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Detection of invisible phonon modes in individual defect-free carbon
nanotubes by gradient-field Raman scattering*
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We provide an effective method to investigate the field gradient effect in nanoconfined plasmon—matter interaction.
Aligned ultralong SWNTs without defects were grown on marked substrates, followed by assembling gold nanoparticle
clusters around individual nanotubes. The Raman scattering behavior of a nanotube placed in an atomic scale nanogap
between adjacent nanoparticles was studied. In addition to the expected plasmon-induced Raman enhancement up to 103,
the defect-free D-mode of an individual SWNT induced by gradient field is found for the first time. When the light is
confined at atomic scale, gradient field Raman scattering becomes significant and dipole-forbidden phonon modes can be

activated by quadrupole Raman tensor variation, indicating breakdown of the Raman selection rules.
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1. Introduction

Surface plasmons, collective oscillations of conduction
band electrons in metal nanostructures, exhibit an extraordi-
nary ability to route and manipulate light on sub-diffraction
limits with intense electromagnetic (EM) field.!'! The field
enhancement mechanism offers unique opportunities for en-
hancing signals in a series of spectroscopic techniques. For in-
stance, vibrational modes of molecules situated at the surface
of these metallic nanostructures have been strengthened by
several orders of magnitude, well-known as surface enhanced
Raman scattering (SERS).?! SERS is a powerful analytical
technique owing to its low detection limits to probe molecu-
lar fingerprints. In the conditions of huge field enhancement,
detections at the single-molecule level have been reported. !

It is generally accepted that the EM enhancement mech-
anism (scaling as the fourth power of the local EM field am-
plitude), caused by the enhanced near field generated by ex-
citing the plasmon, contributes the largest enhancements. The
other mechanisms such as chemical enhancement are respon-
sible for only a small part of the total enhancement. Beyond
the EM enhancement mechanism, the effect of EM gradient-
field becomes significant when the EM field is confined to
an atomic dimension (several ngstroms).[*! Raman scatter-
ing caused by the gradient field (i.e., the gradient-field Ra-

DOI: 10.1088/1674-1056/26/7/078801

man scattering, GFR), which differs appreciably from the nor-
mal Raman scattering in selection rules, has been widely dis-
cussed since the 1980s both in theory and experiments. > In
a normal Raman process, the EM field generally couples to
the dipole transition moment in electronic excitation, that is,
the dipole—dipole polarizability derivative governs the scatter-
ing, so the higher order contributions can be neglected. How-
ever, if a field gradient presents at atomic scale, there are pho-
ton states excited through the quadrupole transition moment.
In that case, Raman scattering could arise from the dipole—
quadrupole and quadrupole—quadrupole polarizability deriva-
tives, which should lead to changed selection rules. 4

Owing to their well-known optical and vibrational

[7.8] single-walled carbon nanotubes (SWNTSs) are

properties,
suitable target materials for studying GFR. Furthermore,
SWNTs are chemically inert. Deposition of nanotubes
aqueous suspension onto the substrate with metallic nanos-
tructures has been used to assemble nanoplasmon-nanotube
systems, >0 but it is still difficult to construct an ideal in-
terface between an atomic scale near-field hotspot and an in-
dividual SWNT. Considering their straight profile and homo-
geneous properties along the nanotube axis, aligned ultralong
SWNTs are more competent for placing an individual SWNT

in a nanoconfined field. Moreover, it is easier to compare
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the intrinsic and enhanced Raman signals from an individual
SWNT.

In this work, we present an effective method to investigate
the GFR in nanoconfined plasmon-matter interaction. Aligned
individual ultralong SWNTSs were grown on marked substrates
by gas flow guiding chemical vapor deposition (CVD)!'!! and
followed by assembling gold nanoparticles with a given di-
ameter around individual SWNTs. Then nanogaps can be ob-
tained to confine the EM around individual SWNTs at sev-
eral angstroms scale due to the hexagonal close-packing of
nanoparticles.!'?) Raman spectra of individual SWNTs in the
nanogaps were collected before and after the nanoparticles as-
sembly at the same position with respect to the markers on
the substrate. In addition to the considerable Raman enhance-
ment by the EM mechanism, significant D-band in defect-free
SWNTs was also found in this system. It indicates that the Ra-
man scattering selection rules were changed by the field gra-
dient.

