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Abstract

Dielectric screening plays a vital role for the physical properties in the nanoscale and also alters
our ability to detect and characterize nanomaterials by optical techniques. We study the dielectric
screening inside of carbon nanotubes and how it changes electromagnetic fields and many-body
effects for encapsulated nanostructures. First, we show that the local electric field inside a nanotube
is altered by one-dimensional screening with dramatic effects on the effective Raman scattering
efficiency of the encapsulated species for metallic walls. The scattering intensity of the inner tube
is two orders of magnitude weaker than for the tube in air, which is nicely reproduced by local field
calculations. Secondly, we find that the optical transition energies of the inner nanotubes shift to
lower energies compared to a single-walled carbon nanotubes of the same chirality. The shift is
higher if the outer tube is metallic than when it is semiconducting. The magnitude of the shift
suggests that the excitons of small diameter inner metallic tubes are thermally dissociated at room

temperate if the outer tube is also metallic and in essence we observe band-to-band transitions.
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I. INTRODUCTION

Carbon nanotubes (CNTs) can serve as one atom thick container for molecules and one-
dimensional (1D) crystals."® A CNT container may be exploited as a drug carrier and local
sensor.”!0 It also provides a unique environment to tailor and study encapsulated materi-
als. For example, water changes its dielectric behavior and viscosity inside tubes and can
adopt new phases.'™!? Such water@CNT channels were used for ion transport to potentially
model biological systems like transmembrane proteins.!® In another direction, CNTs act as
templates to order and align molecules, which led to micron-sized single file J aggregates
or molecular chains with huge optical nonlinearities.>!* Despite extensive studies on filled
nanotubes and hybrid one-dimensional (1D) systems, the environment produced by an en-
capsulating CN'T remains mysterious. For instance, 1D chains of dye molecules or carbon
atoms inside a nanotube yield record-high Raman cross sections.®!® 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 case of 1D molecular and
carbon chains it is impossible to discriminate between the different effects, because they
only exist inside the CN'T's and cannot be extracted and studied under ambient conditions.
There are some indications for systematic changes of materials inside CNTs. For example,
the nanotube walls affect the electromagnetic (EM) field inside the CNT. Cgo@CNT demon-
strated different depolarization ratios,'® but it remained unclear whether this was related to
the depolarization of the EM field or strain. On the other hand, single-walled nanotubes are
stable in ambient conditions or can be an inner part of a double-walled CNT (DWCNT).!"

The DWCNTSs can potentially serve as ideal probes for the environment produced by a



nanotube, since an inner wall nanotube may be easily referenced to an SWCNT!® and will
probe the environment produced by the outer wall.

The nanotube walls may also alter many-body effects of encapsulated materials, because
electron-hole interactions are subjected to the exterior screening.'® 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,%?° but the inverse
effect, where 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,?!
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 environment.??> For DWCNTSs the screening by an outer tube was
predicted to change the excitons of the inner tube to single-particle excitation in small
diameter CNTs,?? but experimental evidence has not been reported so far.

In this work we study dielectric screening by metallic CNTs using resonant Raman scat-
tering 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 quasi-static approximation and a dielectric constant of
eor = 10.8 for the outer metallic wall. We compare the inner tube excitonic transition en-
ergies for semiconducting and metallic hosts. The transition energies shift to lower energies
compared to SWCNTSs, which we analyze in the framework of dielectric screening. The
magnitude of the shift in the transitions energies of small inner metallic tubes is compatible

with a complete dissociation of the exciton due to dielectric screening.

II. METHODS

To study the dielectric screening effects in the inner walls, we need to sort as-grown DWC-
NTs into fractions according to the electronic character of the inner and outer wall.2* We
sorted the (inner@outer) DWCNTSs using three-step technique into the electronic fractions
M@M,M@s, S@M, and M@M, where M indicates metallic and S semiconducting character
of the wall. The DWCNTs were filtered first in a gel permeation chromatography column
by monitoring Raman intensity. Second, the DWCNTs were re-suspended in toluene and

chlorobenzene with PFO-BPy polymer for improved outer-wall separation. At the final



step pellets were extracted from solutions by 1 hour centrifugation at up to 10°¢ and de-
posited onto silicon substrates.?* After drying, the samples were used for resonant Raman
experiments.

Transition energies and electromagnetic screening were analyzed with resonant Raman
spectroscopy of the radial breathing mode (RBM).?»% Two excitation-tunable lasers were
used as excitation sources, for the visible excitation range 570-670nm a Radiant dye laser
(DCM, R6G) and a Coherent Ti-Sa laser for near infra-red (700-850nm). The laser was
focused onto the sample using a 100x microscope objective (N.A. 0.9) with position and
focus optically controlled by a camera. The back-scattered light was filtered by a Horiba
triple grating t64000 system to remove the Rayleigh light and dispersed by 600 and 900
grooves/mm gratings. A Peltier cooled charge-coupled device was detecting the Raman
signals. The spectra of 532 nm laser line were acquired with a Horiba Xplora, single-
grating spectrometer equipped with a dichroic mirror. The (n,m) chiralities were identified
and RBM shifts were investigated systematically using multi-peak fitting. The concept of
laola family facilitated chiral identification, the (n,m) from the same laola group share the
parameter | = 2n + m. In M@QM and M@S samples we found the | = 2m + n = 24 laola
groups — containing the (n,m) chiralities (9,6), (10,4), (11,2), and (12,0) — plus the [ =27
and 30 laola groups. A CakF, single crystal reference spectrum was measured for each laser
wavelength. The integrated area of the RBM peaks was divided by the area of CaFy peak
at 320 cm™! in order to account for changes in the sensitivity of optical components in the

measurement.2°

IIT. RESULTS

A. Theory of dielectric screening in one dimension.

We consider a situation where a single-walled carbon nanotubes is embedded in another
tube, Fig. la. 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 externally applied electric field for the inner wall and
the field orientation so that it is predominantly polarized along the axis.!® The change in

polarization direction arises from what has been coined the antenna effect,'? i.e., the fact that
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FIG. 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 gets modulated by the outer wall dielectric
constant. (b) The dielectric effect manifests in the resonant Raman profiles of the (ng, mp) inner

wall (blue) compared to corresponding SWCNT (black) computed by Eq. (5). The profile of
DWCNTs is red-shifted due to exciton screening and the amplitude is reduced by the local field

factor compared to the SWCNT.

a nanoscale cylinder screens an electric field that is polarized perpendicular to its axis. The
change in electric field amplitude is determined by the effective dielectric constant due to the
presence of the outer wall, Fig. 1a. The local field F),. 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 ~ 0.35nm, and dielectric constant e,r, see Fig. la. The wavelength

of light (530-850nm) is much larger than the CNT diameter (2nm), which indicates the

quasistatic regime and field inside of the cylinder can be approximated as?’

