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Quantum interferences in the Raman cross section for the radial breathing mode
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The line shapes of the Raman excitation profiles for radial breathing modes in carbon nanotubes are shown
to be strongly affected by interference effects that arise whenever strong optical transitions are separated by a
small energy. This is the case in metallic zigzag and chiral tubes, where one-dimensional singularities in the
electronic joint density of states are split due to the trigonal warping of the electronic band structure of a
two-dimensional graphene. It is shown that the proper modeling of these interferences is crucial for the
identification of the(n,m) indices using Raman spectroscopy.
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The spectroscopy of one-dimensional Van Hove singularipolarization 7, (7s). The Raman scattering cross section is
ties in the electronic density of states is critical for the char-given by
acterization of carbon nanotubes and for the understanding
of their electronic structure. Several techniques can be used do _ [ N_ [ whs V)2 . 2
to study these singularities, including optical absorptioh,  do ~ \w /\ c* /\2m [Wa(ws Ks 751 w0, K, 70l
photoluminescence? photoluminescence excitation
spectroscop§, resonance Raman scatteritigRS,”12 and 1)
scanning  tunneling  spectroscody'® Unfortunately, the \yhereV is the volume of the sample,the speed of light in
hanotube speciegn,m) [we use the standard notation to yacuum,n(w )[n(ws)] the index of refraction at frequency
identify nanotubegsee Ref. 1J] present in a sample are , [, andW;, the quantum-mechanical transition matrix
usually not knowna priori because no precise control over glement between the initial and final states. The collection
the indicesn andm can be achieved with current fabrication angle element is in the direction ofks, The measured
techniques. As a result of this limitation, the assignment oframan cross section as a function of the laser photon fre-
the observed electronic transitions to specificm) struc- quencyw, is the so-called Raman excitation profilREP.
tures is very challenging. _Since ele_ctronic singularities deRjchter and Subbaswarfyapplied the conventional theory
tected with RRS by the radial breathing md&®&BM) can be  of RRS in crystalline solids to the calculation 04; in car-
assigned to a specific nanotube diamé®RS has become a pon nanotubes. Analytical expressions were derived by
major tool for narrowing down the possibl@,m) choices  canonicoet al. (Ref. 13, neglecting excitonic effectd°
for a given set of experimental data. A fundamental implicitand exploiting the fact that the electronic energy bands near

assumption in these studies is the existence of a one-to-oRgsingularity have a parabolic dispersion. The results of Ref.
correspondence between maxima in the resonant excitatiofg can be rewritten as

profiles and singularities in the electronic joint density of
states. This is equivalent to neglecting the contribution to the 1 1
, - - W = > C, , - : ,
scattering amplitude of all but the electronic states closest to : (ho, —E—iT)Y?  (hwg—E,—iT)*?
the singularity in resonance, a reasonable expectation given
the divergent nature of one-dimensional critical points. In (2)
fact, detailed calculations for armchéir, n) tubes have fully ;
i e s . > e with

confirmed this picturé® In this Rapid Communication, how-
ever, we show that for realistic electronic structure param- « 1206

i i i Ci = |PyA(my) == 3
eters, strong interferences are predicted between contribu- z dr’
tions from nearby singularities in metallic chiral and zigzag
tubes. These interferences distort the excitation profiles twhereP, is thez componentz is taken along the nanotube
the extent that accurate critical point energies cannot be exaxis) of the momentum matrix element between the bands
tracted from the experimental data without detailed modelinvolved in the optical transitioh, m, is the reduced mass of
ing. the virtually excited electron-hole pair, amtE/dR is the

For the analysis of Raman scattering in a single carbowerivative of the singularity’s transition energy relative to the

nanotube, it is convenient to assume an infinite array of parradius of the nanotube.
allel tubes, separated by a distance such that the tube-tube When7iw_approaches the energy of a transitignin an
interactions are negligible. Let us consider incidéstat- armchair tube with a diameter within the experimental range,
tered light with frequencyw, (wg), wave vectoK, (Kg), and  good agreement is obtained between the numerical calcula-
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FIG. 1. Electronic band structure of a zigzdd,0 tube near the
Fermi level. The arrows indicate the two transitiof§, and E;,,
that have a sizable oscillator strength. The inset shows the depen- FIG. 2. (a) Solid line: predicted Raman excitation profile for the

dence of the energy of these transitions on the radius of the nanQsgM in a (15,0 zigzag nanotube using Eq4) and(2) and elec-
tube, and the vertical dotted line indicates the reference radius. tronic parameters as discussed in the text. In addition, we assumed

tions of Richter and Subbaswaifand the results of Eq2) & Phonon energyi(w ~wg)=0.022 eV and a broadening &’
with a singlet=jj term in the summation. This confirms that =0-07 V. Dotted line: the same calculation as in the case of the
REPs in these armchair tubes can be understood “one sing§lid ine. but with the sign o€,,/Cy, reversed. The vertical lines
larity at a time.” The reason for this behavior is that inter- indicate the energies of the two S'[‘g”|§r_'t'_‘éb) The same asa)
band optical transitions in armchair tubes with realistic di-Put with the energy separatidfy; - E,, artificially reduced to one-
ameters are well separated. On the other hand, if two or mor@@lf of its original value.
singularities are sufficiently close, their contributions to Eq.
(2) will produce noticeable interferences when E2). is in- . _ .
serted in Eq(1). Moreover, since the prefact@ is different ~ the computation ofCy; and Cy;, we need the momentum
for each singularity, the shape of REP will depend very senmatrix elements for each transitiof?,(11-)[?=0.32 A
sitively on the relative magnitudeand signsof these pref- and [P,(11+)[?=0.75 A2, and the reduced electron-hole
actors for each of the contributing transitions. mass, which we obtain by fitting parabolic expressions to the