2. Experimental section
2.1. Preparation of aligned SWNTs

Ultralong, well-aligned SWNTs were grown on marked
substrates by a CVD technique similar to the previous work of
our group.!3! Hemoglobin (Hb) solution (1 mg/ml) was used
as the catalyst precursor and spincoated on a silicon wafer
(with a 500 nm thick thermally oxidized layer) and then an-
nealed in air at 800 °C for 5 min. The annealed catalyst was
pretreated at 850 °C in Ar and H, (30% H; by volume) am-
biance for 5 min to reduce the catalyst. Aligned SWNTs were
grown by introduction of 10 sccm H, and 5 sccm CHy at
950 °C on a silicon wafer (with a 500-nm-thick thermally ox-
idized layer) as the receiving substrate, etched with 300 nm
deep trenches by reactive ions as markers. After 50 min of
growth, the substrate with aligned SWNTs, protected by Hp,

was cooled down to room temperature.

2.2. Synthesis and assembly of gold nanoparticles

Gold nanoparticles (Au NPs) with a mean diameter of
~ 30 nm were synthesized by a seed-mediated method.!!*!
The precipitates with 30 nm-Au NPs, after centrifugation
(8000 rpm for 5 min), were collected and redispersed with
50 mL deionized water.

A drop of diluted Au NPs suspension was placed onto
a marked substrate with aligned SWNTs. Followed by
30 min baking under incandescence, the hexagonal close-
packed nanoparticle clusters after drying and nanogaps be-
tween the nearest neighbor nanoparticles were formed around
individual SWNTs.

2.3. Characterizations

The diameter, morphology, and microstructures of as
synthesized SWNTs and nanoparticles were characterized by
scanning electron microscope (SEM, Hitachi 4800) and trans-
mission electron microscope (TEM, Tecnai F20).

The sample was illuminated by a white light from a
A 100x, NA 0.9, and IR-
corrected microscope objective was used to collect the scat-

photonic-crystal-fiber laser.

tered light that is directed to a spectrometer. A charge coupled
device (CCD) detector was used to obtain the dark field spec-
tra in the visible range. The spectra were acquired at isolated
plasmonic clusters to avoid contributions from other clusters.

Raman spectra of SWNTs were recorded using micro-
Raman spectroscopy (HORIBA JY, HR800) with 1800 grat-
ing (0.65 cm™! accuracy) and a 100x objective (NA=0.9),
resulting in a laser spot size of about 1 um. For laser excita-
tion radiation, the 514 nm (2.41 eV) line from an Ar™ laser and
the 785 nm (1.58 eV) line from a solid state Al-doped GaAs
laser were adopted. Through an optical attenuation slice, about
1 mW power for the two lasers was reached at the sample sur-
face, with no obvious additional Raman shift and irradiation
damage caused by the laser heating. The polarization direc-
tion for the incident light was controlled via an achromatic
A /2 plate.

3. Results and discussion

Figure 1(a) shows the SEM image of as-grown well-
aligned SWNTs on a marked substrate (left) and the magni-
fication of a segment of the individual SWNT (right). Owing
to the low flow rate feeding, the Reynolds number of the gas
flow is very small. So floating SWNTSs can be well aligned by
stable laminar flow in the growth process.!!!] A defined rect-
angular coordinate is shown in Fig. 1(a), in which the y axis is
parallel to the tube axis. It is the polarization direction selected
for the incident light in order to obtain considerable intrinsic
Raman signals.!”!

Figure 1(b) shows the Raman spectra of the SWNT ex-
cited by 514 nm and 785 nm laser, respectively. The latter
was multiplied by 3 for better comparing the two Raman spec-
tra. The strongest G-band around 1580 cm™! is from the G-
phonons near the I" point of the Brillouin zone (BZ) and is
always regarded as the fingerprint of sp> orbital hybridization
of carbon materials.® Figures 1(c) and 1(e) are G-band maps
of the SWNT excited by these two lasers, respectively. Ho-
mogeneous G-bands along the y axis certify the consistency of
vibrational properties of the SWNT.