26env
Eloc = Eofloc = EoM» (1)

where fio. is the local field factor, Ey external electric field, and €., is a dielectric constant
of the environment around the outer tube. The effective dielectric constant e.g arises from
the combined dielectric effect of the outer wall itself with e,p and the inner core ¢; (¢; = 1

for an empty tube). We calculate it according to Maxwell-Garnet mixing?® 39

€ — €T
eff = €o 3V o y 2
ot = €oT + €T€i+2€OT—V(€i—€OT) )
where V(d) =1 —4/(d + t)? is the volume fraction of the empty part of the cylinder. For a

CNT with d = 2nm we find V = 0.54. Assuming ¢ = 1 and €, = 10 we obtain the effective
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dielectric constant e.g ~ 5.
The effective dielectric constant e.¢ changes the exciton binding energies Ej, the electron-
electron interaction, and, therefore, the optical transition energy E;; of the inner tube. The

exciton binding energy scales as3!

Ey(€) = By ey (3)

For example Ef=! ~ 100 meV for metallic tubes with d = 1—2.2 nm?? is the intrinsic binding

energy for the unscreened CNT and o = 1.2 — 1.4 is a semi-empirical scaling factor3! 33,

The change of the optical transition energy is given by3!34

Ejj = Ey + Eee — Eon = Eg + Eigreas — 5 €cq (4)

The single particle band gap Ej, is independent of e.g. Epgr is the electron-electron interac-
tion energy for the unscreened system.3! The electron-electron correlation . scales as €.
for small electron wave vectors according to the Coulomb potential.?® The electron-hole E,j,
interaction is more complex and leads back to a hydrogen arom problem in one dimension,
where a cutoff potential is typically introduced to converge the ground state ~ 1/ |z + z|.
This yields E., = R;/\?, where the effective Rydberg radius R} depends on €. and \ also
varies with the potential cutoff zy as a function of €.¢. Combining these two factors one gets
E,, ~ 633.31 The different scaling of the electron-electron and the electron-hole interaction
yields an overall shift of the optical excitation energy as given by Eq. (4).

The optical response of the inner tube is sensitive to the change of 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®®, direct

37,38 25,39,40

absorption®’°°, or resonance Raman spectroscopy However, photoluminescence is
only present in semiconducting inner tubes and is strongly quenched by the outer wall.
Optical absorption is challenging to measure experimentally due to the low cross sections
and signal overlap in chiral mixtures. On the other hand, resonant Raman scattering pro-
vides sufficient signal for metallic and semiconducting walls up to the single tube level.*!
Resonance Raman spectroscopy of the radial breathing modes (RBM) is a key method to
follow optical and vibrational changes in carbon tubes.!??5:3%40 The phonon energy of the

RBM hwrpm(d) = ¢1/d 4 co depends on tube diameter allowing one to distinguish between
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nanotubes of different size (e.g., inner- and outer-tube). Empirical parameters ¢; and cy
depend on to the filling, exterior functionalization, and wall-to-wall interactions.*1726:39:42
The optical transitions of CNTs are probed via resonance Raman profiles, i.e., the de-
pendence of the scattering intensity on laser excitation.'®?%2639 The screening by the outer
tube manifests in a shift of the resonant Raman profile that is determined by the optical
transition energy E;;, Fig. 1b. The change in field intensity reaching the inner tubes reduces
the amplitude of the resonance Raman profile varying with laser excitation energy E; as
Mg ?
(El — Ly — W)(El - Flwph — By — Z"V) ’

Ir(E) « E} (5)

where Mp is the combined Raman matrix element. It is given by Mp = M2 M., gy the

ex—pt

product of the exciton-photon M., ,; and the exciton-phonon matrix elements M, _gpas.**

M.y —pt(iny depends linearly on the local electric field intensity and thus scales with ffoC
which leads to I o< fi. . The broadening factor v is inversely proportional to the exciton
lifetime. The pre-factor E}! in Eq. (5) is eliminated experimentally by calibrating on a Raman
reference with a known and constant cross section, see Methods. Figure 1b compares the
expected resonant Raman profiles for same (ng,mg) SWCNT and (ng, mo)@M inner wall
of a DWCNT. The energetic positions of the resonance are red shifted due to screening,
Egs.,(4) and (5). The effective matrix element Mp for the inner tube is smaller than for
the free-standing SWCNT due to the electromagnetic field factor fi.., Egs. (1) and (5). We
expect a smaller RBM intensity from an inner tube of a DWCNT compared to a SWCNT.
We now examine the resonance Raman profiles of sorted DWCNTs for signs of the predicted

screening effects.

B. Inner tube RBM frequency and intensity

Figure 2a shows the RBM of M@QM and M@S DWCNT samples, i.e., all inner tubes
are metallic and the outer tubes are metallic in the M@QM but semiconducting in the MQS
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 Awgrpym < 200 cm™! and

inner tubes > 200 cm™!

, see labels in Fig. 2a. We deduce the metallic and semiconducting
character of the inner tube from the excitation energy dependence and frequency, since only

tubes resonant show measurable intensity.!??>3 Thereby we identify the RBM frequency
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FIG. 2. Radial breathing modes in M@M (blue) and M@QS (purple) nanotubes excited with a
2.1eV laser. (a) RBM spectra in the region between 100 — 400 cm~!. The top line roughly divides
expected RBMs from metallic (blue) and semiconducting (orange) walls. (b) Inner wall RBM
fitting in M@QM sample and (c¢) M@S sample. The vertical lines divide different 2n + m laola

families. The arrow indicates the increase of the chiral angle within a laola group.

ranges for metallic (labelled blue) and semiconducting (orange) species, Fig. 2a. The M@QM
and M@S samples contain inner metallic nanotubes with Awgrgm = 200 — 250 cm™'. With
the laser energy E; = 2.1eV in Fig. 2a we efficiently excite outer semiconducting walls via
Ejs3; they are strong in the M@S sample and much weaker in the M@M sample where they
appear due to imperfections in the chirality sorting.?? Resonantly exciting outer metallic

walls requires lower laser energies F; <1.85 eV.

