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Significant electron-phonon coupling in nanographene confined in single-walled carbon
nanotubes due to the large amplitude of radial breathinglike vibrations
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One-dimensional (1D) van der Waals heterostructures (vdWHs) exhibit many properties, but many of these
are difficult to understand because of their complicated structures and host-guest couplings that remain chal-
lenging to understand. Here, we observe a significant electron-phonon coupling (EPC) in 1D armchair graphene
nanoribbons (AGNRs) confined in single-walled carbon nanotubes (SWNTs) via resonance Raman spectroscopy
combined with theoretical calculation. A strong coupling between radial breathinglike mode (RBLM) phonons
and the host nanotubes occurs due to the large vibration amplitude of RBLMs of the guest AGNRs. This results in
unique deformation potential interactions in the heterostructure, contributing to the observed EPC enhancement.
The EPC could be further modulated and strengthened by high pressure through tuning the RBLM-nanotube
interactions. In this paper, we discover a mechanism governing the EPC in vdWHs and pave the way for
manipulating the host-guest EPC for further control of the physical properties and potential device applications.
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I. INTRODUCTION

Functional heterostructures play an increasingly essential
role in the development of modern electronic and optoelec-
tronic devices [1–4]. The integration of different materials
may induce a wide range of properties, including high electron
mobility, high efficiency light emission, and superconductiv-
ity [3–6]. Van der Waals (vdW) heterostructures (vdWHs) can
be designed by physically assembling building blocks through
weak vdW interactions, showing no requirements from lattice
matching between building blocks, processing compatibil-
ity during preparation, and even dimensionality [7,8]. This
stimulates great enthusiasm in the study of vdWHs with var-
ious structural dimensionalities, including two-dimensional
(2D), one-dimensional (1D), and mixed-dimensional [9–11],
displaying enormous prospects of properties and potential
applications.

The properties of vdWHs strongly depend on the inter-
actions of the composed building blocks. To achieve the
goal of more is different [12], understanding and tuning
the interactions in vdW systems is thus very important for
obtaining further properties. For 2D vdWHs, interlayer in-
teractions have been extensively studied, and properties like
correlated insulating states and superconducting phases due
to the strong interlayer coupling in moiré superlattice [13–15]
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as well as interlayer excitons with lifetimes larger than in-
tralayer excitons due to the spatial charge separation have
been reported [16–18]. Recently, it was also revealed that
the interlayer electron-phonon interaction in transition metal
dichalcogenide/hexagonal boron nitride (hBN) heterostruc-
tures originates from a dipole-dipole interaction between
adjacent layers, which is related to the out-of-plane vibrations
of the 2D lattice and could be enhanced by application of high
pressure [19–22].

As material dimensionality further decreases to one di-
mension, structures and properties significantly different from
those of the corresponding higher-dimensionality counterparts
are often observed. For example, long carbon chains and
tellurium atomic chains have been stabilized inside carbon
nanotubes [23,24]; very small single-wall carbon nanotubes
(SWNTs) confined in a zeolite matrix exhibit superconduc-
tivity with a Tc of 15 K [25]. Note that such 1D structures
usually are not stable in an isolated state at ambient con-
ditions but become stable in a confining environment due
to host-guest interactions. Moreover, 1D structures may ex-
hibit vibration modes that are distinct from those of their
2D/three-dimensional (3D) counterparts [26–28], which could
interact with the host and result in complex and intricate
guest-host coupling effects in 1D vdWH systems. Up to
now, host-guest charge transfer effect and spatial nanocon-
finement effect are usually used to explain the structures and
properties observed in 1D vdWHs [29–32]. However, many
of the resulting phenomena are still not well understood or
even under debate. Some examples are the configurations of
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FIG. 1. The Raman spectra of opened single-walled carbon nan-
otubes (SWNTs; black), 6 armchair graphene nanoribbons (AGNRs)
@SWNTs (red), and 7 AGNRs@SWNTs (blue). The excitation
wavelengths used are 633 nm/514 nm, 633 nm, and 514 nm, respec-
tively. The inset shows the radial breathinglike mode (RBLM) of 6
AGNRs fitted by the Breit-Wigner-Fano (BWF) function (see text).

confined 1D structures that are quite different from their bulk
counterparts and stabilized by complex host-guest interactions
[33–36], the giant Raman intensity enhancement of confined
1D structures in carbon nanotubes [37,38], and the anomalous
Raman frequency response of atomic chains at ambient and
high pressure [24,39–42]. Clarifying the interactions between
the host and guest components and the mechanism of coupling
effects in 1D vdWHs is thus urgently required and important
to further understand such properties and develop potential
applications of 1D vdWHs in the future.