The D-band in the range of 1250-1400 cm~! is a second-
order double resonance Raman scattering mode in SWNTs
and other graphene based carbon materials, which arise from
phonons near the K point of the BZ (also called noncentral
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phonon mode). Its frequency depends on the photon energy of
the incident laser.['%!7 An elastic scattering between the pho-
ton and defect in SWNTs is needed in the double resonance
Raman scattering process to obey the momentum conserva-
tion law, so the intensity of the D-band (normalized to G-band)
is a quantization factor of disorders in SWNTs. The D-band

Intensity/arb. units

1
514 nm|

I
:D band

is centered at 1350 cm~! and 1300 cm~! for 514 nm laser
and 785 nm laser, respectively.®] The absence of a D-band
in the two spectra excited by two different lasers, as shown
in Fig. 1(b), indicates that the SWNT is free of defects. For
further ensuring the absence of defects, corresponding D-band
maps along the y axis are shown in Figs. 1(d) and 1(f).
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Fig. 1. (color online) (a) SEM images of as-grown SWNTs, the right enlarged image shows the SWNT, in which the coordinate illustrates the x
and y direction defined in this paper. The scale bars are 20 pm and 1 pum, respectively. (b) Raman spectra of the SWNT with the laser along the
y-axis polarization. (c)—(f) G-band maps and D-band maps of the SWNT excited by 514 nm laser and 785 nm laser, where the double dashed
lines denote the position of the SWNT. The scale bars in these maps are 500 nm.

Au NP (with a diameter of ~ 30 nm) clusters assembled
on marked substrate are used to enhance the Raman signals
of the SWNT. A typical TEM photograph of 30 nm Au NPs
shown in Fig. 2(a) demonstrates that the Au NPs are spherical
polyhedrons. After dropping to the substrate, Au NPs attract
each other due to van der Waals interaction and other attrac-
tive forces during the evaporation of water. The gaps between
neighboring Au NPs become narrower by baking using an in-
candescent lamp.

Figure 2(b) is an SEM image of the cluster and the
SWNT. Once Au NPs assemble as a hexagonal close-packed
cluster around the SWNT, nanogaps are formed between ad-
jacent NPs. Because of the polyhedral shape of NPs, the di-
mension and shape of nanogaps might be diversified on the
substrate: nanogaps ranging from a few angstroms to several
dozen angstroms can be found in this system. It is known
that the incident EM field is localized in these nanogaps with
high intensity and great field gradient could be produced due

to tiny gaps,!*!?! called hotspots. Owing to various morpholo-

gies of nanogaps and the straight profile of individual ultralong
SWNTs, this system is a suitable model for investigating the
GFR effect.

Figure 2(c) is the dark field spectra collected from the
isolated Au NP cluster shown in Fig. 2(b). The optical re-
sponse of the plasmonic cluster exhibits collective behavior
on account of the strong coupling effect between neighboring
Au NPs.['8] The scattering maximum locates at 750 nm in our
experimental range. As we know, the near-field resonance of
plasmonic structures is red shifted compared to the scattering
maximum,[!”) thereby providing a good match with an exci-
tation of 785 nm. As a contrast, the 514 nm laser is out of
plasmon resonance range.

In the following, the Raman response of the SWNT cou-
pled with the Au NP cluster was characterized. With an excita-
tion of 514 nm laser, no Raman enhancement from the cluster
occurs. Figure 3(a) shows the Raman spectra of the SWNT
with y-direction polarized incident laser (P, red curve) and x-

direction polarized incident laser (P4, black curve), consistent
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with the intrinsic Raman spectra collected on the bare sub-
strate (see Fig. 1(b)). Absorption and emission of light per-
pendicular to the tube axis is strongly suppressed by depolar-

ization effect,!’> so no Raman signal appears for P;. The in-
tensity ratio of G-band I (P;) /I (P,) < 0.05, calculated by inte-
grated peak areas, is a characteristic feature for Raman scatter-
ing of SWNTs. It is noticeable that no D-band appears in both
spectra, confirming the perfect crystal structure of the SWNT.
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Fig. 2. (color online) (a) TEM image of 30 nm Au NPs. The scale bar
is 50 nm. (b) SEM image of a SWNT covered by Au NP cluster, in
which the white arrows denote the position of the SWNT. The scale bar
is 200 nm. (c) Dark field spectrum of the cluster shown in panel (b).