The RBM frequencies of the DWCNTs with metallic and mixed walls were only slightly
shifted (few cm™' and less) compared to the corresponding SWCNT and no splitting, as it
is characteristic for SQS, was observed. This can be explained by the electronic states of
inner and outer walls in M@QM and M@S being energetically well separated, which reduces
moiré coupling.'” We fitted the diameter dependence of the RBM frequencies and obtained a
constant ¢; = 215nm -cm™! for SW and DWCNTs inner metallic tubes, but a ¢, that varied
between the three samples [X*™ = 19.3nm and }®S = 20.2nm compared to c§"WVENTs
= 18nm].?* The RBM frequency shifts of the inner metallic tubes results from a changed
intercept of the RBM diameter dependence, which is associated with environmental effects,

as a change in solvent or nanotube bundling.?544



The EM screening effect by the outer tubes manifests in the measured inner intensities.
We first selected spectra with the highest RBM intensities for the inner and outer species in
S@S, M@S, and M@QM samples, Fig. 3a-c (the SQM sample had lower sorting purity and will
not be considered here). When the outer tubes are semiconducting, top and middle trace,
the maximum RBM intensity of the inner tube is comparable or even stronger than that of
the outer species. This is expected, because the RBM intensities scale with the inverse of
nanotube diameter.'®*4° In sharp contrast, the integrated intensity of the inner tube is one
order of magnitude smaller with a metallic outer tube in the M@M sample, bottom trace
in Fig. 3c. To study the intensities in detail, we measured the full resonance profiles of the
inner and outer walls, see Methods. Figure 3d compares the exemplary Raman profiles of the
(12,0) inner (hAwipy = 249cm™!, By = 2.08eV) and the (12,12) outer tube (hwgk,, = 144
cm™!, 1.48eV). The difference between the Raman intensities is a striking factors of 30,
Fig. 3d. Similar differences were observed for the other M@QM walls as shown in Fig. 3e for

inner and outer tube diameters 0.8 — 1.8 nm.

The experimentally observed variation of Raman intensity is reproduced by Eq. (1) with
dielectric constants e, = 9 — 10 and ¢;, = 1. For fitting our experimental data we represent
inner and outer walls populations by two Gaussian like distributions with equal amplitudes,
see Supplementary information. The intrinsic diameter-dependent Raman intensity M3 (d)
for these populations was corrected by the local field factor in Eq. (1) and plotted in
Fig. 3e by the red line, see Supplementary information for more details. Overall, we see
good agreement in terms of intensities, with an outer-to-inner intensity ratio of ~ 36. The
dependence of the M3 without local field correction (grey line in Fig. 3e) unambiguously
disagrees with experiment. The experimental dielectric constant e,r = 10, agrees reasonably

well with €2, = 16 predicted by Malic et al.??

The screening by a typical metallic CNT with d = 1 — 2nm and €, = 10 reduces
the amplitude of the electric field within the tube by f,,. =~ 0.36 compared to the far
field. This has important consequences when CNTs are used as containers or reactors and
the encapsulated species are monitored by optical methods. The linear optical response
of encapsulated molecules will drop by a factor of f7_. ~ 0.13; in the case of non-linear
techniques such as Raman scattering, the reduction amounts to two orders of magnitude
(1.6 - 1072), Fig. 3e. The sharp drop in intensity, may be the reason why carbyne chains so

far were only observed in individual semiconducting DWCNTSs. 447 An in-situ monitoring of



34 (a) outer| inner (d) M@M (e)
.:":? 5 ( s@s Single wallled
S | - 20 — (12,12)@M n
s L7217ev | 2 N
\(_5/ O T ‘ L ‘ TTTT ‘ TTTT ‘ LU T =S 1 5 _ P Ol
Y 4 — (b) M@S £ <
X | — M@(12,0) & theory M@M
> 2 | = ax 0.01
k7] 2.15eV | 2 1.0 — =
5 0 g
1 1 EARRARARRRRRARS c
c =
< 30— © M@M s s & 0.001
: ' 3 05 - 0
s 15 — : 2.06 eV Q

1.6 eV ~
0 — Q’Tﬂ'ﬂ'ﬂ'ﬂ'ﬂ 0.0 \\H‘\HH‘H//\HH‘\HH‘HH\‘T 1E-4 I I T T
50 100 150 200 250 300 350 14 15 1.6 21 22 23 10 12 14 16 138
Raman shift (cm™) Excitation energy (eV) Wall diameter (hnm)

FIG. 3. Electromagnetic field screening in the M@M sample. (a,b, and c) Relative Intensities of
the RBMs originating from inner and outer walls in SQS, M@S, and, M@QM samples, respectively.
The inner and outer walls were excited at different energies are separated by a vertical line at
200cm~!. (d) Resonant Raman profile of the inner (12,0)@M and outer M@(12,12) wall, with
RBMs at 249 and 144cm™!, respectively. Symbols are experimental data and lines are fits by
Eq. (5). (e) Green bars: Measured Raman intensities (M%) as a function of inner wall diameter,
estimated from resonance Raman profiles, note logarithmic scale of the y axis. Red line: Calculated
Raman intensity e;r = 10 and eor = 1, by Eq. (1), Gray line: intrinsic M3 without the correction

factor.

chemical reactions, e.g., in the fusion of molecules to graphene ribbons and inner tubes,*49

will strongly favor reactions inside semiconducting containers, although metallic tubes might
actually be superior for that task. On the other hand, an exciting concept that follows
from Eq. (1) is active screening when the laser frequency matches the optical transition
of the outer tube. The dielectric function then follows the Lorentz resonance and creates
an additional active dielectric screening. Matching an inner and outer tube resonance in
DWCNTs is best achieved in S@S or mixed electronic type samples. Realizing active outer
screening on individual DWCNTSs with overlapping optical resonances would be of great

interest for future work.
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C. Exciton screening and optical transition energies shift.

