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This paper reports tip-enhanced, polarization dependent and excitation energy dependent Raman
measurements of an individual long linear carbon chain conﬁned in a double-walled carbon nanotube.
We determine the band gap of the chain (2.093 eV) from a Raman resonance proﬁle with a line width
G ¼ 145 meV, which corresponds to a lifetime of t ¼ 4:5 fs for the excited state of the chain. In the
absence of external perturbations, this suggests that the chain's excited state dynamics depend on the
conﬁnement inside the nanotube and therefore on the chirality of the encasing carbon nanotube.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction
Long linear carbon chains (LLCCs) encapsulated inside carbon
nanotubes are the ﬁnite realisation of carbyne, an inﬁnitely long
chain of carbon atoms forming the truly one-dimensional allotrope
of carbon [1,2]. The tubes act as nano-reactors allowing for chain
growth, protect the chains from the environment, and enable the
formation of long linear carbon chains that may comprise of several
thousands of atoms [3e7]. Due to a Peierls distortion, the conﬁned
chains are polyynic with alternating single and triple bonds. This
bond-length alteration (BLA) results in the formation a band gap EG
of up to several eV and is the origin of the only Raman active vibration of the chain (C-mode), a longitudinal-optical phonon corresponding to the in-phase stretching of the triple bonds [8,9].
Raman spectroscopy is a powerful tool to characterise conﬁned
chains as the C-mode directly reports the chain's BLA and the
Raman characteristics of the encasing carbon nanotubes are well
known. It has enabled the study of pressure, charge transfer, and
screening effects on the chains and their nanotubes hosts, and
revealed that the chirality of the encasing nanotube determines the
BLA and hence the band gap and the C-mode frequency of the
encapsulated LLCC [6,10e12]. The importance of Raman spectroscopy in characterising conﬁned LLCCs is highlighted by the fact that
the carbon nanotube hosts prohibit alternative direct optical
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methods such as absorption or photoluminescence spectroscopy by
spectral overlap or quenching, respectively [13].
Resonant Raman enhancement of the chain's C-mode occurs if
the excitation energy EL is close to or coincides with the bandgap EG
of the corresponding chain [14]. Mapping the C-mode's Raman
intensity as a function of EL is called Raman resonance proﬁle (RRP)
or resonance window. The RRP reveals the exact energy of the band
gap. The width G of the RRP carries information on the dynamics of
the chain's excited electronic state, because it is related to the
state's lifetime t by G ¼ Z=t [14]. Shi et al. measured Raman resonance proﬁles of six C-mode frequency bands (1793e1856 cm1)
from bulk quantities of LLCCs encapsulated in double-walled carbon nanotubes (DWCNTs) [5]. They determined the corresponding
band gaps (1.848e2.253 eV), and conﬁrmed that the well known
linear relation with the C-mode frequency also holds for long linear
carbon chains. The width G of the RRPs, however, varied from
72 meV to 145 meV. It remained unclear whether the observed G 
values are intrinsic to the corresponding chains or inhomogeneously broadened. The latter occurs for LLCCs with very similar Cmode frequencies and band gaps that cannot be separated in bulk
Raman measurements.
Here we report for the ﬁrst time a Raman resonance proﬁle of an
individual, conﬁned long linear carbon chain. The presence of a
single chain is conﬁrmed by tip-enhanced Raman scattering (TERS)
and polarization dependent, confocal Raman measurements in
resonance with the chain's band gap. Excitation energy dependent
Raman measurements yield a resonance window G ¼
145±10 meV, which corresponds to an excited state lifetime of
t  4:5 fs. We ﬁnd strong evidence that t is intrinsic to the conﬁned
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The long linear carbon chains encapsulated inside doublewalled carbon nanotubes, c.f. Fig. 1 (a), were obtained by annealing DWCNTs in form of buckypaper at 1460  C for 1 h in vacuum
(8.2  107 mbar) [3]. To prepare the individualised DWCNTs with
the conﬁned chains, the annealed buckypaper (~0.1 mg) was dissolved in benzenesulfonic acid (~1 mL). A droplet of the obtained
solution was dropcasted onto a glass coverslip, where it remained
for 15 min. Subsequently, the coverslip was immersed in chloroform for 10 min, baked at 115  C for 20 min, immersed in diethyl
ether for 5 min, baked again at 115  C for another 20 min, rinsed by
water, and ﬁnally dried by nitrogen gas. All puriﬁcation and
dispersion steps were performed in an oxygen-free environment.