Figure 3(b) shows the Raman spectra of the SWNT for P,
(red curve) and P, (black curve) excited by 785 nm laser. For
the presence of SERS enhancement, drastic changes are ob-
served in the Raman response of the SWNT. The Raman sig-
nature for P, is consistent with the intrinsic one (see Fig. 1(b)),
where no enhancement from the cluster occurs. For P, how-
ever, the Raman intensity is greatly enhanced, demonstrated
by the high intensity ratio of G-band I (P,)/I (P,) ~ 25. Com-
pared with the normal Raman process (the D- and G-peak in-
tensity ratio < 0.05), it is a sign of the enhancement by lo-
calized surface plasmons which has been investigated in car-
bon nanotubes coupled with polarization sensitive plasmonic
structures.[”?% Similar to the small carbon nanotube bundles
coupled with plasmonic nanodisk dimers reported by Heeg et
al.,””) the dominating surface plasmon excitation in the clus-
ter investigated here is of dipolar nature, leading to high near-
fields localized in the nanogaps. If we take the enhanced field

area into account, the enhancement factor for P, is on the or-
der of magnitude of 103.
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Fig. 3. (color online) Raman spectra of the SWNT coupled with Au NP
cluster shown in Fig. 2(b), excited by 514 nm laser (a) and 785 nm laser
(b), respectively.

More interestingly, in addition to the noticeable SERS
enhancement along the x direction, a strong D-band with-
out defect is also found in the Raman spectra for P,, which
has not been reported elsewhere. The relative intensity of D-
band I (D)/I(G) = 0.73, is far greater than the intrinsic one
(< 0.05).

Further plasmon-induced Raman scattering in an individ-
ual SWNT coupled with Au NP clusters are investigated us-
ing the same method as mentioned above. A defect-free D-
band arises in some of clusters with different relative intensity
(varying from 0.15 to 1), although in other clusters, no observ-
able D-band is detected in SWNTs without defect, similar to
conventional plasmonic enhancement. This means that the rel-
ative intensity of defect-free D-band depends on the nanogap
dimension. This phenomenon is strong evidence to prove the
presence of GFR at dngstrom scale plasmon-induced Raman
scattering, in which the Raman selection rule should have a
change induced by the field gradient effect.

To confirm that the D-band does not arise from laser in-
duced defects, the Raman response of SWNTs was charac-
terized after Au NP clusters removed by deionized water. Fig-
ure 4 shows the SEM image and corresponding Raman spectra
of the SWNT after the rinse process. The absence of a D-band
ensures that the band arises from GFR instead of defects.
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Fig. 4. (color online) (a) SEM image of the SWNT after the Au NP
cluster was removed by water. The scale bar is 500 nm. (b) The corre-
sponding Raman spectra of the SWNT shown in (a).

As mentioned above, the D-band is a noncenter phonon
mode beyond the I" point in BZ and is forbidden in the conven-
tional Raman process in defect-free SWNTs. From the view-
point of the selection rules for Raman scattering, the activation
of the noncenter phonon modes in the absence of defects in-
dicates the selection-rule breakdown in the Raman scattering
process and has not been reported in carbon nanotubes before.

For an SWNT placed in an EM field, the dipole moment
w in the coordinate of vibration ¢ can be written as!

) ) o ()
a — + E+ - (Xa
H Kaq 0 dq )y " g )y

B e o

3 dc
where {a,b,c} is a permutation of the coordinates {x,y,z} and
summing over repeated indices is implied, o and A are the
polarizability tensors, and F is the electric field. The first and
second terms result in infrared absorption and Raman scatter-
ing, respectively. The last two terms correspond to the contri-
bution of field gradients to Raman scattering, which are negli-
gible in a conventional Raman process based on the long wave-
length approximation.

According to group theory of SWNTs, G-band and D-
band are classified as I' — E», phonon mode and K — A
phonon mode, respectively.?!:>?1 The second term is responsi-
ble only for activation of the G-mode under the dipole approx-
imation in a conventional Raman process. The fourth term in
the above expression can activate the D-mode when the field
variations are large enough. Typically, the nanogap dimen-
sion dropped down to several dngstroms. Furthermore, the
quadrupole tensor A for D-mode has a nonzero element of
Ajxx — 3Axyy, which can strongly boost the D-band.