Here, we report an interaction mechanism governing the
electron-phonon coupling (EPC) effects in vdWHs, that is,
armchair graphene nanoribbons (AGNRs) confined inside
SWNTs (AGNRs@SWNTs). The significant EPC effect in
guest graphene nanoribbons is related to deformation poten-
tial scattering in this 1D vdWH, which is different from the
Fröhlich coupling in 2D and mixed-dimensional vdWHs. It
is further revealed that the large vibration amplitude of the
radial breathinglike mode (RBLM) of the guest AGNR gen-
erates unique interactions with host nanotubes, leading to a
significant deformation potential scattering. Accordingly, the
EPC was further modulated and strengthened by high pressure
through tuning the RBLM-nanotube interactions.

II. RESULTS and DISCUSSION

AGNR@SWNT samples were synthesized by a method
reported elsewhere [43], in which two kinds of well-defined
AGNRs, 6 AGNRs and 7 AGNRs, were obtained (detailed
descriptions are shown in the Supplemental Material [44]). As
shown in Fig. 1, the Raman spectra of AGNRs@SWNTs show
obviously resonant features depending on the excitation laser

FIG. 2. The Raman spectra of 6 armchair graphene nanoribbons
(AGNRs) under pressure under excitation by a 633 nm laser. (a)
The radial breathinglike mode (RBLM) peak of 6 AGNRs under
different pressures. (b) The dependence of the Fano resonance factor
on pressure for the RBLM of 6 AGNRs with two kinds of pres-
sure transmitting medium (PTM). To exclude the possibility of the
methanol and ethanol molecules penetrating carbon nanotubes and
affecting the transition of nanoribbons, we carried out a comparison
experiment by using solid KBr as PTM. (c) The dependence of the
Raman shift of the RBLM of 6 AGNRs on pressure.

wavelengths. Here, 6 AGNRs confined in metallic SWNTs
are resonant with a wavelength of 633 nm, while 7 AGNRs
in semiconducting SWNTs are resonant at 514 nm. Note that
the low-frequency RBLM, which is absent in 2D graphene but
present in nanoribbons due to the dimension decrease, reflects
the transverse breathing vibration of the AGNRs and scales
with the inverse square root of the nanoribbon width. As we
can see from the inset of Fig. 1, the RBLM of 6 AGNRs
shows an asymmetric line shape with a phonon frequency at
467 cm−1, which agrees well with the theoretically calculated
frequency (465 cm−1) for the 6 AGNRs [28]. In contrast, the
RBLM of 7 AGNRs displays two peaks under excitation of
the 514 nm laser, located at 397 and 411 cm−1, respectively,
which is different from the theory (402 cm−1) and should be
due to a splitting because of the radial curvature of nanorib-
bons confined inside carbon nanotubes. This will be further
discussed in connection with our high-pressure experiments.

It should be noted that the asymmetric line shape of the
RBLM of 6 AGNRs confined in metallic SWNTs (mSWNTs)
is different from the symmetric RBLMs observed in narrow
AGNRs on Au/mica substrate, for example, 9 AGNRs, which
have properties like those of 6 AGNRs [49,50]. Moreover, the
asymmetric line shape of the RBLM of 6 AGNRs confined
in mSWNTs cannot be fitted by Lorentz functions because
of the observed antiresonance dip toward the higher-energy
side, which is a typical feature of Fano resonance [51,52], as
shown in Figs. 2(a) and S1(a) in the Supplemental Material
[44]. Indeed, it can be well fitted by the asymmetric Breit-
Wigner-Fano (BWF) function which is written as I (ω) =
I0

[1+2(ω−ω0 )/q�]2

1+[2(ω−ω0 )/�]2 , where ω0, I0, and � are fitting parameters for
the central frequency, the intensity, and the broadening factor,
respectively, and −1/q is a factor that measures the asymmetry
of the band [53]. Generally speaking, the emergence of a BWF
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FIG. 3. The band structure of (a) unfilled (15,3) single-walled
carbon nanotubes (SWNTs) and (b) hybrid 6 armchair graphene
nanoribbons (AGNRs) @(15,3) SWNTs. The dotted lines represent
the Fermi levels.

line shape always originates from a Fano resonance, which is
the result of the interference of a discrete phonon spectrum
and a continuum exciton spectrum [it is electronic Raman
scattering (ERS) for a Raman spectrum], and the asymmetry
factor −1/q describes the degree of the interference [54–59].
In our experiments, the positive Fano factor −1/q in the BWF
line shape of the RBLM indicates that the ERS features ap-
pear at a frequency region lower than the RBLM, indicating
the presence of low-energy electron-hole pairs with energies
lower than the RBLM of 6 AGNRs in this system [60]. These
should not come from intrinsic interband transitions of the
semiconducting 6 AGNRs (band gap 1.83 eV).