placing a polarizer before the spectrometer entrance slit, we probe
only the Raman scattered light that is linearly polarized parallel to
the excitation laser. To vary the polarization direction Q we inserted
a l=2  plate between the beam splitter of the focusing microscope
and the microscope objective. This conﬁguration, shown in
Fig. 2(a), simultaneously rotates the polarization of the incoming,
linearly polarized and the Raman scattered light and removes any
polarization dependence in the detection path of the spectrometer.
A dye laser (Rhodamine 6G) was used as tunable excitation source
(2.03e2.20 eV) which we varied in steps of 5e15 meV. The wavelength dependent Raman measurements were calibrated and normalised using the Raman peak position and intensity of diamond,
respectively.
Both Raman setups are equipped with XY-piezo-stages for
scanning. On the TERS setup, integration times were 25 ms/pixel for
imaging and 60 s for Raman spectra with laser powers of 150 mW
measured before the back aperture of the objective. On the tunable
excitation setup, integration times ranged between 10 s for mapping and up to 120 s for single spectra. The laser power was kept
below 150 mW to avoid sample degradation.

2.2. Raman spectroscopy

3. Results and discussion

TERS was performed in backscattering conﬁguration using a
home-built setup whose details are described elsewhere [6]. In
short, a radially polarized laser beam (EL ¼ 1:96 eV) was focussed
by an oil-immersion objective (NA 1.4) through a thin glass coverslip. Placing the apex of an Au pyramid in the laser focus, c.f.
Fig. 1(b), creates an intense local excitation source, which enables
the high spatial resolution and local Raman enhancement characteristic for TERS [15]. The Raman scattered light was collected by a
combination of a bandpass e set to transmit the C-mode of LLCCs e
and an avalanche photodetector for imaging or a combination of
spectrograph and charge-coupled device of spectral acquisition.
Polarization and excitation energy dependent Raman measurements were performed with a spectrometer in single grating
and backscattering conﬁguration and an air objective (NA 0.9). By

A confocal Raman spectrum of the long linear carbon chain
investigated in this study is shown in Fig. 1(c) for EL ¼ 1:96 eV
(633 nm) measured on the TERS setup. The peak at 1834 cm1 is the
chain's C-mode and the G-modes of the encasing nanotubes are
found just below 1600 cm1. We observe no D-mode, indicating

chain investigated here and suggest that the chirality of the
encasing nanotubes deﬁnes the lifetime of the conﬁned chain's
excited electronic state.
2. Experimental
2.1. Sample preparation

Fig. 1. Tip-enhanced Raman characterization of an individual linear carbon chain. (a)
Long linear carbon chain (red) encapsulated in double-walled carbon nanotube (blue/
yellow). (b) Schematic of our TERS setup. (c) Confocal Raman spectrum of linear carbon
chain's C-mode at 1834 cm1 and the CNT G-modes just below 1600 cm1. (d) TERS Cmode image of long linear carbon chain. (e) Topography acquired simultaneously with
the image in (d). (A colour version of this ﬁgure can be viewed online.)