Figure 5 shows the Raman process of D-mode in reso-
nance Raman scattering (RRS) and GFR. In the RRS process,
as shown in Fig. 5(a), the electron (1) absorbs a photon at a k
state near the K point in BZ, the electron (2) scatters to k + g
state near the K’ point in BZ, the electron (3) elastically scat-
ters back to the k state with defect, and the electron (4) emits

a photon by recombining with a hole at the k state.! With-
out the elastic scattering between the electron and defect, the
D-mode is not directly detectable by optical excitation. In-
stead, in the case of the plasmon mediated GFR process, a
defect-mediated elastic scattering is not needed for the mo-
mentum conservation, the nanoconfined light with larger k
vectors makes nonvertical optical transition allowed,?*! the
electron at the k + q state in the conduction band can be scat-
tered back to a k state in the valence band directly.

GFR process

RRS process

Fig. 5. (color online) Comparison of the activation process of the D-
band between conventional and plasmonic excitation. (a) Conventional
resonance Raman scattering (RRS) process. (b) Gradient-field Raman
(GFR) process.

The GFR plays an important role in sub-nanometer scale
light—matter interaction. Gradient field induced optical tran-
sition selection-rule breakdown in SWNTSs has been reported
by Takase et al.!'”) For SWNTSs in the gap of gold nanopy-
ramid dimers, the high EM field gradient in the nanogap en-
ables the observation of the forbidden transition E;4, indicat-
ing modification of electronic resonance selection rules. The
breakdown of the Raman selection rules makes sub-nanometer
plasmonic structures a powerful tool not only for enhancing
photon—matter interaction efficiency, but also for tailoring the
photon—matter interaction pathway.

4. Conclusion

The gradient-field Raman scattering of defect-free
aligned individual SWNTs coupled with close packed gold
nanoparticle clusters has been investigated. In addition to the
considerable plasmon-induced Raman enhancement on the or-
der of 103 arising from the EM enhancement mechanism, a
strong D-band without defect is also found in this system when
the nanogaps between neighboring nanoparticles are reduced
to several angstroms scale. The relative intensity of plasmon-
induced D-band varies from O to 1 in our experiment, sensi-
tively depending on the nanogap dimension surrounding the
SWNT. In a conventional resonance Raman process, an elas-
tic scattering between the electron and defect in the SWNT
is needed for the momentum conservation, so the D-mode
is invisible in a defect-free SWNT. However, when the light

078801-5



Chin. Phys. B Vol. 26, No. 7 (2017) 078801

is confined at atomic scale in the nanogaps, GFR becomes

significant and a defect-free D-mode can be activated by the

quadrupole Raman tensor variation, indicating breakdown of

the Raman selection rules.

References

(1]
[2]

(3]
(4]
(3]
(6]

(71
(8]

(9]

[10]

Barnes W L, Dereux A and Ebbesen T W 2003 Nature 424 824

Stiles P L, Dieringer J A, Shah N C and Van Duyne R R 2008 Ann. Rev.
Ana. Chem. 1 601

Kneipp K, Wang Y, Kneipp H, Perelman L T, Itzkan I, Dasari R and
Feld M S 1997 Phys. Rev. Lett. 78 1667

Ayars E J, Hallen H D and Jahncke C L 2000 Phys. Rev. Lett. 85 4180
Moskovits M and Dilella D P 1980 J. Chem. Phys. 73 6068

Sass J K, Neff H, Moskovits M and Holloway S 1981 J. Phys.Chem. 85
621

Dresselhaus M S and Eklund P C 2000 Adv. Phys. 49 705

Dresselhaus M S, Dresselhaus G, Saito R and Jorio A 2005 Phys. Rep.
409 47

Heeg S, Oikonomou A, Fernandez-Garcia R, Lehmann C, Maier S A,
Vijayaraghavan A and Reich S 2014 Nano Lett. 14 1762

Takase M, Ajiki H, Mizumoto Y, Komeda K, Nara M, Nabika H, Ya-
suda S, Ishihara H and Murakoshi K 2013 Nat. Photon. 7 550

(1]
[12]

