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ABSTRACT: We investigate the anti-Stokes Raman scattering of single
carbyne chains confined inside double-walled carbon nanotubes. Individual
chains are identified using tip-enhanced Raman scattering (TERS) and heated
by resonant excitation with varying laser powers. We study the temperature
dependence of carbyne’s Raman spectrum and quantify the laser-induced
heating based on the anti-Stokes/Stokes ratio. Due to its molecular size and its
large Raman cross section, carbyne holds great promise for local temperature
monitoring, with potential applications ranging from nanoelectronics to
biology.
KEYWORDS: carbyne, linear carbon chains, Raman scattering, TERS, Raman thermometry, anti-Stokes, nanometrology

INTRODUCTION

Carbyne, the paradigmatic sp-hybridized and truly one-
dimensional allotrope of carbon,1,2 has attracted significant
interest due to its anticipated outstanding mechanical,3

thermal,4 and electronic5 properties. In particular, carbyne
possesses a band gap that is sensitive to external
perturbations6−10 and can possibly be switched externally
from a semiconducting to a metallic state,11,12 which points out
the potential of carbyne for nanoelectronic devices. While the
synthesis of carbyne has long been challenging,13−15 large
progress has been made in recent years using carbon
nanotubes as nanoreactors and protective nanocontainers,16−23

as illustrated in Figure 1a.
As for other nanomaterials, Raman spectroscopy has played

an important role in the investigation of carbyne,6−8,17,19

owing to its sensitivity to structural, electronic, optical, and
chemical information.24−27 At the heart of Raman spectrosco-
py lies the inelastic scattering of light by quantized lattice
vibrations (phonons). The anti-Stokes process, being related to
the annihilation of a phonon, can only occur if a phonon is
already present in the system. The anti-Stokes scattering
intensity is therefore proportional to the phonon population n.
Stokes scattering, on the other hand, can also occur in the
absence of a phonon. As a result, the Stokes Raman scattering
intensity is proportional to n + 1.25,28 For phonons with an
energy larger than the thermal energy, phonon population
numbers are very small (n ≪ 1). Consequently, at room
temperature, anti-Stokes signals of high-energy (<1000 cm−1)
Raman modes are several orders of magnitude weaker than
their Stokes counterparts. This discrepancy explains why for
nanoscale systems, anti-Stokes spectra of high-energy Raman

modes are typically only accessible for bulk quantities,29 in
solution,30 or under exotic conditions such as surface-enhanced
Raman scattering,31 bias-induced hot phonon generation,32 or
correlated Stokes−anti-Stokes scattering.33
For carbyne, however, the situation looks different. As

recently demonstrated, carbyne has a resonant Raman
scattering cross section per atom exceeding that of any other
known material or molecule by at least two orders of
magnitude.34 This record-high Raman cross section suggests
that anti-Stokes spectroscopy of isolated carbyne chains is
possible without additional enhancement, despite the low
occupation number associated with carbyne’s high-energy C-
mode optical phonon (n ≈ 1.4 × 10−4 at room temperature).
Yet, the Raman spectroscopic characterization of carbyne has
so far been restricted to Stokes scattering.6−8,17,19 This is
surprising, for extending the scope to the anti-Stokes side of
the spectrum potentially provides a means for temperature
sensing on the nanoscale. In addition, anti-Stokes measure-
ments can aid in assessing fundamental material properties
such as phonon lifetimes35 and optical transition energies,36 as
well as extending the mechanistic understanding of the Raman
process.30
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In this work, we demonstrate anti-Stokes Raman scattering
of single carbyne chains. Using laser irradiation as a heating
source, we investigate the temperature dependence of the C-
mode Stokes and anti-Stokes peaks. We show that the
evolution of the anti-Stokes/Stokes ratio with laser power is
well captured by the Boltzmann factor with a power-dependent
equilibrium temperature, allowing us to quantify the laser-
induced heating. The potential of carbyne as a nanoscale
temperature sensor is discussed and possible applications are
outlined.