Fig. 2. Polarization dependent and spatially resolved resonant Raman scattering of an
individual linear carbon chain excited at EL ¼ 2:08 eV. (a) Illustration of setup used for
polarization- and wavelength dependent Raman measurements. (b) Resonant Raman
spectrum of the isolated linear carbon chain shown in Fig. 1(c) with both the incoming
and the scattered light polarized along the chain axis (Q ¼ 0+ ). (c) Polarization
dependent Raman intensity of the chain's C-mode as a function of Q at 2.08 eV. (d)
Confocal Raman map of the chain's C-mode acquired with a stepsize of 100 nm. (A
colour version of this ﬁgure can be viewed online.)
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that the nanotubes are largely free of defects [16]. The C-mode is
well described by a single Lorentzian ﬁt, shown in the inset of
Fig. 1(c), with a full width at half-maximum (FWHM) of 9.4 cm1,
which is among the smallest values reported on single LLCCs
[3,6,7]. Both the symmetric shape and FWHM of the C-mode provide strong evidence that the Raman signal arises from a single,
isolated chain.
To conﬁrm the isolated, single nature of the chain investigated
here we placed the TERS tip near the sample surface and simultaneously recorded high resolution TERS and topography images, as
shown in Fig. 1(d) and (e), respectively. The TERS image shows the
continuous signature of a single encapsulated chain of length
180 nm. A line proﬁle extracted from the TERS image, inset in
Fig. 1(d), implies a resolution of 33 nm. The topography in Fig. 1(e)
reveals that the DWCNT (average outer tube diameter ~1.3 nm) [3]
containing the chain is part of a small bundle of ~3.5 nm in height.
The presence of additional tubes does not affect our measurements
as we are interested in the chain's Raman signatures only.
In the following we discuss the properties of the encapsulated
chain when excited close to its optical band gap, which we expect at
~2.07 eV based on the linear relation between C-mode frequency
and band gap established experimentally in Ref. [5]. Fig. 2(b) shows
the C-mode of the chain excited at 2.08 eV (596 nm). A single Lorentzian ﬁt describes the C-mode very well and yields a Raman shift
of 1834 cm1 and FWHM of 9.6 cm1. Both peak position and
FWHM are in excellent agreement with the values obtained for
1.96 eV (633 nm), Fig. 1(b). This conﬁrms that we observe the same
chain as before and that no other chain contributes to the observed
Raman response.
The Raman spectrum of the chain shown in Fig. 2(b) was
measured with the polarization of the incident and Raman scattered light parallel to the orientation of the chain (Q ¼ 0+ ), where
Q is the angle between the chain and the polarization direction, c.f.
Fig. 1(d). Rotating the l=2  plate, c.f. Fig. 2(b), allows us to probe
the polarization dependence of the chain's Raman response. The
spectral position and the FWHM of the C-mode do not change as a
function of Q (not shown) and shift less than ±0.8 cm1 around the
mean values, which we understand as the experimentally available
precision.
However, we observe a strong change in the integrated C-mode
scattering intensities IðQÞ shown in Fig. 2(c), which is excellently
described by IðQÞ  cos4 Q and plotted (red) in Fig. 2(c). This
functional form occurs for a Raman tensor where all elements Rij
vanish except for Rzz with z parallel to the CNT/chain axis. The
Raman scattering intensity arises only from the projection of the
incoming and scattered light onto the chain axis. This dependence
is well known for one-dimensional systems like carbon nanotubes
or J-aggregated molecules and originates from a depolarisation or
antenna effect [16e18]. It is also expected for the fully symmetric
A1g ðSþ
g Þ Raman active C-mode of the chain, and conﬁrmed here
experimentally for the ﬁrst time.1 All Raman measurements discussed in the following are taken with Q ¼ 0+ .
A confocal Raman map of the chain's integrated C-mode intensity for EL ¼ 2:08 eV is shown in Fig. 2(d). It reproduces very
well the location, spatial extent and orientation of the chain, c.f.
Fig. 1(d) and (e). The highest C-mode intensity is measured when
the laser focus is centered on the chain. To ensure that we record
the maximum intensity for all excitation energy dependent measurements discussed in the following, we acquired Raman maps as
shown in Fig. 2(d) for each EL before taking single spectra with

1
A polyynic linear carbon chain belongs to the D∞h point group. Sometimes the
symmetry of the chain's C-mode is falsely given as Sþ instead of Sþ
g in the
literature.
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extended integration times at the location of the highest C-mode
intensity.
The excitation energy dependent, normalised Raman spectra of
the chain are presented in Fig. 3(a). For all excitation energies, a
strong C-mode dominates the spectrum. The G-modes of the
nanotubes appear as comparably weak features just below
1600 cm1. Lorentzian ﬁts reveal that both the spectral position and
the FWHM for all C-mode peaks shown in Fig. 3(a) are independent
of EL and remain constant to within  1 cm1.
In Fig. 3(b), we present the integrated Raman intensity of the
chain (dots) as a function of excitation energy. A clear intensity
maximum, corresponding to an electronic resonance of the chain, is
observed. In analogy to the analysis of the bulk measurements in
Ref. [5], we ﬁt the resonance Raman proﬁle using a semiclassical
resonance Raman model

