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Abnormal anti-Stokes Raman scattering of carbon nanotubes
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Abnormal anti-Stokes Raman scatterifdASR) was unambiguously observed in carbon nanotubes
(CNT’s). In contrast to traditional Raman scattering theory, the absolute value of the Raman frequency of the
anti-Stokes peak is not the same as that of the corresponding Stokes peak. It was demonstrated that AASR
scattering originates from the unique nanoscale cylindrical structure of CNT's that can be considered naturally
as a graphite structure with an intrinsic defect from its rolling. The double-resonance Raman scattering theory
was applied to interpret the scattering mechanism of the AASR phenomenon successfully and quantitatively.
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Since carbon nanotub€éENT’s) have unique electroni@  were done with a Renishaw 1000 Raman microscope. Exci-
and mechanic&lproperties, they can give rise to interesting tation wavelengths of 515, 633, and 782 nm were used. Typi-
consequences and potentially novel applications. CNT'’s areal resolution of the instrument is 1-2 chmdepending on
also ideal one-dimensional nanoscale structures that can lee excitation wavelength used. To accurately compare the
used in fundamental research for low-dimensional physicérequency of the Stokes and anti-Stokes peaksering over
including Raman spectroscopy. Raman spectroscopy has pra000-5000 cm?), a precise frequency position is crucial.
vided very useful information in the understanding of Two considerations were undertaken. First, the wave number
CNT’s* In Raman spectroscopy, there is a well-acceptecralibration of the Raman spectrometer at the region of inter-
fundamental characteristic: the absolute value of the Ra- €st was done using standard spectral lines. Second, spec-
man frequency of the anti-Stokes peak is identical to that ofrometer dispersion, i.e., the different detection efficiency of
the Corresponding Stokes peak_ Ttmal. reported a discrep- the spectrometer at different wave numbers, has been cor-
ancy between the Stokes and anti-Stokes frequencies of tiigcted. Spectral parameters were extracted by a least-squares
D* mode in h|gh|y oriented pyro|y‘[|c graphr(é{OPG) and flttlng to the Lorentzian line Sha@. To describe AASR
the D mode in Si-implanted HOP& However, there is no scattering, we define the frequency difference between the
mention that the spectrometer has been calibrated and th@gti-Stokes and corresponding Stokes lines Aas|wag|
their results may need additional verification as the wave|@g, wherews and w,s are the Raman frequency of the
number range covering Stokes and anti-Stokes positions dftokes and anti-Stokes peaks, respectively-0 corre-
graphite is very wide. Recently, Kneimgt al. reported a dis- Sponds to normal Raman behavior.
crepancy between the Stokes and anti-Stokes frequencies of Raman spectra in both the Stokes and anti-Stokes regions
the phonon mode of CNT’s excited at 633 nm, but they at€xcited at 515, 633, and 782 nm are shown in Fig. 1. The
tribute the observation to the asymmetry of the line shdpesshapes of the Stokes and anti-Stokipeaks excited at 515
There is no unambiguous observation of a discrepancy be-
tween the Stokes and anti-Stokes frequencies of the first ——T————T— ———— T

orderD phonon mode in undoped and unimplanted graphite Stokes Anti-Stokes
material. Recently, Thomsen and Réidnd Sood, Gupta, 514nm g 514nm 15
and Ashet forwarded different models of the double- __/L

resonance Raman scatteriigRRS theory to discuss the

theoretical basis of the dependence ofEhband of graphite 633nm
on excitation wavelength. Both reports postulated that a£ |ssanm 8
natural application of the DRRS process predicts that a dif-% /\\

ference in Stokes and anti-Stokes frequencies is expected ig
disorder graphite, but they did not consider CNT’s. In this

paper we report the first unambiguous observation of an “ab- Z8onm 7820m x2
normal” anti-Stokes Rama(AASR) scattering in CNT's—a

discrepancy between the Stokes and anti-Stokes frequencie . . L .
of theD mode. The DRRS mechanism is applled to CNT's to 150 . 1é0 . 2:'6” 12|00 . 16I00 120 -180 -240 -1200 -1600
Understand AASR Scattel‘lng Raman Shifts (cm'1) Raman Shlfts (cm"‘)

