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Resonance Raman scattering from phonon overtones in double-wall carbon nanotubes
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The resonance behavior and the dispersion of thén® in double-wall carbon nanotubes were investigated
by multifrequency Raman scattering. Using a large number of laser lines for excitation, the dispersion for the
response from the inner tubes and from the outer tubes was found to be 85 and'@8\tmespectively. The
reduction of the dispersion for the inner tubes is a consequence of their high curvature and suggests a flattening
of the phonon dispersion at the point in the Brillouin zone. The frequency position for thé [Be of the
inner tubes for a given laser energy was likewise strongly reduced as compared to values expected from tubes
with standard diameter. This was again assigned to the strong curvature of the small-diameter inner tubes.
Finally, the G line scattering cross sections for the outer tubes and for the inner tubes revealed resonances
according to the transitions between the corresponding Van Hove singularities. The response from the inner
tubes was particularly strong, in good agreement with the expected resonance enhancement resulting from their
high curvature.

DOI: 10.1103/PhysRevB.71.155409 PACS nuni®er78.67.Ch, 61.46tw, 78.30.Na, 63.20.Dj

I. INTRODUCTION states is jammed into Van Hove singulariti®HSs). Within

Sinale-wall carbon nanotubsSWCNTS have been at- & Simple tight-binding approximation, qptical transitions.a.\re
¢ e 4 etween VHSs symmetric to the Fermi level. The transition

tracting considerable interest for a number of years as the : ) ; . .
are very good examples for one-dimensional systems on tHig€rgies for semiconducting and metallic tubes are assigned
sE; andEj, respectively. In a linear approximation, these

one hand and exhibit a high application potential on the othef . iy 1= . :

hand’- Recently, particular attention has been dedicated t§"€'dies scale with T, whereD is the tube diametéf. In a
double-wall carbon nanotubé®WCNTS). Such systems are refined description, the trigonal warping of. constant energy
of special interest if the inner shell tubes are grown fromcontq(l;rs (;})nd Sthe |ntfluer(1jcetc()jf the cThraIlty rlnusit ht;e
fullerenes encapsulated into the primary outer shell tube onsiderea. ymmetry-adapte honorthogona’ ught-

_ 5 : ; inding calculations yield more precise results with lower
(132058%"8(1 tﬁ(;af%ﬁg)rsen%rs] ?rf?rt:gg te%t%rgsetrrgagifrgsinrt‘gg?nitransition energies and a stronger deviation from B 1aw
’ . . peap Since tube curvature is includédin addition, the exact val-
shell tubes with a high degree of perfectn&ss.

onal f | ues for the electronic energies are modulated by excitonic
Peapod grown DWCNTs are exceptional for several réaggq g, particularly for the low transitiond? and by the

sons. Normally, peapods are obtained from SWCNTs withyttect of bundling or dressing with surfactants. Finally, and
mean tube diameters between 1.3 and 1.5 nm. Since the igrtainly of particular importance for very small inner shell
tertube distance in the DWCNTs is about 0.35 (il inter-  {ypes, the influence of the curvature must be considered ex-
layer distance in graphitethe diameters of the inner shell piicitly. If the tube diameters become significantly lower than
tubes are around 0.7 nm, coming close to SWCNTs grown in. nm, characteristic differences in the electronic structure as
zeolites’® The diameter distribution of the inner tubes is compared to tight-binding results were reported from

expected to follow roughly the distribution of the outer ones,ab initio calculationst3

except for a cutoff below 0.5 nthThis cutoff is a conse- A plot of the transition energies versus tube diameter for
guence of the rather large size of the fullerenes which cannaill geometrically allowed tubes, known as the Kataura Hlot,
enter tubes with diameters smaller than about 1.2 nm. is very helpful and important to understand optical and reso-