To understand how the EPC occurs in 6 AGNRs confined
in mSWNTs, we performed ab initio electronic band struc-
ture calculations on 6 AGNRs@(15,3)SWNT and compared
with pristine (15,3)SWNT, which is the nanotube closest to
our experimental ones [61] (calculation details are given in
the Supplemental Material [44]). The results are shown in
Fig. 3. The electronic states of 6 AGNRs and the nanotube
are hybridized, rather than a simple superposition of each
constituent as observed in most previous confinement sys-
tems [62,63], indicating a nonnegligible interaction between
the graphene nanoribbons and the nanotubes. Note that 6
AGNRs@(15,3)SWNT are metallic with no gap and that
the lowest conduction band and the highest valence band
are both from the metallic nanotube, giving the possibility
for the generation of low-energy electron-hole pairs created
across the linear electronic subbands near the Dirac point
of the host SWNTs. Our Raman measurements indeed show
that an unusual intensity enhancement for RBMs of SWNTs
occurs under excitation of a 633 nm laser (Fig. S3 in the
Supplemental Material [44]). Such a significant RBM en-
hancement could be ascribed to the emergence of low-
frequency ERS near the RBM position according to previous
literature [60,64]. A transition energy ∼1.94 eV of the host
mSWNTs could be observed in the wavelength-dependent
Raman spectroscopy [43], which could result in ERS with low
frequency. The ERS resonating with the low-energy electron-
hole pairs couples with the RBLM phonons of the 6 AGNRs,

giving a significant EPC. In contrast, no visible EPC was ob-
served in the 7 AGNRs confined in semiconducting SWNTs,
probably due to the absence of low-energy electron-hole pairs
in the semiconducting nanotubes [65].

To further support our interpretation and to achieve a mod-
ulation of the EPC, high pressure has been applied to tune
the host-guest interaction strength (experimental details are
given in the Supplemental Material [44]). In situ high-pressure
Raman measurements showed that the RBLM peak of 6 AG-
NRs always shows a Fano line shape during compression,
and the antiresonance dip character becomes more obvious
upon compression, as shown in Figs. 2(a) and S1(a) in the
Supplemental Material [44]. By fitting the BWF function to
the recorded RBLM peaks, we obtained the pressure depen-
dence of the interference factor −1/q upon compression. A
sudden increase in the pressure slope ∼1.8 GPa was observed
at the well-known ovalization transformation of the nanotubes
[66–68], indicating a gradual enhancement of the strength
of the EPC above this pressure, as shown in Figs. 2(b) and
S5(a) in the Supplemental Material [44]. In addition to the
Fano interference factor, the frequency of the RBLM of 6
AGNRs also shows an interesting pressure evolution upon
compression, displaying first a redshift and then a blueshift
as pressure increases [Fig. 2(c)]. Note the phonon frequency
obtained by fitting a BWF function does not coincide with
the position of the maximum intensity of the broad Fano
resonance function [59]. Since the RBLM frequency is related
to the width of the nanoribbons, such a pressure evolution
suggests that the confined nanoribbons first become wider and
then narrower. The widening of nanoribbons upon compres-
sion can be understood by their positive Poisson’s ratios [69].
As pressure increases further and the nanotube cross-sections
change from circular to elliptical ∼1.8 GPa, the interactions
between nanoribbon and tube wall are enhanced, causing the
reduction of its width. This transition thus affects the width of
6 AGNRs and gives an enhancement of the EPC, indicating
that the width variation of 6 AGNRs significantly affects the
host-guest interaction. This, on the other hand, provides addi-
tional evidence to rule out a phonon confinement effect which
could be an alternative reason for the observed asymmetric
Raman line shape in 6 AGNRs@mSWNTs.