Single-wall CNT (SWCNT) samples were made by the
dc-arc-discharge method using Y/Ni catalysts. The samples FIG. 1. Stokes and anti-Stokes Raman spectra of SWCNT'’s ex-
were purified by various method$.Raman measurements cited at 515, 633, and 782 nm.
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TABLE |. Stokes and anti-Stokes Raman frequencies and corresponding frequency difileegnogs,
andA (cm™Y) of the RB, D, andG modes of SWCNT's and MWCNT, andP are the exciting wavelength
in nm and the power of a 782 nm laser in %.

A /P RB, RB, RB; RB, D G, G, G;
SWCNT
ws 515 179 169 160 145 1337 1582 1556 1549
633 191 181 155 1314 1584 1556 1534
782 202 192 1287 1585 1557 1539
100% 1299 1578
50% 1299 1578
SWCNT
was 515 -177 -169 -162 146 -1342 —1581 —1555 —1548
633 -191 180 164 -1322 1589 —1556 —1533
782 -203  —193 1298 1585 —1558 —1539
100% ~-1311  -1586
50% ~1312  —1590
SWCNT
A 515 -2 0 +2 +1 +5 -1 -1 -1
633 0 -1 -2 +8 +5 0 -1
782 +1 -1 +11 0 +1 0
100% +14 +1
50% +13 +1
MWCNT
633 +7 -1

and 782 nm are characteristics of semiconducting CKT’s. individual Stokes peak with its corresponding anti-Stokes
In contrast, the spectra excited at 633 nm show asymmetripeak.

line shapes and are indicative of metallic and semiconduct- Table | shows that the frequencies of all modes shift with
ing CNT's in the Stokes and anti-Stokes regions,excitation wavelength, but alA of the splitG and multiple
respectively! Raman frequencies and correspondingal-  RB peaks are zero to within the frequency accuracy of the
ues extracted from Lorentzian fits for the three excitationRaman spectrometer. This indicates no AASR scattering for
wavelengths are listed in Table I. Typical Lorentzian fits arethe G and RB modes. The only exception is tl&; peak in
shown in Fig. 2. TheRB and G modes consist of multiple the spectrum excited at 633 nm, which is due to the asym-
peaks, labeled aRB,;, RB,, RB;, RB, and G, G,, Gg, metry of the line shapes, as mentioned in Ref. 7. In contrast,
respectively. On the other hand, th2 peak can be ad- all A for theD peak are significantly larger than zero, includ-
equately fitted by only one peak, making it easier to comparéng the symmetric peaks in the spectra at 515 and 782 nm
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FIG. 2. Lorentzian fit of the Stokes and anti-Stole3 D, and 515 nm(solid squargand at the same spot excited at 616, 633, and
G bands of SWCNT's excited at 515 nm. 782 nm(open circle for SWCNT samples.
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FIG. 4. Calculated electron DO®) and dispersion curves of the electr@® and phonor(c) of (17,0, (9,9, and(14,0 CNT'’s.

excitations. Thus AASR scattering is not due to a possiblderistic of CNT'’s; changing the excitation wavelength will
artifact from the asymmetric line shape of the Stokes and/oselectively enhance tubes of different diaméfemvhile
anti-Stokes peaksFurthermore, AASR scattering exists for changing sample temperature can alter the C-C bond
the D mode for all excitation wavelengths studied, ruling outlength? This suggests that AASR scattering is likely to be a
the possibility that AASR scattering results from a strongpasic characteristic of the global nanoscale tubular structure.
excitation wavelength dependence of Raman péaks. Furthermore, since AASR scattering is present only in Si- or
The change in sample temperature induced by diﬁere”Au-implanted HOPG, but not itunimplanted HOPG®13it
laser powers can also alter Raman frequency of CNR&. s hiausible to conclude that AASR scattering is related to the
12) and may result in nonzer. To understand the effect of 1 osence of defects. Since CNT's are essentially cylindrical
ﬂfbes of nanoscale diameters formed by rolling a graphite
sheet, the tubular structure can be considered a “defected”
Sucture compared with the flat graphite sheet. Therefore we
propose that AASR scattering in CNT’s originates from the