We determine the transition energies of inner CN'T's from the resonant Raman profiles. We
start with the peak at 244 cm™! in Fig. 2a, belonging to the RBM (11,2)@S. The integrated
area of the (11,2)@S RBM is plotted as a function of excitation energy in Fig. 4b. The
intensity increases when the laser approaches the Ey;(z) transition energy of the nanotube.
We quantify this energy by fitting the (11,2)@S Raman profile by Eq. (5) and find the
transition energy FE;)=2.16 eV, marked by a vertical red line. The transition energy
in the DWCNTs is comparable to the (11,2) SWCNTs (2.12eV). In single-walled CNTs
the Eyi(z) may depend on many factors, surfactant type and filling, compared to DWCNTSs
where the exclusive environment is the outer wall. Next, we investigate the transition energy

for a metallic outer wall.

The metallic outer wall induces a larger transition energy of the inner wall exciton,
compared to a semiconducting outer wall. The resonance Raman profiles for (11,2)@S and

(11,2)@M are plotted in Figures 4b and c, respectively. In the (11,2)@M sample, we find

ESE’LZ))@M = 2.163 eV, which is smaller by 35 meV compared to Eﬁzf))@s. Since the Raman

1

frequencies of the inner walls are identical, both at ~244 cm™", moiré coupling can be
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neglected!” and the dominant origin of the energy shift must be dielectric screening, as
expected from Eq. (4).

The red shift in transition energy is stronger for small-diameter inner nanotubes. We
plot the shift of transition difference between the M@S and M@M samples in Fig. 4c. The
magnitude of the shift decreases from ~40 meV for d = 1nm to nearly zero d = 1.2nm.
The shift scales with the effective dielectric constant €., plotted as a function of inner wall
diameter for e,r; = 10,1 in the inset of Figure 4c. The transition energies shifts in all other
investigated chiralities are listed in Table I. The scattering of the symbols in the order of
10meV is mainly due to the weak moiré effects, which as well induce a slight negative shift
in some cases.

TABLE I. Summary of RBM frequencies fuw;, and transition energies Eﬁ( L) extracted from fitting

resonance Raman profiles, where iz = SW (single-walled), M@M, and M@S. AEM3X — EM @5 _

11(L)
EMeM,
2n+m (n,m) hwsw hwyram hwvas By BT BN G AEN Y
em™t em™!  ecm™! eV eV eV meV
24 (9,6) 228 232.0 231.7 225 2134 2.156 22
(10,4) 238 238.8 2389 224 2132 2172 40
(11,2) 244 2442 2445 222 2128 2.163 35
(12,0) 247 2494 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 2179 2.07 2.037 2.049 12
(13,1) 221 222 2224 2.07 2.024 2.034 10
30 (13,4) 193.5 1959 197.6 1.93 1.902 1.899 -2
(14,2) 196.3 199.8 201.9 1.92 1901 1.896 -6
(15,0) 200.4 204.4 206.0 1.88 1.904 1.894 -10

Excitons in thinner M@M inner walls can be reduced to single particles by the 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 kgThg3 =
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25meV. With e,r = 10 we obtain €. = 4.5 and a reduction in binding energy from 114 to
15meV. This yields a Eyy(z) red-shift of 19meV, given by Egs. (3) and (4). Such or greater
red shifts are indeed observed for inner CNTs with d < 1.03nm in our sample, Fig. 3 and
Table I, indicating that we observe single particle band gaps in the inner MQM walls.
Many fundamental properties of CNTs are governed by excitons, including absorption??,

%0 and Raman scattering.?®5! It would be extremely interesting to redo such exper-

emission
iments on screened excitons as available in the inner walls of M@M DWCNTSs. For example,
we expect asymmetric absorption peaks, identical energies in one- and two-photon lumines-
cence excitation spectroscopy, and a change in the relative intensity of the incoming and
outgoing G mode Raman resonances.?34%:5951 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 moiré effects.!” On the other hand, the metallic walls would be better reactors due
to the low-energy electronic bands, however much lower optical signals will require enriched
metallic nanotube samples for detection of reaction products.

The dielectric effects may be used to control materials encapsulated inside carbon nan-
otubes via screening. The optical transition energies of the molecules and carbon chains
are ruled by excitonic effects.?? Such effects would manifest in an optical energy shift when
confined inside metallic nanotubes compared to 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.’® Up to now, individual single carbon chains
have only been reported in semiconducting CNT containers.'>* This is likely related to
their localization method, where first the lateral Raman maps are analyzed for the high-
est 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

one-dimensional chains.

IV. CONCLUSIONS

Dielectric screening plays an important role in DWCNT; its effects are two-fold as it
modulates many-body effects and alternates the electric field inside the outer tube. Many-

body effects manifest in the energetic position of the excitons. We measured inner walls
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exciton energies by means of resonant Raman spectroscopy for semiconducting and metallic
outer walls. In metallic outer walls we found an additional red-shift by up to 40meV,
compared to 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 the outer wall. The metallic
walls act as a dense dielectric shield blocking a substantial fraction of the electromagnetic
field. That manifests in up to 30 times weaker Raman signals of the inner metallic walls
compared to the outer metallic walls. These results open interesting prospects for dielectric
cloaking and active dielectric screening. We believe that in all types of one-dimensional
heterostructures one will find strong dielectric effects altering many-body interactions and

electromagnetic fields.

V. 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 Forschungsge-
meinschaft under Grant SPP 2244 and the European Research Council ERC under Grant
DarkSERS. BSF acknowledges support from the DFG under grant numbers: FL 834/5-1,
FL 834/7-1, FL 834/12-1, FL834/13-1, FL 834/9-1

VI. REFERENCES

[1] M. J. Gallagher, D. Chen, B. P. Jacobsen, D. Sarid, L. D. Lamb, F. A. Tinker, J. Jiao, D. R.
Huffman, S. Seraphin, and D. Zhou, Characterization of carbon nanotubes by scanning probe
microscopy, Surface Science Letters 281, 335 (1993).