RESULTS AND DISCUSSION
Synthesis and Near-Field Raman Spectroscopy of

Confined Carbyne. Carbyne chains are synthesized inside
double-walled carbon nanotubes (DWCNTs) by high-temper-
ature annealing according to the procedure described by Shi et
al.20 The tubes are then dispersed on a thin glass coverslip
following ref 7.
Our work makes use of both near-field and far-field

measurements, each carried out on a separate Raman setup.
The first step is to identify an isolated, continuous carbyne
chain confined in a DWCNT. To this end, we make use of the
nanoscale resolution provided by tip-enhanced Raman
scattering (TERS). The TERS measurements are performed
in a backscattering configuration using a home-built setup (see
Methods). As an optical probe we use a plasmon-tunable tip
pyramid designed to support localized surface plasmon
resonances at the excitation energy of our laser (1.96 eV),
which gives rise to particularly strong Raman scattering
enhancement.37−39 Raman scattered photons are sent through
a narrow band-pass filter that transmits only the spectral region
of carbyne’s C-mode and then detected with an avalanche
photodiode (APD). Optical and topographic images are
formed simultaneously by raster-scanning (see Figure 1b,c).
Full spectra are recorded using a CCD-equipped spectrometer
(Figure 1d).
Power-Dependent Resonant Far-Field Raman Spec-

troscopy. In the second experimental step, we perform
power-dependent far-field Raman measurements (see Meth-
ods) of the previously identified carbyne chain. To profit from

resonant Raman scattering enhancement, we tune the photon
energy of our laser to coincide with the band gap of the
investigated carbyne chain (1.88 eV). We infer the band gap
energy by exploiting its linear scaling with the measured C-
mode Raman shift (1801 cm−1 according to Figure 1d).6−8 We
point out that the band gap energy and Raman peak position of
confined carbyne are both affected by the noncovalent
interaction with the encasing host nanotube, which in turn
depends on the nanotube chirality. Therefore, carbyne chains
encapsulated in nanotubes of different chirality differ in their
vibrational and electronic properties.6−8

Figure 2 shows our power-dependent far-field Stokes and
anti-Stokes measurements. A series of anti-Stokes spectra,
measured at five different values of laser power, are displayed
in Figure 2a. We fit each spectrum with a Lorentzian line shape
on top of a linear background. In Figure 2b we display the
corresponding series of Stokes spectra. We find equal Raman
shifts for the Stokes and anti-Stokes peaks, as expected for a
first-order single-resonance Raman process.25,28 Moreover, we
observe a softening of the C-mode Raman shift with increasing
laser power. Such frequency downshifts have been observed in
temperature- and power-dependent Raman studies of a wide
variety of materials40−44 and can be attributed to anharmonic
terms of the lattice potential energy.25 We provide a brief
discussion of this effect in the Supporting Information.
To shed light on the power dependence of the Raman

signals, we extract the integrated C-peak anti-Stokes intensities
AC
aS from the fits in Figure 2a, and the Stokes intensities AC

S

from the fits in Figure 2b. We plot these Stokes and anti-Stokes
signals in Figure 2c as a function of excitation power. To
illustrate the power-dependent behavior of the Stokes and anti-
Stokes signals, we fit both sets of data with a second-order
polynomial, plotted in Figure 2c as solid lines. Inspection of
Figure 2c demonstrates that the anti-Stokes and Stokes Raman
signals show opposing trends with increasing excitation power.
The anti-Stokes signal AC

aS increases supra-linearly, which can
be ascribed to the temperature dependence of the C-mode
phonon population given by the Bose−Einstein distribution, n
= {exp[Eph/(kBT)] − 1}−1, where Eph is the phonon energy, kB
is the Boltzmann constant, and T is the temperature. Laser-