50% power of the 782-nm laser, i.e., at two different tem-
peratures, were measured and the results are also listed
Table I. Indeed, the frequencies of tBeand G modes are
different at different excitation powers as exped%tiut the T T -
correspondingA values remain the sam@t +14, +1 and intrinsic, “defective” nanoscale tubular structure.
+13, —1, respectively at the two temperatures. This indi- 1 he degree of “defect” of nanoscale tubes can be charac-
cates that AASR scattering is not affected by sample temterized by the tube diametey i.e., the amqunt of dewatlo_n _
perature. of the tubular structure from the flat graphite sheet. The limit
We note that similar AASR behaviors have been observed—® corresponds to the perfect graphite sheet, HOPG, for
for multiwire CNT's (MWCNT'’s) (Ref. 13 and the relevant Which there is no AASR scatterifg As d decreases, CNT’s
result is also listed in Table I. Thus AASR scattering isdeviate more from the flat HOPG and become more defec-
present irrespective of the number of tube walls. tive. ThusA should decrease with increasidgwith the limit
The above results indicate that AASR scattering in CNT’sof A going to zero asl—. To probe this prediction we
is present in theD mode unambiguously, independent of have measured andd simultaneously. The result is shown
changes in excitation wavelength, sample temperature, dn Fig. 3. Our samples do not contain CNT’s with only one
wall number of CNT’s. Note that these changes do notdiameter. An average diameté) can be measured by the
change the global nanoscale tubular structure that is charadependence of thRB mode ond.>*® By changing the loca-
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TABLE Il. Calculated and observed Stokes and anti-Stokes Rasijons of (17,0 and (14,0 tubes also show linear band char-
man frequenciess and was and corresponding frequency differ- acteristics with Fermi velocities; = v,=» in the RRS en-

enceA of (17,0, (9,9, and(14,0 CNT's. ergy region. Third, the phonon dispersions of Bxenode for
these tubes do not increase linearly with the wave vegtor
Tube v(eVia) q ws(em™) was(em™) A(em™Y)  the entire Brillouin zone, but increase monotonically with
050 1388 in a narrow region of the zone. These characteristics are
Cale. 4.44 similar to those of electron and phonon dispersions that can

result in the DRRS proposed by Thomsen and Rishg-

(7.0 Obs. 0.8 1337 _1222 Ig gesting that DRRS may be applicable in the RRS process
022 1399 here. Furthermore, the intrinsic t.ubular-defect structure of
Cale.  7.92 ' CNT's acts as the necessary lattice defect needed for glec—
: : trons to scatter elastically in the DRRS process, further im-
©.9 0.27 —1408 +9 plying that DRRS and then AASR scattering is possible in
Obs. 1314 —-1322 +8 CNT'’s.
032 1324 To further investigate whether the DRRS theory can give
Calc.  4.49 quantitative results for AASR scattering in CNT’s, frequen-
(140 0.39 —1342 +18 cies of theD modes were estimated from the theory. The
Obs. 1287 —1298 +11 theoretical values were obtained by utilizing the quasimo-
mentum selection rufe
tion of the spot illuminated by laser or the excitation wave- q=(Ei—fiwp)/—vy or (Ei—hop)/v,, (1)

length, a different assembly and, thus, differéjtof CNT’s h ith the ph . . lationshi
are probed. Figure 3 shows the result of five different spotéoget er with the phonon dispersion relationship