[2] R. Xiang, T. Inoue, Y. Zheng, A. Kumamoto, Y. Qian, Y. Sato, M. Liu, D. Tang, D. Gokhale,
J. Guo, K. Hisama, S. Yotsumoto, T. Ogamoto, H. Arai, Y. Kobayashi, H. Zhang, B. Hou,
A. Anisimov, M. Maruyama, Y. Miyata, S. Okada, S. Chiashi, Y. Li, J. Kong, E. I. Kauppinen,
Y. Ikuhara, K. Suenaga, and S. Maruyama, One-dimensional van der Waals heterostructures,

Science 367, 537 (2020), arXiv:1807.06154.

14



3]

[11]

[12]

E. Gaufres, N. Y.-W. Tang, F. Lapointe, J. Cabana, M.-A. Nadon, N. Cottenye, F. Raymond,
T. Szkopek, and R. Martel, Giant Raman scattering from J-aggregated dyes inside carbon
nanotubes for multispectral imaging, Nature Photonics 8, 72 (2013).

S. Cambré, B. Schoeters, S. Luyckx, E. Goovaerts, and W. Wenseleers, Experimental observa-
tion of single-file water filling of thin single-wall carbon nanotubes down to chiral index (5,3),
Physical Review Letters 104, 207401 (2010).

H. Li, G. Gordeev, D. Toroz, D. Di Tommaso, S. Reich, and B. S. Flavel, Endohedral Filling
Effects in Sorted and Polymer-Wrapped Single-Wall Carbon Nanotubes, Journal of Physical
Chemistry C 125, 7476 (2021).

T. Pham, S. Oh, P. Stetz, S. Onishi, C. Kisielowski, M. L. Cohen, and A. Zettl, Torsional
instability in the single-chain limit of a transition metal trichalcogenide, Science 361, 263
(2018).

R. J. Kashtiban, M. G. Burdanova, A. Vasylenko, J. Wynn, P. V. Medeiros, Q. Ramasse, A. J.
Morris, D. Quigley, J. Lloyd-Hughes, and J. Sloan, Linear and Helical Cesium lodide Atomic
Chains in Ultranarrow Single-Walled Carbon Nanotubes: Impact on Optical Properties, ACS
Nano 15, 13389 (2021).

V. V. Nascimento, W. Q. Neves, R. S. Alencar, G. Li, C. Fu, R. C. Haddon, E. Bekyarova,
J. Guo, S. S. Alexandre, R. W. Nunes, A. G. Souza Filho, and C. Fantini, Origin of the
Giant Enhanced Raman Scattering by Sulfur Chains Encapsulated inside Single-Wall Carbon
Nanotubes, ACS Nano 15, 8574 (2021).

A. R. Kiran, G. K. Kumari, and P. T. Krishnamurthy, Carbon nanotubes in drug delivery:
Focus on anticancer therapies, Journal of Drug Delivery Science and Technology 59, 101892
(2020).

K. Huth, M. Glaeske, K. Achazi, G. Gordeev, S. Kumar, R. Arenal, S. K. Sharma, M. Adeli,
A. Setaro, S. Reich, and R. Haag, Fluorescent polymersinglewalled carbon nanotube complexes
with charged and noncharged dendronized perylene bisimides for bioimaging studies, Small
14, 1800796 (2018).

N. Kavokine, M. L. Bocquet, and L. Bocquet, Fluctuation-induced quantum friction in
nanoscale water flows, Nature 602, 84 (2022), arXiv:2105.03413.

K. Koga, G. T. Gao, H. Tanaka, and X. C. Zeng, Formation of ordered ice nanotubes, Nature
412, 802 (2001).

15



[13]

[15]

[17]

18]

[21]

[22]

S. Faucher, M. Kuehne, V. B. Koman, N. Northrup, D. Kozawa, Z. Yuan, S. X. Li, Y. Zeng,
T. Ichihara, R. P. Misra, N. Aluru, D. Blankschtein, and M. S. Strano, Diameter Dependence
of Water Filling in Lithographically Segmented Isolated Carbon Nanotubes, ACS Nano 15,
2778 (2021).

S. Cambré, J. Campo, C. Beirnaert, C. Verlackt, P. Cool, and W. Wenseleers, Asymmet-
ric dyes align inside carbon nanotubes to yield a large nonlinear optical response, Nature
Nanotechnology 10, 248 (2015).

C. D. Tschannen, G. Gordeev, S. Reich, L. Shi, T. Pichler, M. Frimmer, L. Novotny, and
S. Heeg, Raman Scattering Cross Section of Confined Carbyne, Nano letters 20, 6750 (2020),
arXiv:2006.14096.

H. Kuzmany, R. Pfeiffer, M. Hulman, and C. Kramberger, Raman spectroscopy of fullerenes
and fullerene-nanotube composites, Philosophical Transactions of the Royal Society A: Math-
ematical, Physical and Engineering Sciences 362, 2375 (2004).

G. Gordeev, S. Wasserroth, H. Li, B. Flavel, and S. Reich, Moiré-Induced Vibrational Coupling
in Double-Walled Carbon Nanotubes, Nano Letters 21, 6732 (2021), arXiv:2103.07337.

P. B. C. Pesce, P. T. Araujo, P. Nikolaev, S. K. Doorn, K. Hata, R. Saito, M. S. Dresselhaus,
and A. Jorio, Calibrating the single-wall carbon nanotube resonance Raman intensity by high
resolution transmission electron microscopy for a spectroscopy-based diameter distribution
determination, Applied Physics Letters 96, 051910 (2010).

C. Thomsen and S. Reich, Raman Scattering in Carbon Nanotubes, in Light Scattering in
Solids IX, edited by C. Manuel and R. Merlin (Springer, Berlin Heidelberg, 2007) Chap.
Raman scat, pp. 164-169.

W. Wenseleers, S. Cambré, J. Culin, A. Bouwen, and E. Goovaerts, Effect of water filling on
the electronic and vibrational resonances of carbon nanotubes: Characterizing tube opening
by Raman spectroscopy, Advanced Materials 19, 2274 (2007).

M. Martinati, W. Wenseleers, L. Shi, S. M. Pratik, P. Rohringer, W. Cui, T. Pichler,
V. Coropceanu, J. L. Brédas, and S. Cambré, Electronic structure of confined carbyne from
joint wavelength-dependent resonant Raman spectroscopy and density functional theory in-
vestigations, Carbon 189, 276 (2022).