IðEL Þ ¼

M
EL  EG  i G2

2

;

(1)

and obtain EG ¼ 2:093±0:00 eV for the optical band gap of the chain
and G ¼ 145±9 meV for the width of the Raman resonance proﬁle.
M describes all coupling matrix elements and serves as a free
parameter for the ﬁt. Eq. (1) describes our experimental data very
well and is plotted as the brown line in Fig. 3(b).
Equation (1) only considers the case where the incident light is
in resonance (incoming resonance) with EG and neglects resonances of the scattered light (outgoing resonance) at higher excitation energies. As for the bulk measurements in Ref. [5], this is
justiﬁed because the energetic separation between the incoming
and outgoing resonances is large (~225 meV), and the range of

Fig. 3. Raman resonance proﬁle of an individual long linear carbon chain. (a) Raman
spectra of the chain recorded at different excitation energies. The spectra are coloured
and offset for clarity. (b) Raman resonance proﬁle of the chain extracted from the
spectra in (a). The intensities are normalised to the maximum intensity. (c) Band gap
EG and resonance width G as a function of C-mode frequency observed for bulk
measurements (triangles, Ref. [5]) and the single chain measured in this work (diamond) are shown in (c) and (d), respectively. (A colour version of this ﬁgure can be
viewed online.)
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excitation energies available for our experiment covers only the
incoming resonance. At the same time, however, this prevents us
from exploring the exact nature of optical transitions in linear
carbon chains, as measuring the outgoing resonances can in principle determine whether the optical transition of chains are bandto-band transitions, excitons, or must be described within the
framework of Raman scattering of molecules [19e22]. Importantly,
this uncertainty does not affect the conclusions of this work. In
accordance with literature, we therefore use the term band gap to
describe optical transitions in linear carbon chains.
The band gap EG of the chain measured in this work is in
excellent agreement with the linear correlation between C-mode
and EG observed for bulk measurements, c.f. Fig. 3(c). This conﬁrms
that we have indeed determined this chain's fundamental bandgap.
Note that for single chain measurements it is common to observe Cmodes that differ from bulk values, as the latter is dominated by the
most abundant C-mode frequencies [6].
The width G of the chain's RRP shown in Fig. 3(d) is larger than
what is those reported in Ref. [5] for chains with similar C-mode
frequencies. To verify that G is intrinsic to the chain investigated
here and that it can be faithfully compared to bulk values, we
discuss in the following mechanisms that may reduce the lifetime
of the chain's excited electronic states e and broaden G e such as
environmental or temperature effects.
The lifetime of excited electronic states in carbon nanotubes can
be strongly affected by their surrounding via charge transfer or
dielectric screening, i.e. by the choice of surfactant in aqueous solutions or bundling effects [23e25]. The interior of a nanotube,
however, is a highly unperturbed environment which effectively
protects encapsulated objects like fullerenes, dye molecules or an
additional inner nanotube from external inﬂuences [18,26e29].
This shielding effect is even more pronounced inside double-walled
carbon nanotubes, where two concentric walls protect the conﬁned
LLCCs.
The interaction with a substrate may radially deform a nanotube, which breaks the symmetry of the chain-nanotube hybrid
system and affects the lifetime t of the chain's excited state [21].
For single-walled carbon nanotubes, these deformations occur for
diameters > 2nm, and will take place for even larger diameter in
the case of DWCNTs encasing the chain. However, LLCCs only form
in DWCNTs with outer nanotube diameters below 1.75 nm [3].
Together with the high pressure stability of DWCNTs demonstrated in Ref. [30], we conclude that the chains are not affected by
the environment outside the nanotubes both for bulk (DWCNTs in
large bundle/bucky paper) and single chain measurements (small
DWCNT bundles on glass), and that external effects yield no line
broadening.
Bulk Raman measurements on LLCCs encapsulated in DWCNTs
showed that the C-mode intensity increases ﬁvefold and its FWHM
decreases from 13 cm1 to 6 cm1 upon decreasing the temperature
from 325 K to 38 K [3]. Laser induced heating of the chain investigated here should therefore result in a decreased C-mode intensity,
an increased FWHM, and possibly a spectral shift of the C-mode.2 For
our excitation energy dependent measurements the laser intensities
varied by a factor of up to 2.3. No trend of the C-mode position
(1833.9 ± 1 cm1) or FWHM (9.7 ± 1 cm1) with increased laser intensities emerged, suggesting the absence of laser-induced heating.
Our polarization-dependent measurements, c.f. Fig. 2, support this
ﬁnding, considering that rotating the laser polarization effectively
scales the chain's light absorption  cos2 Q, which is equivalent to
varying the laser intensity by more than an order of magnitude.