Referring to applications, DWCNTs share the advantagesance Raman effects. The plot depicted in Fig. 1, with the
of multiwall tubes in a sense that they are rather stiff andnverse tube diameter used on the abscissa, is based on cal-
properties from the two shells average out. Conversely, thegulations by Popo¥ The calculated energies from this work
still have some advantages of SWCNTSs, e.g., small diametersere subsequently scaled to match the experimental ones of
and low weight. For fundamental research, the very smalFantini et al®> and Weisman and Bachf® (obtained from
radii of the inner tubes are of particular interest. Additionally, HiPco tubes dispersed in aqueous solution and wrapped in
the unit cells become small enough to allow for applicationSDS. The scaling factors for each transition and SWCNT
of density-functional calculations. Such calculations are intype (metallic as well as semiconducting type | and dle-
deed necessary to describe the physical properties as a cqeended linearly on the inverse tube diameter. The horizon-
sequence of the high curvature of the narrow tubes. tally hatched area marks the range of laser energies used in

One of the famous and important properties of theour experiments. The vertically hatched areas mark the di-
SWCNTs is their electronic structure. Due to the one-ameter distribution of the outdleft) and inner tubesright),
dimensional nature of the tubes, the electronic density ofespectively.
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FIG. 2. Double resonance scattering for the Raman response of
A A A A 20 the G line in SWCNTs. Closed curves: equal energy contours of

the graphene band structure, parallel lines: alloketates for an

(8, 4 tube. Full drawn arrows represent double resonance scattering
FIG. 1. Transition energies vs inverse diameter of SWCNTSPIOCESSEs ff” the i.n'comir(g? and for_the outgoingb) light where
(Kataura plol, based on calculations by Pop¢Ref. 11 (open Van Hove singularities are involvedriple resonance The dashed

symbols. The calculated energies were scaled to it the experimen‘:’lrrow represents also a triple resonance but with less efficiency.

tal I’ESé,HtS of Fantinet al. (Ref. 19 (fillgd symbols forE3, andEY). stand the D line in SWCNTSs in a quantitative man¥e#*To
The Ej, branch was taken from Weisman and BactiRef. 18.  gatisfy energy and momentum conservation, scattering by an

The hatched areas assign the energy range used for excitation I‘Pﬁpurity must be included into the overall Raman process for
Raman spectréhorizontally) and the tube diameter ranges for outer the D line. For the double resonance leading to tHdig

(left) and inner tubegright). The widths of the vertical bars are the the process is similar but no contribution from a defect is

FWHMs of the assumed Gaussian distributions. required, rather a second phonon takes care for momentum

Raman spectroscopy has been demonstrated in numerog@nservation. The principle of this mechanism as it is oper-
experiments to be a key analytical technique for the investiating for the two-phonon process is depicted in Fig. 2.
gation of SWCNTs. The resonance enhancement for transi- The figure depicts contours of equal energy at two neigh-
tions between VHSs makes the technique particularly apboring K points of the graphene band structure. The parallel
pealing. Four characteristic Raman modes are known: Thines are the allowe# states for an8, 4) tube. The two full
radial breathing mod¢RBM) around 180 cmt, the defect drawn arrows depict two examples for particular strong reso-
line (D mode around 1350 cit, the graphitic mode around nance enhancementsiple resonance?® For the arrow(a)
1590 cm* (G mode, and the overtone of the D mode the primary electron-hole excitation meets a transition be-
around 2700 cnt (G’ or D" mode. tween two VHSgingoing resonangeThe scattering froniK

For all lines, the frequency depends on the tube diametefp K’ by the phonon(#£},,q) ends on an eigenstate of the
This dependence is rather strong and scales as the invergge which is in general not a VHS. Backscattering by the
tube diameter for the RBM whose frequency increases Wiﬂbhonon(ﬁﬂq,—q) takes the electron back to its originkl

decreasing diametéf'® The frequencies for the other Ra- |y 0 bt at an energy/if), below the eigenstatdor Stokes
man lines also depend on the inverse diameter, however thes¥:attering);. The final recombination is therefore nonresonant.