In contrast, the high-pressure Raman spectra recorded from
7 AGNRs confined in semiconducting SWNTs (sSWNTs)
show that the RBLM peaks of 7 AGNRs can be well fit-
ted by using Lorenzian functions, and the results are shown
in Figs. 4(a) and S1(b) in the Supplemental Material [44].
Note that no visible spectroscopic characteristic for EPC was
observed upon compression. It can be seen that the right
RBLM peak shows a frequency downshift and rapid intensity
attenuation and then vanishes as pressure increases, while the
left peak shows a slow downshift in frequency and then a
transition in frequency from decrease to increase at ∼2 GPa
(Figs. 4(b) and S6 in the Supplemental Material [44], de-
pendence of the Raman linewidths are shown in Fig. S5(b)
in the Supplemental Material [44]). This corresponds to a
change from a double to a single RBLM peak, indicating
an uncurling or flattening process of 7 AGNRs due to the
ovalization of nanotube. The comparison experiments further
demonstrate that the host nanotubes are critical for EPC en-
hancement of the guest graphene nanoribbons and that the
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FIG. 4. (a) The radial breathinglike mode (RBLM) peak of 7
armchair graphene nanoribbons (AGNRs) confined in semiconduct-
ing single-walled carbon nanotubes (SWNTs) at different pressures
under excitation by a 514 nm laser. (b) The dependence of the RBLM
peak positions of 7 AGNRs on pressure. (c) The variation of the
interference factor −1/q of the G− band for 6 AGNRs filled and for
unfilled metallic SWNTs under pressure under excitation by a 633
nm laser.

metallic host tubes contribute significantly to the presence
of EPC.

The graphene nanoribbons confined inside metallic
SWNTs also modify the pressure evolutions of the host. As
shown in Figs. 4(c) and S4 in the Supplemental Material [44],
the variation of the BWF interference factor for the G− band
of the mSWNTs with pressure displays a strong anomaly in
the transition region ∼2 GPa. This is quite different from
the same unfilled mSWNTs, for which the BWF interference
factor of the G− band is almost constant as pressure increases.
All high-pressure experiments thus show that, at ∼2 GPa,
the pressure dependence of RBLMs of both 6 AGNRs and
7 AGNRs as well as the interference factors for 6 AGNRs
and the host metallic nanotubes exhibit obvious anomalies.
Such simultaneous transitions of guest 6 AGNRs and host
mSWNTs indicate that the change in EPC is related to the
host-guest interaction variation. As mentioned above, the
SWNTs used here should undergo a transition from circular
to ellipsoidal cross-sections at ∼2 GPa, where we observed
a transition in the width of 6 AGNRs from an increase to a
decrease with increasing pressure. This indicates a significant
enhancement of the host-guest interaction, accompanied by
an obvious enhancement of the EPC strength in the 6 AGNRs.
These results confirm that the EPC observed should be related
to the coupling between the RBLM of the guest AGNRs and
the host mSWNTs.

It is worth noting that the interlayer EPC in 2D vdWHs
has been attributed to Fröhlich coupling, which arises due
to the dipole-dipole interaction between out-of-plane phonon
and excitons in adjacent layers [20]. However, such a coupling
should not be responsible for the EPC in our 1D vdWHs
because the RBLM of AGNRs is a transverse optical (TO)
mode which can hardly generate dipole coupling. We discov-
ered that the host-guest EPC in AGNRs@SWNTs vdWHs is
primarily caused by deformation potential scattering, which

FIG. 5. Charge differential density for (a) the narrowest state and
(b) widest state of 6 armchair graphene nanoribbons (AGNRs) during
radial breathing. The pink and green areas represent the increasing
and decreasing of charge density, respectively.

contributes to the EPC of optical modes in nonpolar materials
[70–75]. To further explore the origin of deformation poten-
tial scattering in our 1D vdWHs, we carried out a vibration
analysis for AGNRs@SWNTs vdWHs (calculation details are
given in the Supplemental Material [44]) [48]. Considering
that the deformation potential scattering is mainly related with
the amplitude of radial breathing vibrations of the guest and
host, we calculated the atomic displacements connected with
the RBLM for 6 AGNRs and the RBM for the SWNT. Our cal-
culations show that the displacement induced by the RBLM
reaches a maximum of 0.32 Å, which is much larger than that
of the radial breathing vibration of the SWNT (∼ 0.16 Å).
Such a giant amplitude of the RBLM of the guest 6 AGNRs
could induce a significant deformation potential scattering in
this 1D vdWH system.