It follows that G ¼ 145 meV and the corresponding lifetime of
the excited electronic state t ¼ 4:5 fs is intrinsic to the encapsulated chain investigated here. This has two important consequences. First, the variation of G for chains with different C-mode
frequencies observed in bulk measurements, c.f. Fig. 3(d), is a true
feature, even though some of the bulk values may still be subject to
inhomogeneous broadening. Second, G does not correlate with the
C-mode frequency/band gap, and is therefore not directly dependent on the bond-length alteration of the chain. This may seem
surprising at ﬁrst, because the electronic, phononic and (predicted)
mechanical properties of LLCCs change continuously with the BLA.
We can understand the variation of G qualitatively considering
that the local environment experienced by the conﬁned LLCC
changes with the chirality of the encasing nanotube. We argue that
the nanotube host affects the relaxation dynamics of the chain's
excited electronic state and that this interaction depends on the
nanotube's electronic structure that varies with chirality. A possible
€rster resonant energy transfer (FRET), where enmechanism is Fo
ergy is transferred from a donor (chain) to an acceptor (nanotube)
by non-radiative dipole-dipole coupling [31]. The efﬁciency of FRET
scales with the distance between donor and acceptor, the relative
orientation of their dipole moments, and the spectral overlap of the
respective emission and absorption spectra. While the small distance between the nanotube and the encapsulated chain, and the
parallel alignment of their dipole moments suggests an efﬁcient
energy transfer, these parameters do not depend of the nanotube's
chirality. The optical transitions of the encasing nanotubes, however, vary strongly with chirality [16]. It is therefore the chirality of
the encasing nanotube that determines the spectral overlap with
chain's band gap, which modulates the efﬁciency of the energy
transfer and determines the lifetime on the chain's excited electronic state.
Experimentally, the absence of luminescence emission from the
encapsulated chains speaks in favour of efﬁcient energy transfer. It
must be mentioned, however, that to the best of our knowledge the
dependence of the chain's lifetime on the host nanotube chirality
has not been studied theoretically. The importance of chirality has
been highlighted in a recent theoretical study on the optical
response of carbon chains inside single-walled carbon nanotubes
[32]. Furthermore, it was shown that the chirality of the encasing
nanotubes uniquely determines the electronic (band gap) and
phononic (C-mode) properties of conﬁned linear carbon chains [6].
Combining this with our ﬁndings suggests that double-walled
nanotubes of the same chirality contain LLCCs with the same Cmode frequency, the same bandgap, and the same excited state
lifetime. While the C-mode and the bandgap of the chain scale
approximately linearly with the inner nanotube diameter, G varies
as a function of chirality. This explains why long linear carbon
chains with very similar C-mode frequencies, c.f. Fig. 3(d), differ in
G.
4. Conclusions
In conclusion, we have measured the length, the polarization
dependence and the Raman resonance proﬁle of a single, isolated
long linear carbon chain encapsulated inside a double-walled carbon nanotube. We ﬁnd that the width of the resonance proﬁle is
intrinsic to the investigated chain, suggesting that the carbon
nanotube chirality determines the excited state dynamics of the
encapsulated long linear carbon chain.
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