H.; Sasaki, K.; Kalbac, M.; Hofmann, M.; Saito, R.;

Dresselhaus, M. S.; Kong, J. Softening of the Radial Breathing Mode
in Metallic Carbon Nanotubes. Phys. Rev. Lett. 2009, 102, 126804.
(56) Hatting, B.; Heeg, S.; Ataka, K.; Heberle, J.; Hennrich, F.;

Kappes, M. M.; Krupke, R.; Reich, S. Fermi energy shift in deposited
metallic nanotubes: A Raman scattering study. Physical Review B -
Condensed Matter and Materials Physics 2013, 87, 165442.
(57) Gordeev, G.; Setaro, A.; Glaeske, M.; Jürgensen, S.; Reich, S.

Doping in covalently functionalized carbon nanotubes: A Raman
scattering study. Physica Status Solidi (B) 2016, 253, 2461−2467.
(58) Wroblewska, A.; Gordeev, G.; Duzynska, A.; Reich, S.; Zdrojek,

M. Doping and plasmonic Raman enhancement in hybrid single
walled carbon nanotubes films with embedded gold nanoparticles.
Carbon 2021, 179, 531−540.
(59) Araujo, P. T.; Nugraha, A. R.; Sato, K.; Dresselhaus, M. S.;

Saito, R.; Jorio, A. Chirality dependence of the dielectric constant for
the excitonic transition energy of single-wall carbon nanotubes.
Physica Status Solidi (B) Basic Research 2010, 247, 2847−2850.
(60) Nugraha, A. R.; Saito, R.; Sato, K.; Araujo, P. T.; Jorio, A.;

Dresselhaus, M. S. Dielectric constant model for environmental effects
on the exciton energies of single wall carbon nanotubes. Appl. Phys.
Lett. 2010, 97, 91905.
(61) Heeg, S.; Shi, L.; Poulikakos, L. V.; Pichler, T.; Novotny, L.

Carbon Nanotube Chirality Determines Properties of Encapsulated
Linear Carbon Chain. Nano Lett. 2018, 18, 5426−5431.
(62) Heeg, S.; Shi, L.; Pichler, T.; Novotny, L. Raman resonance

profile of an individual confined long linear carbon chain. Carbon
2018, 139, 581−585.
(63) Kuzmany, H.; Shi, L.; Martinati, M.; Cambré, S.; Wenseleers,
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