Figure 1. Tip-enhanced Raman scattering of confined carbyne. (a) Carbyne chain encapsulated in a DWCNT. The inset illustrates the atomic
structure of carbyne, which is characterized by alternating single and triple bonds. Arrows illustrate the Raman-active vibrational C-mode.
(b, c) Simultaneously acquired optical (b) and topographic (c) image of a single confined carbyne chain. The intensity profile in (b)
extracted along the white line indicates a spatial resolution of 26 nm. (d) Near-field (tip down) and far-field (tip up) Raman spectrum of
confined carbyne. The strong C-peak at 1801 cm−1 is associated with the carbyne chain, whereas the G-peak signature below 1801 cm−1

arises from the encapsulating DWCNT structure. Note that the far-field spectrum is scaled by a factor of 50 for better visibility.
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induced heating increases the phonon occupation number n,
which in turn gives rise to stronger anti-Stokes scattering. The
Stokes signal AC

S , on the other hand, grows sublinearly with
laser power. We attribute this behavior to changes of the
underlying Raman resonance due to laser heating. These
changes can include a shift of the optical transition energy as
well as an enhanced nonradiative damping of the photoexcited
state. Models including such effects have been frequently
employed in power- and temperature-dependent Raman
studies of low-dimensional semiconductors.45−47 Moreover,
this explanation is in line with the strong C-mode Raman
intensity increase observed by Shi et al. at cryogenic
temperatures in bulk measurements.20 We emphasize that
while the exact mechanism behind the saturation of the Stokes
Raman signal toward high excitation powers in Figure 2c
requires further investigation, it has no relevant effect on the
anti-Stokes/Stokes ratio. This robustness of the anti-Stokes/
Stokes ratio of carbyne against changes of the electronic
structure is a consequence of the large C-mode phonon energy,
as elaborated in the final part of this section.
After having discussed the power-dependence of the anti-

Stokes and Stokes signals separately, we now focus on their
ratio AC

aS/AC
S and its power dependence. In Figure 3 we plot the

ratio of the two polynomial fits from Figure 2c as a solid line.
This curve represents our experimental anti-Stokes/Stokes
ratio as a function of laser power. Note that going from Figure
2c to Figure 3, we have applied corrections of the anti-Stokes/
Stokes ratio for the ω4 dependence of Raman scattering25,28,48

as well as for the frequency dependence of the instrument.
Details on the calibration procedure are given in the
Supporting Information.
With this calibration, we expect the anti-Stokes/Stokes ratio

to match the Boltzmann factor AC
aS/AC

S = exp[−Eph/(kBT)].
25,28

Indeed, as shown in Figure 3, we find that laser irradiation
increases the anti-Stokes/Stokes ratio and the associated
phonon equilibrium temperature T. Assuming that the
temperature scales linearly with excitation power PL, we can
extract the rate CT of laser-induced heating from fitting a
modified Boltzmann factor, B exp{−Eph/[kB(293 + CTPL)]}.
The fit is shown as the red dashed line in Figure 3 and yields a
heating rate of CT = 11.1(+2.4/−1.8) K/mW. We elaborate on
the accuracy of this estimate in the Supporting Information.
The free parameter B, for which we obtain a value of 1.29,

accounts for uncertainties of the calibration procedure. When
extrapolated to zero power, both the anti-Stokes/Stokes ratio
and the Boltzmann fit in Figure 3 closely coincide with the
room-temperature Boltzmann factor (gray dotted line). This
finding supports the accuracy of our calibration and
corroborates that we excite the carbyne chain near its
electronic resonance.7,29,49 Moreover, from the agreement of
the two curves in Figure 3, we conclude that heating is the
main contribution to the change of the anti-Stokes/Stokes
ratio as the laser power is increased. Thus, correlated Stokes−
anti-Stokes scattering (a nonlinear process) does not play a
sizable role,33,50 as we further expand upon in the Supporting
Information. Based on our estimate of the heating rate CT, the
power range depicted in Figure 3 corresponds to a temperature
increase of roughly 90 K, which leads to the observed increase
of the anti-Stokes/Stokes ratio by one order of magnitude. As a
consistency check for our results, we reproduce them in the
Supporting Information Figures 2c and 3 with another carbyne
chain of similar C-mode frequency and find good agreement
between the two carbyne chains.