on the same sample excited at 515 nm, and at the same spot wpr(@)=f(q), 2)
on the sample, but excited at 616, 633, and 782 nm, also .
shown in Fig. 3. IndeedA decreases with increasingl), WNer€Ei, wpn, 2, v1, and v, are the incident photon en-
confirming that AASR scattering originates from the global €9y, phonon frequency, Planck’s constant, and Fermi veloc-
nanoscale tubular structure of CNT’s. ity, respectlyely. Anti-Stokes scattering cqrresponds to re-
To understand the scattering mechanism of the AASRPACING wph in Eq. (1) by —wp,. The graphic method was
phenomenon, the diameter, symmetry, and electron and phgsed and the lowest-energy dispersion curve was utilized to
non structures of CNT samples are examined. From the ins°lve Eqs(1) and(2). The calculated and observed ar,ld
tegrated intensity ratio in Fig. 1, we found that the most@as and correspondind of (14,0, (9,9, and(17,0 CNT's
prominentRB mode in the multipleRBmodes is at 179, 190, are listed in Table Il. The errors between calculated and ex-
and 202 cm' in the spectra excited at 488, 633, and 782 nmperimental values are within 3%—6% fek andw s, while
respectively. The structure of the dominant CNT can behey coincide qualitatively fod. Therefore, the agreement
found from the peak positioh® Thus, using the nomencla- between calculated and experimental results is quite good,
ture of Ref. 2(n,m of the predominant tubes arfé7,0), indicating that the proposed DRRS mechanism can be used
(9,9, and (14,0 in the spectra excited at 488, 633, and 782t0 interpret the AASR phenomenon. . _
nm, respectively, with corresponding diameters of 13.0, 12.4, In conclusion, we report on an unambiguous observation
and 11.5 nm, respectively. The density of stal¥OS) of of a discrepancy between the absolute frequency of the anti-
electron and dispersion curves of electron and phonon foptokes peak and that of the corresponding Stokes peak for
(17,0, (9,9, and (14,0 tubes were calculaté® 8 and are the D mode of carbon nanotub€8ASR scattering We pro-

shown in Fig. 4. In these calculations, the nearest-neighbd?0S€ that AASR scattering is related to the global nanoscale
C-C overlap energyy, is taken to be 2.78 eV and lattice tubular structure which can be treated as an intrinsic defect.

dynamic parameters are taken to k&Y=36.50, o Based on calculations of electron DOS and dispersion rela-
8.80, oP=3.00, o= 1.92, o= 24.50 (p(-z)=—'32r3 tion of the electron and phonon, AASR scattering is ad-

.80, ¢; 00, ¢; 92, @y OV P o tel lained b i f the DRRS th s
oP=-5.25 ¢(1=2.20, ¢{V=9.82, {D=-040, ¢ A e CNTe is & chenomenon e

i 4y _ AASR scattering of CNT’s is a phenomenon of intrinsic sig-
=0.15, andp;,’(4)=—0.58. Based on the calculated results, yisicance originating from the nanoscale tubular structure of

the following characteristics can be deduced for theseNT's with their unique electron and phonon properties.
CNT's. First, the electron DOS of thé€l7,0, (9,9, and

(14,0 tubes exhibit an electron transition at energies 2.35, We gratefully thank Professor P. Yu for repeated, detailed,
1.91, and 1.42 eV, respectively. This is consistent with ourand helpful discussions. The authors would also like to thank
measurements indicating that the Raman spectra excited Btofessor M. S. Dresselhaus and Professor M. Cardona for
515 nm(2.54 eV}, 633 nm(1.96 eV}, and 782 nn(1.59 eV constructive discussions. We acknowledge the support from
are due to in-resonant Raman scatteriR@RS. Second, al- NSFC(of Ching under Program Nos. 69476037, 19774009,
though only the electron dispersion of tt&9) tube exhibits and 69876001 and The State Commission of Science and
metallic characteristic, the semiconducting electron disperTechnology of China.
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