decrease with decreasing tube diamétf. or the outgoing resonancévector (b)], the primar
Additionally, the line position depends also on the energ)}: going ’ P y

of the exciting laser. This holds at least for the RBM, the pélectron-hole excitation is nonresonant, scattering is to a
line, and the G line and is known as dispersion of the Ra- SWCNT state on th&’ position, and backscattering is into
man modes. The origin of the dispersion is characteristicallf® VHS on theK position. As far as the incoming light is
different for the RBM response on the one side and for the C¥oncerned, the difference in energy between the two reso-
and the G lines on the other side. In the former case, it isnances is as large a#Q,=0.33 eV, wherey is (almos} the
related to a photoselective resonance scattering which revave vector of thek point phonon. An alternative but less
quires a distribution of tube diameters in the sample. In congfficient triple resonance occurs if the electron is scattered to
trast, in the case of the D line and thé e, the response the VHS on theK’ side and either the primary excitation or
comes from phonons related to tkepoint in graphene, or the final recombination is nonresonant. In all cases, two tran-
from phonons close to this poiAt?? A double resonance sitions are in resonance whereas the third transition is off
scattering process was found to be the origin of theresonance. In addition, for the triple resonance, of the ingo-
dispersior?? similarly to what has been reported for ing and outgoing resonance, two VHSs are involved. Double
graphené! and the magnitude of the effe¢shift in line  resonance may as well occur between any two appropriate
position versus change in excitation engrgydetermined by states on the twé points. It does not need the VHSs. This
the slope of the phonon dispersion near #epoint in  means the expected resonance profiles may be rather broad.
graphite?® The theory for double resonance scattering for thdig is
Double resonance Raman scattering is well known inmore complicated than the theory for the D line, since the
resonance Raman theory. It was recently applied to undetwo-phonon density of states for thepoint derived phonons

Inverse Diameter (nm™)
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has to be considered. As a consequence of the zone folding 488 nm, ambient conditions
many branches can contribute.

Whereas considerable investigations have been dedicate3
to the RBM analysis in the DWCNT5 very little has been
reported on the G line respori8eand almost nothing is
known about the D and Glines. The D line response is
important since its intensity is related to the number of de-€
fects in the tubes. Since the RBM response from the innerg
shell tubes exhibits unusual narrow lirfethe relative con-
centration of the defects must be small and only a weak DE
line response is expected. On the other hand, small tube di€
ameters enhance the electron-phonteph coupling’
which raises Raman intensities. Unfortunately, the D line of
SWCNTSs exhibits a structured profifeas a consequence of
the resonance from the VHSs and the warped energy con-
tours. Since the diameter dependence of the D mode fre- pg 3 Raman response of the Gne in various carbon nano-

quency is rather smatf, the contributions from inner and ype materials as exited with a 488 nm laser. Top: pristine nano-

outer shell tubes overlap in general and are not easy to sepgpes, center: peapods, bottom: DWCNTs. Dashed lines are Voi-
rate. Therefore, in this contribution we concentrate on thgyian fits. All spectra are normalized to equal height.

behavior of the G line where the separation between re-

sponse from the inner tubes and outer tubes is twice as hiql?arrow Raman lines for the RBM down to 0.4 & Con-
as for the D line. Since t_he Qine response 1s independent frol experiments were performed with slightly smaller tubes
of any defect concentration and the inner tube response sti

. . . rown by laser ablation and purchased from Tubes at Rice.
%?:2? :ngsﬁghei%%ecc:e%-.ph coupling, a strong signal from th iameter distribution, again as determingd from first anq

The response from the outer and from the inner tubes Wassecond momgnts of the RBM response in Ramar.1 expert-
indeed found to be well separated. In fact, the separation wd8€nts, was given bp=1.35 nm,s=0.1 nm. Preparation of
more than twice as strong as expected from results reportd}® DWCNTs was performed as described above. The
previously for the diameter dependence of this mode as ansmaller tube d|_ameter certamly leads toa smaller fraction of
lyzed from individual SWCNT4® Peak resonances were dif- PWCNTS relative to the unfilled tubes in these samples as
ferent for the two-tube species but could be correlated t&Ompared to the fraction in the Nanocarblab material but
ingoing and outgoing resonances of the light with respect t@therwise the results were the same. _ _
VHSs. The resonance cross section was strongly enhanced R@man spectra were recorded for laser lines extending
for the inner shell tubes but explicit evaluation of the en-ffom 1.83 10 2.71 eV at ambient conditions using a Dilor xy