In order to investigate interference effects in real systemsz(k) curves near the bottom of the bands. We find
we consider metallic chiral and zigzag nanotubes. Due to then'(11-)=1.7Im, andm’(11+)=0.4m,, wherem, is the elec-
increased screening, we expect excitonic effects to be afon mass. The derivative of the transition energy relative to
lesser importance in these systems, so that a theory based @2 nanotube radiuslE/dR, is obtained from separate DFT-
free electron-hole pairs is more likely to be valid. More im-| pa calculations at different values of the tube radius, i.e.,
portantly, metallic chiral and zigzag nanotubes are strongy g frozen description of the RBM. The results are shown in
candidates f(_)r mterfe_rence effects due_ to the splltt_lng (_)f theifhe inset to Fig 1. We find thatE,/dR has a different sign for
Van Hove singularities caused by trigonal warping in they,o 44 transitions. In Fig. (@ we show the predicted REP
band structure of tyvo—d|men5|onal graphéhén Fig. 1, we for the (15,0 tube as a solid line. The dotted line shows the
show the electronic band structure for(#5,0 tube. The . . .

same calculation with the sign @f}; reversed. If there were

bands were obtained from Initio density-functional- no interferences between the two transitions, the two curves
theory(DFT) calculation within the local density approxima- . . S '
ould be identical. This is clearly not the case, demonstrat-

tion (LDA). We use norm-conserving pseudopotentials and g

plane-wave basis $&with an energy cutoff at 50 Ry andi6 ing that interference effects cannot be neglected. Moreover,
points along the tube direction. A supercell with a 35-A since the separation between the split singularities is maxi-

width is used to mimic isolated tubes. Since we work within™um for zigzag tube$; we expectweakerinterferences in

a plane-wave formalism, it is straightforward to compute theSUch systems andtronger interferences in metallic chiral
matrix elements of the momentum operator for each possibl@ibes. This is schematically illustrated in Figbp where we
interband optical transitiof? Based on this analysis we iden- repeat the calculations with the separation betwgnand

tify the lowest two strong nearby optical transitions, labeledEy; artificially reduced to 50% of its value for thel5,0
E11(=1.99 eV} and Ej,(=1.62 eV} that are split by trigonal tube.

warping. For the Raman cross section, we use (Bgwith It is apparent from Fig. 2 and E¢B) that the relative sign
two terms, corresponding to transitiog$, andEj;, and in-  of dE/dR for the two trigonal-warping split transitions has a
sert the resulting transition matrix element into Et). For  dramatic impact on the predicted REPs. We find that the

Incident photon energy (eV)
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opposite sign we obtain for tH&5,0 tube is actually a com-
mon feature of all metallic chiral and zigzag nanotubes. This
can be understood in terms of the simple graphene model of
the electronic structure of carbon nanotubes. The electronic
bands along th&-K direction of the graphene Brillouin zone
are approximately given by=+(t+2t cosx), wherex is a
dimensionless wave vector such thkat27/3, andt is the
nearest neighbor-hopping integral. Therefore, the energy of
the corresponding optical transitions E§x) = 2|t+2t cosx|. L L L ?
For a metallic(n,0) zigzag tube, the transitiors;; and E;; 16 17 18 19 20 21
correspond to graphene interband transitions=atc+ j w/n. Incident photon energy (eV)
Note that conduction and valence bands are exchanged in the , _
two cases. Since the dispersion curves are not symmetric F'C: 3. Experimental REP for a 188 CIRBM (from Ref. 13
aroundx=2/3 (trigonal warping, Ej;, >E;, i.e., the two and af't(so:"d “?IG) using Eqs(1) anﬁf) ‘f'Y'th tlhe sr%rpe t;rgi\gerlllng
transitions are not degenerate. If the graphene sheet is diE?ri‘meter orthe th’ Erans't'ons' _e It values Bfe= 1. eV
torted following the displacement pattern for an RBM, the 11=1.790 8V,Cy,/ €y =-2.22, and'=0.045 eV.
bands becom&= +(t,+ 2t,cosx),%* wheret,=t andt, oscil-
lates as a function of the instantanedliC separation. Let C7,/C7;>0, but in this case we obtaiB;;=1.870 eV and
us suppose for example thatbecomes slightly smaller than E7 = 1.799 eV, that is, the separation between the energy
t,. Then the band dispersion is reduced, so that one of thrvels is reduced to 71 meV.
bands moves towardtswhile the other one moves toward  We now show that the strong dependence of the fitted
—t,. As a result of this flatteningE;=2t;+2t,codx«  energy separation on the REP profile assumption leads to
+jm/n)| decreases arﬁ:2|t1+2t2cos(x,<—j7r/ n)| increases different(n,m) assignments, underscoring the importance of
for j<n/6. Incidentally, a tight-binding fit of the pseudopo- properly treating interference effects in structural determina-
tential results, assuming =t(dy/d)", whered is the inter- tions based on Raman spectroscopy. We use the simple
atomic separation and, its value for graphene, gives  nearest-neighbor tight-binding model introduced above, with
=3.85. It is interesting to note that this value is quite differ-a single adjustable parameteiWe adjust this parameter to
ent from the well-knowm=2 prescription from Harrisof®.  fit the one of the two experimental transition energies, for
An inverse-cube law has been proposed for carbomxampleEyj,, for the six candidate nanotubes. We obtain val-
systemg® ues between=2.735 and 3.02 eV, which are all within the