E. Malic, J. Maultzsch, S. Reich, and A. Knorr, Excitonic absorption spectra of metallic
single-walled carbon nanotubes, Phys. Rev. B 82, 035433 (2010).

16



23]

[24]

[25]

Y. Tomio, H. Suzuura, and T. Ando, Cross-polarized excitons in double-wall carbon nan-
otubes, Phys. Rev. B 86, 245428 (2012).

H. Li, G. Gordeev, S. Wasserrot, V. S. K. Chakravadhanula, S. K. C. Neelakandhan, F. Hen-
nrich, A. Jorio, S. Reich, R. Krupke, and B. S. Flavel, Inner- and outer-wall sorting of double-
walled carbon nanotubes, Nature Nanotechnology 12, 1176 (2017).

J. Maultzsch, H. Telg, S. Reich, and C. Thomsen, Radial breathing mode of single-walled
carbon nanotubes: Optical transition energies and chiral-index assignment, Phys. Rev. B 72,
205438 (2005), 0510427 [cond-mat].

H. Telg, J. Maultzsch, S. Reich, F. Hennrich, and C. Thomsen, Chirality distribution and tran-
sition energies of carbon nanotubes, Physical Review Letters 93, 177401 (2004), arXiv:0409220
[cond-mat].

L. Novotny and B. Hecht, Principles of Nano-Optics (Cambridge University Press, Cambridge,
2012) p. 395.

P. Holmstrm, L. Thyln, and A. Bratkovsky, Dielectric function of quantum dots in the strong
confinement regime, Journal of Applied Physics 107, 10.1063/1.3309343 (2010).

A. Sihvola, Mixing rules with complex dielectric coefficients, Subsurface Sensing Technologies
and Applications 1, 393 (2000).

J. C. M. Garnett, XII. Colours in metal glasses and in metallic films, Philosophical Transac-
tions of the Royal Society of London. Series A 203, 385 (1904).

A. G. Walsh, A. N. Vamivakas, Y. Yin, S. B. Cronin, M. S. Unlii, B. B. Goldberg, and A. K.
Swan, Screening of excitons in single, suspended carbon nanotubes, Nano Letters 7, 1485
(2007).

V. Perebeinos, J. Tersoff, and P. Avouris, Scaling of excitons in carbon nanotubes, Physical
Review Letters 92, 8 (2004), arXiv:0402091 [cond-mat].

P. T. Araujo, A. Jorio, M. S. Dresselhaus, K. Sato, and R. Saito, Diameter dependence of
the dielectric constant for the excitonic transition energy of single-wall carbon nanotubes,
Physical Review Letters 103, 146802 (2009).

T. Ando, Excitons in Carbon Nanotubes, Journal of the Physical Society of Japan 66, 1066
(1997).

C. L. Kane and E. J. Mele, Electron interactions and scaling relations for optical excitations

in carbon nanotubes, Physical Review Letters 93, 197402 (2004), arXiv:0403153 [cond-mat].

17



[36]

[42]

R. B. Weisman and S. M. Bachilo, Dependence of optical transition energies on structure
for single-walled carbon nanotubes in aqueous suspension: An empirical Kataura plot, Nano
Letters 3, 1235 (2003).

J. Streit, C. R. Snyder, J. Campo, M. Zheng, J. R. Simpson, A. R. Hight Walker, and J. A. Fa-
gan, Alkane Encapsulation Induces Strain in Small-Diameter Single-Wall Carbon Nanotubes,
Journal of Physical Chemistry C 122, 11577 (2018).

M. Pfohl, D. D. Tune, A. Graf, J. Zaumseil, R. Krupke, and B. S. Flavel, Fitting Single-Walled
Carbon Nanotube Optical Spectra, ACS Omega 2, 1163 (2017).

C. Fantini, A. Jorio, M. Souza, M. S. Strano, M. S. Dresselhaus, and M. A. Pimenta, Optical
transition energies for carbon nanotubes from resonant raman spectroscopy: Environment and
temperature effects, Physical Review Letters 93, 147406 (2004).

G. Gordeev, A. Jorio, P. Kusch, B. G. Vieira, B. Flavel, R. Krupke, E. B. Barros, and S. Reich,
Resonant anti-Stokes Raman scattering in single-walled carbon nanotubes, Phys. Rev. B 96,
245415 (2017).

D. Nakar, G. Gordeev, L. D. MacHado, R. Popovitz-Biro, K. Rechav, E. F. Oliveira, P. Kusch,
A. Jorio, D. S. Galvao, S. Reich, and E. Joselevich, Few-Wall Carbon Nanotube Coils, Nano
Letters 20, 953 (2020).

A. Setaro, M. Adeli, M. Glaeske, D. Przyrembel, T. Bisswanger, G. Gordeev, F. Maschietto,
A. Faghani, B. Paulus, M. Weinelt, R. Arenal, R. Haag, and S. Reich, Preserving m-conjugation
in covalently functionalized carbon nanotubes for optoelectronic applications, Nature Com-
munications 8, 14281 (2017).

N. S. Mueller, S. Heeg, and S. Reich, Surface-enhanced Raman scattering as a higher-order
Raman process, Physical Review A 94, 023813 (2016).

M. J. O’Connell, S. Sivaram, and S. K. Doorn, 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 69, 023813 (2004).

M. Machén, S. Reich, H. Telg, J. Maultzsch, P. Ordején, and C. Thomsen, Strength of radial
breathing mode in single-walled carbon nanotubes, Phys. Rev. B 71, 035416 (2005).

S. Heeg, L. Shi, L. V. Poulikakos, T. Pichler, and L. Novotny, Carbon Nanotube Chirality
Determines Properties of Encapsulated Linear Carbon Chain, Nano Letters 18, 5426 (2018),

arXiv:1711.04753.

18



[47]

[48]

[49]

[52]

[53]

[54]

S. Heeg, L. Shi, T. Pichler, and L. Novotny, Raman resonance profile of an individual confined
long linear carbon chain, Carbon 139, 581 (2018).

H. Kuzmany, L. Shi, M. Martinati, S. Cambr, W. Wenseleers, J. Krti, J. Koltai, G. Kukucska,
K. Cao, U. Kaiser, T. Saito, and T. Pichler, Well-defined sub-nanometer graphene ribbons
synthesized inside carbon nanotubes, Carbon 171, 221 (2021).