hancement was difficult due to secondary effects such as &P'® spectrometer with a back thinned and blue enhanced
shielding of the inner tubes by the outer oriestenna ef- CCD detector. Since the lines of interest here were rather

fec). broad, normal resolution was used. The system was cali-
brated for intensities with Si powdé250 um). The inte-

grated intensity of the Si first-order phonon mode was di-

Il EXPERIMENT vided by the incident laser power and then scaled to the Si

Nanotubes were purchased from Nanocarblab and fille@@man cross section reported by Renuetcal ** with a fac-
with Cg fullerenes as reported previougfyThe diameter for f. To obtain the Raman cross section of therode, its
distribution of the starting material was determined from Raintegrated intensity was divided by the incident laser power

man analysis and revealed for the peak and for the varianc@d trf1en ﬁcaled with the 7:”19 facforThis procecéur;:dcor—
of a Gaussian distribution the valué3=1.45 nm ando rects for the spectrometer/detector sensitivity anddheie-

=0.1 nm, respectively. The resulting mats of bundled peapendence of the Raman process.

pods were vacuum annealed at 800 K to get rid of any non-

empty SWCNTs

ensity (arb

alizi

T
2550 2600 2650 2700 2750 2800 2850
Raman shift (cm™)

encapsulated £. Measurements of the filling ratio using IIl. RESULTS
bulk sensitive electron-energy-loss spectroséd@mnd Ra-
man spectroscopy revealed a maximum g occupancy of Figure 3 depicts the response of théi@ode for the three

about 80%. This is very close to the theoretical limit of 95%basic materials under investigation: pristine SWCNTSs, pea-
expected for the tubes used. Under these conditions, the apeds, and the resulting DWCNTSs, all recorded for the same
solute filling of the outer tubes with inner shell tubes whichstarting material and the same laser excitation. The response
means the ratio of carbon atoms in the outer tubes to th&om the pristine material and from the peapods exhibits a
carbon atoms in the peas is 0.28. Of course this ratio remairgmooth line profile with a quasi-Voigtian shape. Looking into
after the transformation to the DWCNTs. After the 800 K details, flat structures and a weak asymmetry can be ob-
annealing, the peapods were subjected to a high-temperatuserved. Such structures could originate from tAgL)
annealing at 1250 °C and subsequently slowly cooled tdranch for metallic tubes which is known to be dramatically
room temperature. The resulting DWCNTs exhibited verydownshifted due to e-ph couplirf§ Also, the peak position
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FIG. 4. Raman response of the @ne in peapods as recorded S 2660
with various lasers indicated in the figure in r@V). All spectra 5
are normalized to equal height. 26404
of the lines is modulated and located at 2696 and 2699 cm 2620

- . . 18 . 1:9 ) 250 ) 2:1 . 2:2 ) 253 ) 2:4 . 2:5 ) 256 ) 2:7
for the pristine material and the peapods, respectively. The L
linewidths are about 4%pristine tubes and 43 cm'® (pea- Excitation Energy (V)

pods. In the case of the DWCNTSs, a clear shoulder has
developed at the low-frequency side of the@sponse from of the G line in peapods. The straight line indicates the linearized

the outer tubes. This shoulder is assumed to originate from,gyonse. The dashed line along the experimental points is a guide
the G line of the inner shell tubes. From the Voigtian fits, tor the eye and demonstrates the oscillatory behavior.

the line positions for the lower- and higher-frequency peak

are at 2640 and 2697 ¢y respectively, with widths of 55 sponse from the outer shell tubes in the DWCNTs and will

_1 i i i i i - . . . . . .
and 54.Cm - Since the G _Ilne_ls known to_exh|_b|t a char therefore be described in more detail in the discussion of the
acteristic resonance profile, it was certainly interesting tQatter results

check for such profiles in the peapods and in the DWCNTSs.
Results for excitation with various lasers are depicted i
Fig. 4 for the peapods. The response exhibits the expecte

result. The_G line Sh'fts. continuously downwar_ds W't.h.OUt resonance behavior which differs for the response from the
any dramatic change of its shape. Even though intensities a0 concentric shells. In the case of green and yellow laser

not yet calibrated, a notlc_eable drop in the cross section Calycitation, the response from the inner tubes is stronger than
be expected from the noisy spectra for red laser excitation.