If the nanotube electronic structure could be calculatedknown uncertainty of this parameter. In other words, the cal-
from first principles with an accuracy of a few meV, a single culation of a single transition energy does not lead to a nar-
experimental transition energy would suffice for an unam-+owing of structural assignments for the REP in Fig. 3. How-
biguous determination of the chiral indicés,m). State-of-  ever, once the parameteis fixed, the simple tight-binding
the-art electronic structure methods are far from the requiretheory makes a prediction for the separation of the trigonal-
accuracy, but this limitation can be overcome—at leastvarping split levels. This prediction is sensitive to the tube’s
partially—by measuring and modeling more than one opticathirality. Moreover, since we are fitting one of the transitions
transition in the same nanotube. In particular, the trigonakxactly (and we know that the tight-binding model repro-
warping splitting of singularities is very sensitive to chirality duces quite well the general band-structure shageexpect
because it ranges from zero for armchair tubes to a maximurthe predicted;, - E;, separation to be more reliable than the
for zigzag tubed! Thus theseparationbetween energy lev- absolute value of the individual energies. The calculated val-
els is crucial for structural assignments, and it is precisely theies for Ej;—E;; are 110 meV(12,6; 52 meV (11,8; 210
experimental determination of this separation that is stronglyneV (16,1); 180 meV(15,3; 140 meV(14,9; and 92 meV
affected by the interference effects discussed above. In Fig. @3,7). Therefore, the best assignmenti®,6), if we use Eq.
we show a REP corresponding to a 188 ¢éRBM, mea-  (2) to model the REP line shape. Had we chosen the custom-
sured by Canonicet all?® This profile deviates from the ary Lorentzian model, howevefpr Eq. (2) with C,/Cj;
single-peak curve expected for armchair tubes, so it was as> 0] we might have concluded that the best assignment for
signed to a chiral or zigzag tube. From the relationship bethe 188 cmi'! REP is a (13,7 tube. Incidentally, for
tween tube diameter and RBM frequency, the possible cancy,/Cj,; <0 the fit value forC,/Cj; is —2.22, which is re-
didates arg12,6), (11,8, (16,1, (15,3, (14,5, and (13,7 markably close to the theoretical predicti@j,/Cj;=—1.86
tubes. We first fit the REP as a superposition of two transifor a (15,0 tube with a 5% smaller diameter.
tions by adding two Lorentzian shapes, as frequently done in In summary, we have shown that interferences between
the literature. We obtail;;=1.890 eV andE};=1.795 eV., different electronic transitions have a profound and unex-
i.e., a separation of 95 meV. However, if we fit the same REPected effect on the Raman excitation profiles in carbon
using Eq.(2) and constraining the rati6;,/Cy; to be nega- nanotubes. Neglecting such interferences may lead to sys-
tive, as indicated by theory, our best fit gives;; tematic errors in the estimates of optical transition energies
=1.910 eV,E};=1.790 eV. The separation between the twofrom Raman experiments. For the analysis of experimental
levels is now 120 meV, a 25% increase. Furthermore, a fit oREPs, as well as for the use of Stokes/anti-Stokes ratios to
comparable quality can be obtained by using E2). and  determine transition energies, it is crucial to use realistic the-

Raman intensity (arb. units)
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oretical models if one expects to obtain energies with the We are grateful to E. Chang and A. Ruini for useful dis-
required precision to discriminate between differémfm) cussions. This work was funded by the National Science
values. The calculations and comparisons with experimerffoundation under Grant No. NSF-DMR 0244290 and by
presented here are limited to the RBM, but the effect mighiNFM through a CINECA supercomputing project. The sup-
be expected to be even more significant for the totally symyport by the RTN EU Contract “EXCITING” No. HPRN-CT-
metric tangential modes, since the ratio between phonon e2002-00317, and by FIRB “NOMADE” is also acknowl-
ergy and singularity splitting will be larger for these modes.edged.
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