A. Cadena, B. Botka, A. Pekker, C. D. Tschannen, C. Lombardo, L. Novotny, A. N.
Khlobystov, and K. Kamaras, Molecular encapsulation from the liquid phase and graphene
nanoribbon growth in carbon nanotubes, The Journal of Physical Chemistry Letters 13, 9752
(2022), pMID: 36223098.

R. Pomraenke, J. Maultzsch, S. Reich, E. Chang, D. Prezzi, A. Ruini, E. Molinari, M. S.
Strano, C. Thomsen, and C. Lienau, Two-photon photoluminescence and exciton binding
energies in single-walled carbon nanotubes, Physica Status Solidi (B) Basic Research 243,
2428 (2006), arXiv:0505150 [cond-mat].

G. Gordeev, B. Flavel, R. Krupke, P. Kusch, and S. Reich, Asymmetry of resonance Raman
profiles in semiconducting single-walled carbon nanotubes at the first excitonic transition,
Phys. Rev. B 99, 45404 (2019).

F. Bonabi, S. J. Brun, and T. G. Pedersen, Excitonic optical response of carbon chains confined
in single-walled carbon nanotubes, Phys. Rev. B 96, 155419 (2017).

L. Shi, P. Rohringer, M. Wanko, A. Rubio, S. Waflerroth, S. Reich, S. Cambré, W. Wenseleers,
P. Ayala, and T. Pichler, Electronic band gaps of confined linear carbon chains ranging from
polyyne to carbyne, Physical Review Materials 1, 075601 (2017), arXiv:1705.02259.

C. D. Tschannen, M. Frimmer, G. Gordeev, T. L. Vasconcelos, L. Shi, T. Pichler, S. Reich,
S. Heeg, and L. Novotny, Anti-Stokes Raman Scattering of Single Carbyne Chains, ACS Nano
15, 12249 (2021).

19



arXiv:2404.01146v1 [cond-mat.mes-hall] 1 Apr 2024

Supplementary information: Dielectric effects in one-dimensional

heterostructures

Georgy Gordeev,! Soren Wasserroth,! Han Li,2 Ado

Jorio,® Benjamin S. Flavel,? and Stephanie Reich!

! Freie Universitit Berlin, Department of Physics, Arnimallee 14, 14195 Berlin
2 Institute of Nanotechnology, Karlsruhe Institute of Technology,
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
3 Departamento de Fsica, Universidade Federal de Minas Gerais,

Belo Horizonte, Minas Gerais 30123-970, Brazil

CONTENTS
I. Experimental Methods 2
I1. Variation of Raman intensity in SWCNTs and in the M@QM sample 3
ITII. RBM frequency diameter dependence )
IV. Maxwell-Garnett mixing 6
References 7



I. EXPERIMENTAL METHODS

To study the dielectric screening effects in the inner walls, we need to sort as-grown
DWCNTs into fractions according to the electronic character of the inner and outer wall.!
We sorted the (inner@outer) DWCNTSs using a three-step technique into the electronic
fractions MQM,M@S, SQM, and MQM, where M indicates metallic and S semiconducting
character of the wall. The DWCNTs were filtered first in a gel permeation chromatography
column by monitoring the Raman intensity. Second, the DWCNTs were re-suspended in
toluene and chlorobenzene with PFO-BPy polymer for improved outer-wall separation. At
the final step pellets were extracted from solutions by 1 hour centrifuging at up to 10°g and
deposited onto silicon substrates.! After drying, the samples were used for resonant Raman
experiments. The Raman maps from four electronic fraction were used to confirm the purity
of the samples in ref. Li et al.l'l The highest purity is found in the S@S,M@M, and M@S
samples, whereas in the SQM sample we observed undesirable signal from semiconducting
outer walls originating from the Fs3 transition (1.6 nm, 2.3 eV). Further the average diameter

of the inner walls was higher compared to the S@QS sample with an average of 1 nm.

Transition energies and electromagnetic screening were analyzed with resonant Raman
spectroscopy of the radial breathing mode (RBM).?? Two excitation-tunable lasers were
used as excitation sources, for the visible excitation range 570-670nm a Radiant dye laser
(DCM, R6G) and a Coherent Ti-Sa laser for near infra-red excitation (700-850nm). The laser
was focused onto the sample using a 100x microscope objective (N.A. 0.9) with position and
focus optically controlled by a camera. The back-scattered light was filtered by a Horiba
triple grating t64000 system to remove the Rayleigh light and dispersed by 600 and 900
grooves/mm gratings. A Peltier cooled charge-coupled device was detecting the Raman
signals. The spectra of 532 nm laser line were acquired with a Horiba Xplora, single-
grating spectrometer equipped with a dichroic mirror. The (n, m) chiralities were identified
and RBM shifts were investigated systematically using multi-peak fitting. The concept of
laola family facilitated chiral identification, the (n,m) from the same laola group share the
parameter [ = 2n + m. In MQM and M@S samples we found the [ = 2m + n = 24 laola
groups — containing the (n,m) chiralities (9,6), (10,4), (11,2), and (12,0) — plus the [ =27
and 30 laola groups. A CaF single crystal reference spectrum was measured for each laser

wavelength. The integrated area of the RBM peaks was divided by the area of CaF, peak
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at 320 cm™! in order to account for changes in the sensitivity of optical components in the

measurement.?

II. VARIATION OF RAMAN INTENSITY IN SWCNTS AND IN THE M@M
SAMPLE

In this section we explain intensities variation in the single walled carbon nanotubes and
how local factor can be implemeted. The population is modelled by a standard Gaussian
function:

_ (d=b)?

Lio(d) = Ae™ 22 (1)

We also need to account for chiral variation of matrix elements*. For SWCNTSs can use

empirical formulas proposed by Pesce et al.’