the response from the outer tubes, even though the concen-

Details of the dispersion and of the resonance l:“Xc'tat'Ort'ration of carbons in the inner tubes per volume is only about

can _be obtained from_a f't.Of all spectra to Voigtian lines and28% of the concentration of carbons in the outer tubes. Even-
making use of the calibration of the spectrometer. Results for

both the dispersion and the resonance cross section are de-

picted in Fig. 5. The dispersion exhibits on the average a ombiant condifons
straight line with a slope of 96.2 citYeV. On top of this
line, an oscillatory behavior of the response can be seen, as (3 450241

well known for the pristine tube®. The slope of the line is g
slightly smaller than the slope obtained for pristine tubes 3
reported to be 11@) cmt/ev.2 i

To obtain the cross section for second-order scatterincg
|dx(w)/dQJ?, the spectra were calibrated as described aboveyg
No additional correction for absorption was included, since it5
is not well enough known. The cross section obtained in thisg

FIG. 5. Dispersior{circles and Raman cross sectidmiangles

The response of the ‘Gines in the DWCNTSs is depicted
Fig. 6 as excited for various lasers. Again clear evidence
n be seen for the dispersion effect of both lines and for a

ensi

531 (2.34)
568 (2.18

way is continuously increasing with increasing laser energyZ 647(1223)(1'96)

with a very broad hump around 2.1 eV, a shoulder around 676 (1.83)

2.5 eV, and an onset of a peak value at 2.7 eV. ANy COITeC- 250 2500 2550 2600 2650 2700 2750 2800 2850 2900
tion for absorption would only lead to a further increase of Raman shift (cm™)

the cross section with increasing light energy, since the ab-

sorption of bucky paper is continuously increasing with the  FIG. 6. Raman response of thé {hes in DWCNTs as recorded
latter. Thus, the scattering volume is decreasing with increaswith various lasers indicated in the figure in rieV). All spectra
ing energy. The pattern obtained is very similar to the re-are normalized to equal height.
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FIG. 7. Dlspersmndqf peal|< positions for éhe’ @odeDV(\)/Ethwi FIG. 8. Peak intensity ratio of inner tube response divided by
outer (upper graph an mner(ow_er graph tubes in a uter tube response as a function of laser excitation for the G
system. The dashed lines are guides for the eye to demonstrate des of DWCNTs

oscillatory behavior. The arrow assigns the distance between outer

and inner tube frequency at 2.41 eV. The dash-dotted line is thpredicted from Eq(1) if the same slope is assumed, as was

linearized dispersion expected from individual tube experimentpbserved for the inner shell tubes.

(Ref. 19 if the same slope is assumed as it was observed for the Evaluation of Raman intensities is not a trivial task and

inner shell tubes. needs a careful calibration and alignment of the experiments.
Even then, results may be dressed with a substantial error. If

tually, for excitation with deep red light, the spectra becomeWo lines from the same spectrum are compared, these prob-
very weak and the intensity from the inner tubes e  lems are almost excluded and results almost free of error can

drops again to below the response from the outer tubes GP€ expected. The results of Fig. 6 are very suggestive to

groceed with the analysis in this form. Peak intensities were
obtained from the line fit analysis and the results are shown
in Fig. 8. The graph shows a clear maximum at 2.34 eV with
p asymmetric energy distribution on the left and on the right
ide of the peak. No correction for the different amounts of
earbon in the two shells was performed since this would only
with a superimposed oscillation. This oscillation is out of y?eld a different scale on the ordinate. The peak is expected

' to be close to the energy where the resonance cross section

phase for the two shells. In addition, there is a noticeablefor the inner tubes has a maximum. At low energies, the

difference in the slope of the lines. For the outer tubes, we .
find 99.1 cm/eV, whereas the Gline for the inner tubes fesponse from the inner tubes drops much faster than the

yields 85.4 cmi/eV. This difference is significant as the response from the outer tubes. In contrast, at high energies

RMS error as depicted from the figure is much smaller thanthe ratio between scattering from inner and outer tubes ap-

this difference. In fact, the real error is still considerably proaches a constant value.