[13]
[14]
[15]
[16]
[17]
(18]

[19]

[20]

[21]
[22]

(23]

078801-6

Jin Z, Chu H, Wang J, Hong J, Tan W and Li Y 2007 Nano Lett. 72073
McMahon J M, Li S, Ausman L K and Schatz G C 2012 J. Phys. Chem.
C 116 1627

Zhang X, Yang F, Zhao D, Cai L, Luan P, Zhang Q, Zhou W, Zhang N,
Fan Q, Wang Y, Liu H, Zhou W and Xie S 2014 Nanoscale 6 3949
MaY,Li W,Cho EC, LiZ, YuT, Zeng J, Xie Z and Xia Y 2010 Acs
Nano 4 6725

Duesberg G S, Loa I, Burghard M, Syassen K and Roth S 2000 Phys.
Rev. Lett. 85 5436

Saito R, Jorio A, Souza A G, Dresselhaus G, Dresselhaus M S and
Pimenta M A 2002 Phys. Rev. Lett. 88 027401

Kurti J, Zolyomi V, Gruneis A and Kuzmany H 2002 Phys. Rev. B 65
165433

Hentschel M, Saliba M, Vogelgesang R, Giessen H, Alivisatos A P and
Liu N 2010 Nano Lett. 10 2721

Alonso-Gonzalez P, Albella P, Neubrech F, Huck C, Chen J, Golmar F,
Casanova F, Hueso L E, Pucci A, Aizpurua J and Hillenbrand R 2013
Phys. Rev. Lett. 110 203902

Paradiso N, Yaghobian F, Lange C, Korn T, Schuller C, Huber R and
Strunk C 2015 Phys. Rev. B 91 235449

Alon O E 2001 Phys. Rev. B 63 201403

Damnjanovic M, Milosevic I, Vukovic T and Sredanovic R 1999 Phys.
Rev. B 60 2728

Beversluis M R, Bouhelier A and Novotny L 2003 Phys. Rev. B 68
115433


http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1146/annurev.anchem.1.031207.112814
http://dx.doi.org/10.1146/annurev.anchem.1.031207.112814
http://dx.doi.org/10.1103/PhysRevLett.78.1667
http://dx.doi.org/10.1103/PhysRevLett.85.4180
http://dx.doi.org/10.1063/1.440142
http://dx.doi.org/10.1021/j150606a002
http://dx.doi.org/10.1021/j150606a002
http://dx.doi.org/10.1080/000187300413184
http://dx.doi.org/10.1016/j.physrep.2004.10.006
http://dx.doi.org/10.1016/j.physrep.2004.10.006
http://dx.doi.org/10.1021/nl404229w
http://dx.doi.org/10.1038/nphoton.2013.129
http://dx.doi.org/10.1021/nl070980m
http://dx.doi.org/10.1021/jp207661y
http://dx.doi.org/10.1021/jp207661y
http://dx.doi.org/10.1039/C3NR04405J
http://dx.doi.org/10.1021/nn102237c
http://dx.doi.org/10.1021/nn102237c
http://dx.doi.org/10.1103/PhysRevLett.85.5436
http://dx.doi.org/10.1103/PhysRevLett.85.5436
https://doi.org/10.1103/PhysRevLett.88.027401
http://dx.doi.org/10.1103/PhysRevB.65.165433
http://dx.doi.org/10.1103/PhysRevB.65.165433
http://dx.doi.org/10.1021/nl101938p
http://dx.doi.org/10.1103/PhysRevLett.110.203902
http://dx.doi.org/10.1103/PhysRevLett.110.203902
http://dx.doi.org/10.1103/PhysRevB.91.235449
http://dx.doi.org/10.1103/PhysRevB.63.201403
http://dx.doi.org/10.1103/PhysRevB.60.2728
http://dx.doi.org/10.1103/PhysRevB.60.2728
http://dx.doi.org/10.1103/PhysRevB.68.115433
http://dx.doi.org/10.1103/PhysRevB.68.115433

	1. Introduction
	2. Experimental section
	2.1. Preparation of aligned SWNTs
	2.2. Synthesis and assembly of gold nanoparticles
	2.3. Characterizations

	3. Results and discussion
	4. Conclusion
	References