Figure 2. Power-dependent anti-Stokes and Stokes Raman spectroscopy of an individual confined carbyne chain. (a) Anti-Stokes and (b)
Stokes spectra recorded at different excitation powers, which are indicated in blue in units of mW. The spectra are normalized by the
excitation power and offset vertically for better visibility. The lines are Lorentzian fits on a linear background. The gray dotted lines at
±1801 cm−1 serve as reference to illustrate changes in the peak position. (c) Stokes (AC

S ) and anti-Stokes (AC
aS) Raman signals as a function

of excitation power. The lines are second-order polynomial fits.

Figure 3. Anti-Stokes/Stokes ratio (AC
aS/AC

S) of a single confined
carbyne chain as a function of excitation power. The blue line is
the ratio of the two polynomial fits shown in Figure 2c. The red
dashed line is a fit to the blue curve of the Boltzmann factor with a
power-dependent equilibrium temperature, as explained in the
main text. The gray dotted line represents the Boltzmann factor at
room temperature (293 K).
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Potential of Carbyne for Nanoscale Thermometry.
Let us now discuss the prospects of single carbyne chains as
optically interrogated temperature probes of molecular
dimension. In our work, we use resonant Raman scattering,
that is, our excitation frequency is resonant with the carbyne
band gap. As discussed above, we argue that the temperature
dependence of this resonance with respect to energetic
position and width explains the sublinear dependence of the
Stokes Raman signal on excitation power (see Figure 2c).
Importantly, a change in resonance influences the Stokes and
anti-Stokes signals of carbyne to the same extent, thus
rendering their ratio immune to changes of the resonance’s
position and width. This robustness persists as long as the
resonance shift remains small compared to the phonon energy.
In this regime, only the resonance condition for the excitation
laser plays a role (incoming resonance).7 On the other hand,
too large of a temperature-induced resonance shift will bring
the Stokes or anti-Stokes emission into resonance (outgoing
resonance). In that regime, the anti-Stokes/Stokes ratio starts
to deviate from the Boltzmann factor,29,49 which complicates
the extraction of a temperature.
From our measurements, we extract a heating-induced shift

of the C-mode Raman peak of around −2 cm−1 (see Figure 2b
and Supporting Information), corresponding to a thermal shift
of the band gap energy of −13 meV.6,8 We underline that the
direct correlation between Raman frequency and optical
transition energy is an inherent property of confined
carbyne6,7,15 that sets carbyne apart from other nanomaterials
for which the influence of temperature on electronic structure
is more difficult to assess.45−47,49,51,52 Given the much larger
C-mode phonon energy of more than 220 meV, the measured
temperature-induced downshift of the band gap by 13 meV has
no relevant effect on the anti-Stokes/Stokes ratio of carbyne.
Hence, in the context of Raman thermometry, large phonon
energies allow for reliable and robust temperature extraction
from the anti-Stokes/Stokes ratio, regardless of changes of the
electronic structure due to temperature variations. While anti-
Stokes signals of high-energy phonons are in general challening
to obtain due to low phonon occupation numbers, carbyne
overcomes this difficulty by virtue of its record-high Raman
scattering cross-section,34 allowing for anti-Stokes measure-
mentsand thus, potentially, robust thermometryat the
single chain level.
Finally, let us briefly balance the potential of carbyne for

local temperature sensing against other Raman-based methods.
For instance, organic dye molecules have been used for
nanoscale temperature sensing in the context of surface-
enhanced Raman scattering.31,53 However, without additional
plasmonic enhancement the Raman scattering cross section of
such molecules is much lower than that of carbyne.34 In
addition, organic dyes are very sensitive to photodegradation,
while we demonstrate here that carbyne survives few-milliwatts
continuous wave illumination under a 100× objective for
prolonged integration times. Carbon nanotubes are another
nanoscale system whose anti-Stokes/Stokes ratio has been
studied, in particular of the radial-breathing mode
(RBM).29,36,49 The RBM is a low-energy phonon and has a
comparatively large Raman scattering cross section.54 From a
phonon population point of view, it might appear promising to
use the RBM for anti-Stokes thermometry, due to larger room-
temperature occupation numbers compared to the C-mode of
carbyne. On the downside, anti-Stokes thermometry using low-
energy phonons faces the problem of an unknown evolution of