) . . . More detailed information can be drawn from an evalua-
lower, since the oscillatory behavior has not been considere, . . .
: . ion of the scattering cross section for the two shells explic-
in the evaluation of the error.

Fiqure 7 also debicts the difference in mode frequenc foritIy. Looking at the cross section of the inner tubes in Fig. 9,
the tv%o G lines as gvaluated from the straight line (tqo straxi/ ht'e recognize immediately the dramatic enhancement as
) . o 9 straigr compared to the outer tubes. This enhancement is up to a
line distance at 2.41 eV excitation energy. The obtained dis; . o

. . factor 5 for the corresponding peak positions around 2.3 eV.
tance is much larger than the distance evaluated from th

relation S\Iso, the resonance is rather narrow and peaks at 2.35 eV as
expected from Fig. 8. At the high-energy end of the profile, a

. second peak appears around 2.65 eV. At the low-energy side,
v=2708.1-35.4D. (1) the cross section approaches zero. The overall recorded en-

hancement of the resonance is about 25. The scattering cross
This relation was derived from a diameter-dependent evalusection of the outer tubes is different from the cross section
ation of line shifts in individual tube experimehtdor tubes  of the inner tubes but very similar to the result obtained for
with diameters between 1.25 and 2.5 nm at 2.41 eV. Thehe peapods in Fig. 5. It is continuously increasing with in-
above equation yields 2684 cifor the outer tube Gfre-  creasing laser energy and exhibits several broad humps or
quency in very good agreement with the result of 2684%cm shoulders around 2.15, 2.5, and 2.65 eV. These humps as
from the DWCNT experiments reported here but much toowell as the peak and the shoulder observed for the inner
high values(2658 cni* as compared to 2628 cobserved tubes are expected to be correlated to the resonance transi-
here for the inner tubes. The dash-dotted line in the figuretions between the VHSs. The overall enhancement of the
indicates the position of the ‘Gnode for the inner tubes as cross section for the outer tubes is about 4.

inner tubes as compared to the outer tubes.

Like in the case of the peapods, a fit of Voigtian lines to
the spectra reveals the dispersion. Figure 7 shows the res@
for the peak positions as a function of laser energy for bott%
shells. As expected, the relations are quasilinear in both cas
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2000 JDWCNTs B. Resonance profiles for the two concentric shells
{ambient conditions o . . . . i
1800 ~o The resonance profile for Raman excitation in SWCNTs is
__ 1600 determined by transitions between VHSs as they are plotted
S 1400 T £ (ou) in Fig. 1. Since Fig. 1 is based on dispersed HiPco tubes
£ 1200 E;, (in) “ | wrapped with SDS, it is not straightforward to apply it to
£ 1000] o DWCNTs. In fact, Fantinet al!® reported that the transition
T gool o nﬁ/ﬂha energies of HiPco tubes in bundles are about 75 meV below
® AN . .
D oo ) T the corresponding energies of the SDS wrapped tubes. For-
] 400 A AN E}, (in) tunately, the resonances we are discussing for thdin@s
o 1 A (o A T are rather broad. This means the results of Fig. 1 still provide
2007 £ i) E;, (out) valuable information for the interpretation of the data. This
O holds in particular since curvature effects, which are relevant
18 18 20 21 22 23 24 25 28 27 for the small diameter inner tubes, are included in the calcu-

Excitation Energy (eV) lation. Also, it must be kept in mind that the cross sections

we are discussing here refer to the overall material consisting
d betrianales. Th q of many different tubes. It is not the cross section of a single
fﬁ‘rj:gf:;a?or ct’#;e;#;eriﬁt”zr;?o?ﬁts Oef r:;gzﬁrein :ﬁ:ptc\’l\rl'jesr‘?fl‘fs nanotube itself. For the assignment of the observed reso-
i . . .~'nances, ingoing as well as outgoing light must be considered,
Arrows mark the mean transition energies as depicted from Fig. 1.. : . . . .
since for the high frequencies under consideration the differ-

ence in transition energy can be as high as 0.33 eV.
Starting with the analysis of the inner shell tubes and