To investigate how the large-amplitude RBLM affects
the host-guest EPC in an AGNR@SWNT system, we
calculate the charge differential density for optimized 6 AG-
NRs@(18,0)SWNT (Fig. S7 in the Supplemental Material
[44]), which is a 1D vdWH model close to our experiment
(calculation details are given in the Supplemental Material
[44]). We observed substantial electron redistribution for the
host SWNT, that is, electron accumulation on the nanotube
wall in the regions near the two edges of AGNR. Conse-
quently, in-plane electrons are pushed from the nanoribbon
edges toward its center due to charge repulsion. Further cal-
culations for charge differential density and Bader charge
analysis show that the charge oscillation on a graphene
nanoribbon is changed obviously as the RBLM vibrates
[Figs. 5(a) and 5(b)], accompanying the variation of the
electron accumulation on the nanotube wall. Notably, the
maximum electron accumulation on the tube wall occurred at
the narrowest state of the 6 AGNRs during radial breathing,
which was twice as large as that at the widest state of the
6 AGNRs. These findings suggest that the host-guest EPC
in 1D vdWHs is related to deformation potential coupling,
originating from significant RBLM vibrations of the guest.
This coupling mechanism differs from the indirect Fröhlich
coupling observed in 2D systems.

We calculated deformation potential coefficient to further
explore the origin of host-guest EPC enhancement in our 1D
vdWHs. For this purpose, we employed density functional
theory (DFT) to calculate the variation of the conduction band
minimum (CBM) and valence band maximum (VBM) of the
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band structure for an AGNR@SWNT under strain applied
along the radial direction of nanoribbon. This allows us to
extract the deformation potential coefficient caused by RBLM
[76]. Note that the 6 AGNRs@(18,0)SWNT model was used
again for the simulation because the host nanotube diameter is
close to that of our experiment. Both the CBM and VBM show
the same slope with the variation of strain (Fig. S9 and Table
S1 in the Supplemental Material [44]), giving a deformation
potential coefficient of 11.3 eV, larger than the value of iso-
lated 6 AGNRs (10.3 eV). This indicates that the introducing
of host SWNT enhances the deformation potential scattering
for RBLM of the confined 6 AGNRs. To further understand
the effect of charge accumulation of host tube on EPC en-
hancement, we put two Na atoms at two opposite sides of 6
AGNRs (no bonding between Na and nanoribbon) to simulate
the conditions for 6 AGNRs confined within the SWNT. The
charge differential density calculations show that an in-plane
charge change occurs in the 6 AGNRs, like that observed in
the 6 AGNRs confined in the SWNT (Fig. S8 in the Supple-
mental Material [44]). In this case, the deformation potential
coefficient of the system increases significantly to 16.85 eV,
indicating a substantial EPC enhancement due to the pres-
ence of the charge accumulation surrounding the nanoribbons.
The results further confirm that the host-guest deforma-
tion potential scattering arises from the interaction between
charge accumulation on the host nanotube wall and the large-
amplitude vibration of RBLM, serving as the basis for the
host-guest EPC observed in our experiments. This presents a
unique type of host-guest interaction in 1D vdWHs, which is
different from that previously reported for 2D vdWHs.

We also noticed that a splitting of the CH in-plane bend-
ing (CH-ipb) mode at 1246 cm−1 occurs ∼2 GPa during
compression, a peak occurs at 1245 cm−1, and its intensity
increases as pressure increases (Fig. S10 in the Supplemental
Material [44]). In a previous study, the splitting of CH-ipb
in pentacene, which can be regarded as a building block of
AGNRs, has been ascribed to Davydov splitting originating
from the interaction between CH-ipb and the gate field or
neighboring molecules [77–82]. In our 6 AGNRs, the split-

ting of CH-ipb under pressure might be due to the increased
interaction between the charge accumulation (which generates
built-in electric field) and the in-plane vibration of the guest
6 AGNRs. Moreover, the splitting of CH-ipb occurs at the
pressure where host-guest EPC enhanced suddenly, giving
further support that the charge accumulation of host tube play
an essential role in EPC. Note that EPC can significantly
influence the physical properties of materials, such as the
electric and thermal transport, the light-matter interaction, and
the superconductivity [83–85]. The manipulation of EPC, for
example, by application of high pressure demonstrated here,
should be beneficial to engineer 1D vdWHs with a potential
for electronic and optoelectronic applications.

III. CONCLUSION

In summary, we discovered that deformation potential scat-
tering dominantly contributes to the EPC effects observed
in the confined graphene nanoribbon, which is a mechanism
governing the EPC in vdWHs. The 1D graphene nanoribbons
exhibit RBLMs which induce significant host-guest interac-
tion due to their very large amplitudes compared with the
RBM of the host tube. This results in a strong coupling be-
tween RBLM phonons and host nanotubes. The EPC can be
further enhanced and modulated by modifying the host-guest
interactions with high pressure. In this paper, we also em-
phasize the importance of dimensionality-decrease-induced
vibration modes of the 1D structure on the coupling in 1D vd-
WHs, which could be extended to other 1D vdW systems, and
give insights into the related puzzling phenomena in previous
studies.
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