the electronic structure with temperature described above. We
point out that knowledge about the electronic structure is only
required for resonant excitation, but nonresonant excitation is
not an option because the associated Raman signals are
generally weaker by orders of magnitude. Lastly, Raman
thermometry can also be performed on the basis of
temperature-dependent features other than the anti-Stokes/
Stokes ratio, such as the frequently observed mode softening
with increasing tempeature.40,41,43,55 However, compared to
Raman thermometry using temperature-induced peak shifts,
the anti-Stokes/Stokes ratio has the key benefit of being self-
referencing. That is, while absolute peak positions of low-
dimensional materials can be affected by the local environment
due to stress or doping,26,56−58 the anti-Stokes/Stokes ratio
always reports the absolute local temperature.
In summary, carbyne stands out compared to other

molecular systems because of its distinctive combination of
large phonon energy,15,59 record-high Raman scattering cross
section,34 and transparent evolution of the band gap energy
with temperature.6−8 Therefore, carbyne holds great promise
for anti-Stokes Raman thermometry on the nanoscale.

CONCLUSION AND OUTLOOK
In conclusion, we have experimentally shown that the
unparalleled Raman scattering cross section of carbyne enables
anti-Stokes spectroscopy at the single chain level. Using laser
irradiation as a heating source, we have investigated the
temperature dependence of the Stokes and anti-Stokes Raman
peaks. Finally, we have demonstrated that the anti-Stokes/
Stokes ratio of carbyne offers untapped potential for local
temperature sensing. Our work is an important step toward a
practical method for all-optical probing of temperature
variations on the nanoscale, with possible applications in
many areas of modern science and technology.
For instance, carbyne-based Raman thermometry offers a

promising perspective for thermal management on the length
scale of emerging ultracompact device architectures, which is a
key requirement for their functioning and control.60−62 This
prospect bears particular relevance in light of the recent
progress in the synthesis of carbyne chains with tailored
properties, which puts the integration of carbyne into the next
generation of nanoelectronic devices firmly within reach.23,63,64

The integration of carbyne within a living system may offer
further intriguing possibilities, ranging from tuning gene
expression by simultaneously monitoring and controlling
subcellular thermal gradients65−67 to investigating local
tumor activity by mapping atypical thermogenesis at the
single-cell level.68 On top, the demonstrated robustness of
carbyne toward large-power continuous-wave laser irradiation
for prolonged integration times adds to the list of advantages
that would make it a powerful marker for use in biological
imaging.34

Finally, our measurements constitute a starting point for the
further investigation of anti-Stokes scattering in carbyne. In
particular, exploring the outgoing anti-Stokes resonance might
not only increase the absolute anti-Stokes signal, as shown for
carbon nanotubes,30 but also shed more light on the exact
nature of optical transitions in carbyne.8,24,69

METHODS
Near-Field Raman Measurements. Our TERS setup is based on

an inverted optical microscope with a home-built scanning probe
microscope on top. The sample coverslip is placed onto an x−y piezo
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scan-stage and illuminated from below with a radially polarized laser
beam that is tightly focused by an oil immersion objective (NA 1.4).
The TERS probe is attached to a quartz tuning fork and its distance
from the sample surface is controlled by a shear-force feedback
system. Positioning the probe into the laser focus generates a localized
excitation source for Raman scattering. A more detailed description of
our TERS system is given in refs 70 and 71.
Far-Field Raman Measurements. Far-field measurements are

carried out in a backscattering geometry with a 100× air objective
(NA 0.9). We align both the polarization of the excitation laser and
the direction of polarized detection with the chain’s main axis, as
detailed in ref 7. A tunable dye laser serves as excitation source. For all
power-dependent far-field measurements, we continuously monitor
the power of the excitation laser during signal acquisition. All power
values reported in this work refer to mean values (averaged over the
integration time) as measured before the back aperture of the
objective. Also, instead of linearly varying the laser power, we
alternate between higher and lower power values. This procedure
counteracts any systematic effects introduced by possible drifts of the
sample with respect to the laser focus. The integration time for all
Stokes (anti-Stokes) measurements is 60 s (180 s).
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