_— . , . . __comparing the resonance positions with the data of Fig. 1,
The above findings are interesting on mainly three points; ; :
e can assign the resonance at 2.3 eV to the transiEgps

The strongly enhanced e-ph coupling for the inner shel L2 o .
tubes, the resonance profiles for the two concentric shell n addition, ingoing resonances fBl transitions contribute.

and the deviation of the dispersion for the inner tubes fronfccordmg tO.F'g' 1, the resonance can be rath_er broad, up to
results known so far. eV, which is indeed the case. Thus, according to the con-

dition of the experiment, the resonance is determined by the
distribution of tube diameters rather than by the widths of the
transitions between VHSs. The resonance at 2.65 eV fits to
the transitionEﬁ’2 for the outgoing photons. In this case, the
Enhancement of e-ph coupling with increasing curvatureexcitation energy has to be about 0.33 eV higher than the
in carbon cages was already observed framinitio calcu-  resonance transition. This is exactly the case for the shoulder
lations in fullerene$?33The increasing contribution of the  in the cross section. The overall background in the cross
bonding to the interaction between the carbon atoms is theection comes from the conventional double resonance and
reason. Results in the same direction were obtained for thRom the less efficient triple resonance which does not in-
nanotubes. Even though such results were evaluated for thglve two VHSs.
e-ph coupling in the conduction batidor exhibit a strong For the outer tubes, we can correlate the broad low-energy
dependence on chiraliy;**they can be expected to provide hump around 2.15 eV with the resonance atf§etransition
qualitative information on the relation between coupling andfor the incoming photons. The shoulder at 2.5 eV fits well to
tube diameter. From an extrapolation of the e-ph couplinghe E3, transition for the outgoing photons, whereas the
constants evaluated in Ref. 27, the latter are about 1.6 timegructure at highest energ?.65 e\} matches well with the
higher for the tubes with diameter 0.7 nm as compared to thehgoing ES, transition. The broadening and smearing out of
tubes with 1.45 nm. Since the e-ph coupling enters to thghe resonances is not surprising. Particularly for the outer
fourth power into the Raman intensity for a two-phonon pro-ypes; it originates not only from conventional double reso-
cess, intenSitieS from the inner She” tubeS can be eXpeCted %nces but also from the increasing inﬂuence of the Chira'

be eight times higher as compared to the intensities from thgngle on the transition energies with increasing folding in-
outer shell tubes. The enhancement of the cross section ofex, as can be seen from Fig. 1.

served experimentally is not quite as high. This may be due

to a partial shielding of the inner tubes by the outer tubes or_ _. _ _ . .

by field-induced charges which generate a depolarizatior?' Dispersion of the G line for the high curvature inner tubes
field®® (antenna effegt A first experimental evidence for the The difference in the Gline dispersion between inner
enhanced e-ph coupling was already obtained from thshell and outer shell tubes is of particular interest. This dif-
strongly enhanced Raman response reported for the RBNérence refers to the slope of the dispersion as well as to the
modes? The experimental demonstration of the enhancemendbsolute line positions. Since the former is a replica of the
of the e-ph coupling is important for the characterization ofphonon dispersion around th€ point, a flattening of this
the inner shell nanotubes. Since these tubes are highlgispersion with increasing curvature must be concluded from
defect-free, any response from the D line should be verghe smaller value of the inner tubes dispersion.

weak unless enhanced e-ph coupling raises the scattering Concerning the absolute value of the downshift observed
cross section. for the inner tubes Glines as compared to the outer shell

FIG. 9. Raman cross section for the’ Gne of the inner

IV. DISCUSSION

A. Enhanced electron-phonon coupling
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positions, we must keep in mind that Eq.) was derived
from single tube experiments with diameters between 1.25
and 2.5 nm. The leading constant of 2708 ¢ris the fre- 2640 -
quency for the G mode in graphite. As the experiments in