(2)

where M; with (i = A, B,C) are constants (Ms = 1.68eV, Mg = 0.52nm - eV, Mo =

Mg N M cos(30)\ >
d d? ’

Mp(d) = (MA +

nm? - eV) deduced by correlating transmission electron microscopy (TEM) and resonance
Raman scattering,® d is the CNT diameter and © its chiral angle.®

The full profile of Raman matrix elements can be described as
Mp(d) = Mg(d) - (fige(€ess)1i(d) + Lo(d)), (3)

Transition energies of the CNTs can be calculated using following empirical formula’

Eu(p, d) — Bycos30/d® = a§ [1 +b- zog%q , (4)
where p = (1,2,3,4,5) for (E}|, E5,, B}, E5s Ery), a = 1.049 eV-nm, b = 0.456, and ¢ =
0.812 nm™'. The 8, parameter depends on the transition number and CNT type. The CNT
is of type 1 when (2n + m)mod3 = 1 and of type 2 if (2n + m)mod3 = 2. The §, equals
(-0.07,0.05), (0.19,-0.14), (-0.19), (0.42,0.42), and (0.4,0.4) for p = 1,2,3,4, and 5 respectively.

In Figure Sla an b we show the waterfall plots for SWCNT and M@M sample, the
RBMs belonging to different chiralities move inside and outside the resonance conditions,
depending on the laser energy. The SWCNT spectra were obtained using known intensity
and transition energies behaviors®” and the M@M are the experimental. The spectra are

normalized to one for better visibility and the normalization factors are shown in the right
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SFig. S1. Resonant Raman spectra of nanotubes excited between of 2.3 eV (blue) and 1.55eV (red),
the intermediate colors are mixed in rainbow-like pattern. The panel (a) represents the single-walled
CNTs, generated for the same populations as M@M walls using egs. (5),(4), (2).>7. The spectra
are normalized and offset for clarity, (b) the normalization factors for each laser wavelength. (c)

Experimental spectra of M@M sample, with ¢) histograms of the maximum Raman intensity.

panels. In the M@QM sample we find only metallic walls, compared to the SWCNT sample,
shown in Figure S1 b,a. The M@QM and S@S samples are the cleanest in the separation
process.! Interestingly, the intensities distributions are inverse. In the single walled CNTs
a highest intensity is found for smaller diameter tubes®, whereas in the M@QM sample we
find largest intensity for the large diameter walls, red region in Figure S1b. This inversion
already indicates dielectric effects. When analyzing the M@S sample we find some smaller
semiconducting inner walls, see Figure Slc and overall intensity behavior is more erratic.
This is caused by SQS impurities and also different FE;; transitions at play. Hence, we
concentrate only on the M@QM sample for studying the EM screening. The M@QM an ideal
sample, since both inner and outer walls are excited at the same transition. However, first,

we need to identify individual (n,m) chiralities from the groups the RBM peaks in Figure
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SFig. S2. Fit of the experimental RBM frequencies with Eq. (7)

S1.

III. RBM FREQUENCY DIAMETER DEPENDENCE

The dependence of the RBM frequency depends on the effective mass of the CNT cylinder,

traditionally the expression was used:?

wrmB(d) = c1/d + ca, (5)

where ¢; and ¢, are constants determinned from an experiment. Later, a more physical

expression was proposed:®

1 6(1—-v)K
d) =2\ (+———— 6
wrmB(d) \/(d2 + Eh S%)a (6)
where 6(%};’2) = 26.3 meV is intrinsically determined constant and 852 incorporates interaction

0
forces with the CNTs environment. We combine these two constants into ¢y to simplify the

expression:

wRMB(d) = 227 (% + Ca), (7)

where ¢, = 6(1];:2)52. Figure S2 shows the fit by Eq. (7). We obtain ¢** = 2.85, ¢I"™ = 2.5,

S0

both slightly higher than ciwents 2.2.8



TABLE I. Summary of RBM frequencies hwysags and transition energies E{\{[g)f, where X = M
for metallic inner wall and X = S for semiconducting inner wall. AE%(C%( = BV — EEW.

AE{‘{(@%{ is E{‘f(@%]y - E{\f(%q .The data for SWCNTSs is a combination of empirical and calculated

values from Maultzsch et al.?, see Methods. In Eq. (5) céw@M = 19.3nm, cé‘/f@s = 20.2nm, and

c1 = 215em™ - nm

chirality wsw Esw hwyam B 1) hwvras BYGS ABXOM ABNGT ABNGS Ahw
(n,m) cm™teV cml eV cm™! eV meV meV meV em ™!
=24
(9,6) 228 2.25 232.0 2.134 231.7 2156 22 -116 -94 3.7
(10,4) 238 2.24 238.8 2.132 2389 2.172 40 -108 -68 0.9
(11,2) 244 2.22 2442 2128 2445 2.163 35 -92 -o7 0.5
(12,0) 247 2.21 2494 2128 249.6 2.152 25 -82 -58 2.6
=27
(10,7) 203 2.04 207 2.050 210 2.070 21 10 30 7
(11,5) 211 2.08 210 2.050 213 2.062 12 -30 -18 2
(12,3) 217 2.07 217 2.037 2179 2.049 12 -33 -21 0.9
(13,1) 221 2.07 222 2.024 2224 2.034 10 -46 -36 14
=30
(13,4) 193.51.93 1959 1.902 197.6 1.899 -2 -28 -31 4.1
(14,2) 196.3 1.92 199.8 1.901 201.9 1.896 -6 -19 -24 5.6
(15,0) 200.4 1.88 204.4 1.904 206.0 1.894 -10 24 14 5.6
IV. MAXWELL-GARNETT MIXING
The formula Maxwell-Garnet mixing used’
€t = €or + 3V €0t SR (8)

€+ 2eor — V(€ — €o1)
where V(d) = 1 —4/(d + t)? is the volume fraction of the empty part of the cylinder. Eq
(8)is plotted in Figure S3 for various V' parameters.
The volume fraction V' refers to the ratio of the outer nanotube empty V,,,, part to

the outer nanotube 'full” volume V},;. The scheme is shown in figure S3, with empty part
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(b)

outer wall

t=0.32 nm

SFig. S3. (a) Dependence of €. on the outer wall dielectric constant ey, for different volume

fractions calculated by Eq. (8) and (b) scheme of volume fraction calculation.

coloured in blue and filled part coloured in purple. The empty part is 7(rop —t/2)%h, whereas
the full part is w(ror + t/2)*h, with h being the nominal length of the nanotube and r its

radius. The overall volume of the unfilled to the total volume is therefore:

Vunfilled _ (TOT - t/2)2 _ (doT - t)2
‘/total (TOT + t/2)2 (doT + t)2 ‘

‘/emp =
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