2680 -

Ref. 19 demonstrate, curvature decreases all high-frequenc’g **]

optical modes. This is consistent witth initio calculations = s ] s o Average over all branches
for the G mode as a function of diamefewhere a dramatic % e o Em) E,a.,ch as an example
and nonlinear decrease of the mode frequency was found fo g 25201 ’

tubes with diameters:1 nm. Thus, the discrepancy between 5 18m=

the results from the linearized decrease given by(Egand
from the inner shell tubes is understandable from the small 40
tube diameter. The influence of high curvature has been re
ported also for the RBMs, but due to the low frequency of 152
the latter it is only a few wave numbers and difficult to
observe® In the case of the Gmode, the relative deviation
from linearity is about the same, but due to the high fre- £iG 10, comparison of calculated and observediie fre-
quency it comes out between 20 and 3me|(_apend|ng 0N quencies. Bullets and full squares are G line frequencies as calcu-
the exciting laser usgdand is therefore easily detectable. |ated from Dubayet al. (Ref. 20 for the Ex(T) branch and as aver-
Calculation of the downshift is unfortunately difficult since aged for all brancheg&he error bars depict the standard deviation
the K point phonons of all branches and of all tubes contrib-The circled points were used for the scaling. The open symbols are
ute. the scaled frequencies for the’ Gne. The two asterisks represent
Because of the folding of the graphite Brillouin zone into the experimental results for the outer and inner tubes at 2.41 eV.
the nanotube zone and because of the nanotube curvatufie lines are fits as described in the text.
the G band in nanotubes contains several modes with differ-
ent symmetries. The tangential modes that are Raman actiygward the line from the outer tubes as compared to the re-
exhibit A, E;, and E, (A, Eyg, and Eyq for symmorphic  gyits from Ref. 19.
group$ symmetries’ Assuming that the whole optical
branch is modulated by curvature in the same way, we can V. SUMMARY
scale theK point frequencies to thE point modes for large i .
tube diameters and thus reveal a mapping of the former on !N summary, we have reported detailed experimental re-
the tube diameters. The mapping was performed in tW@ults for the Raman line position and intensity for theliGe
ways. In the first attempt, only the transverBaimodes were 1N DWCNTSs. The response appears as a double-peaked band
considered as the main contributors to theli@e. In a sec- With a characteristically different resonance cross-section
ond attempt, the average frequency at hepoint of all p_rof|le. _Both components of the _band exhibit the e_xpected
branches was considered and used to map the position of tifispersion but the value of the inner shell tubes is lower
G’ line as a function of tube diameter. The mapping wa 85.4 cm?) as compargd to the valu_e of the outer_shell tubes
done such that the calculateB,(T) frequency atD (99.1 cmit). The superimposed oscillatory behavior has op-
=1.5 nm was scaled to the experimental @sition of the Posite phase for the two tube systems. The downshift in fre-
outer tubes for 2.41 eV excitation. The averaged values wer@uency between the ‘Gine from the inner tubes and from
scaled the same way. the outer tubes is significantly larger than expected from
The diameter dependences of the Raman frequencies [Réasurement on conventional diameter tubes. This is dem-
Fig. 10 were fitted wittv=A+B/D. For theE,(T) and aver- ©Onstrated to be a consequence of the strong curvature of the
aged G mode branches, we gei=16646)-62(6)/D and  Nner shell tubes. Finally, the scattering cross section reveals

T=16267)-53(6)/D, respectively. For the scaled’ Gre- theNnaturctajgf(:he tripIeRresonalmce from ththH.Ss.I el
quencies, we get e =27669)-1039)/D and g ote added in proofRecently, a spectrochemical analysis

_ _ . e of DWCNTs was reported, where the spectroscopic behavior
(_arinSQ:i{elsl)ga?/glsilr)T{ill:;r f‘e;?ﬁtgpmg for the other excitation of the G line in pristine and doped DWCNTs is discusséd.
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