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Empirical bond polarizability model for fullerenes
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The static polarizability properties and the Raman-scattering intensities in molegglancCG, are found
to be well reproduced by a bond polarizability model with parameters similar to those obtained from studies of
hydrocarbons. For the Raman spectrum gf ®@ith off-resonance infrared laser excitation, a fit using first-
principles vibrational eigenvectors yields — | =2.30 &2, 2a| + a] =2.30 A, oj—a, =1.28 A for single
bonds ande| —a| =2.60 &, 2a| +a|=7.55 A, o—a, =0.32 A for double bonds, with{e;—«,) for the
single bond arbitrarily set equal to its value in ethane, namely, 128 He transferability of these parameters
to Cyg is discussed in detai[S0163-18206)07119-4

[. INTRODUCTION obtained from first-principles calculations, together with hy-
drocarbon polarizability parameters, we calculate the Raman
The discovery of a method for the production of largespectrum of Gy and G, and find qualitative agreement with
quantities of fullerendsallowed the study of these materials measured spectra obtained using off-resonance infrared
using standard characterization techniques. In particular, R&xcitation* A marked improvement for & is then obtained
man spectroscopy has provided a wealth of information offor @ bond polarizability fit to the experimental Raman inten-
symmetry>® disorder*~® structural transitiond, electronic ~ Sities. The resulting fit parameters are closer to the hydrocar-
Structure‘?_lo and the effects of |rrad|at|6ﬁ and dopingl_zvl3 bon values than those obtained from earlier fits to Raman

Most of these studies have concentrated on the well-knowfPectra obtained with visible excitatiohWe analyze in de-
Buckminsterfullerene g, but Raman scattering is also a tail the difference between the hydrocarbon parameters and
powerful technique for the study of other fullerene-based?ur fit parameters and discuss their transferability 4g. C
materials(such as polymerized fullerenes or fullerene fibers
the detailed structures of which remain unknot¥roposed 11 BOND POLARIZABILITY MODEL FOR THE STATIC
structures for these materials can be verified spectroscopi- POLARIZABILITY OF FULLERENES
cally to a great extent, if their Raman spectra can be pre- ) ) ) o
dicted. This involves not only the accurate calculation of AS|mp5Ie model for the static electronic polarizability of a
vibrational frequencies, but also the prediction of the corre-mc"eCU'_é postulates that this quantity can be expressed as a
sponding Raman intensities. Recent advanceskininitio ~ SUM of individual bond polarizabilities, which are assumed
techniques make it possible to obtain very accurate vibral© b€ roughly independent of the chemical environment, i.e.,
tional frequencies and mode displacement patterns for covdransferable between different compounds. The bond polar-
lent systemd®28 Moreover, some of the first-principles izability for a given pair of atoms can be written as the sum
methods can be extended to predict off-resonance Ramdlf n isotropic and an anisotropic tensor:
intensities:®> However, such calculations can be computa- R R
tionally very intensive and less accurate than the purely vi _1 ( a1 )

. S . . =3(q+2 8,5t - ——— 30,45/, 1
brational applications, and it is therefore desirable to develop ** slat2a)oupt (= a)| "pp-= 30 @

an empirical method for the calculation of Raman intensities . )
in fullerenes. Recently, Snoke and CardSnhave shown wherea and 8 are Cartesian coordinates aRds the vector

that satisfactory agreement with the experimental Ramafonnecting the two atoms linked by the bond. The assump-
spectrum of G, can be obtained within a simple bond polar- tion here of 'cyllndn'cal symmetry around thg .pr|nC|paI axis
izability model. This result is significant, because previousOf the bond is consistent with the transferability hypothesis,
studies suggest that the bond polarizabilities for carbonSince any deviation from cylindrical symmetry would be due
carbon bonds are transferaBfeso that polarizability param- to the effect of the chemical environment on an individual
eters obtained for & might be useful for the prediction of Pond. _ S
Raman spectra of other fullerenes. It was noted by Snoke and The mean static molecular polarizability, -defined
Cardona-? however, that their polarizability parameters fit to @ @= 3(axxt ayy+ a;5), is given by the sum of the mean
Ceo are very different from the values obtained for carbon-polarizabilities IT= 3 (T, + Iy, + I1,,)=3(q+2a,) for all
carbon bonds in hydrocarbofis,?® raising doubts as to the bonds in the molecule. Experimentally, there is considerable
transferability of carbon-barcon bond polarizability param-evidence for the transferability of these mean bond
eters to fullerenes. polarizabilities?®® Other parameters, such as the bond
In this paper, we show that the static polarizability prop-anisotropiesyy—a, or the derivatives of the bond polariz-
erties of fullerenes can be understood in terms of hydrocarabilities with respect to the bond lengths, have not been
bon bond polarizabilities within the framework of a bond found to be equally transferable, particularly for—&i
polarizability model. In addition, using mode eigenvectorsbonds?>?® On the other hand, an attempt by Bermejo and
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53 EMPIRICAL BOND POLARIZABILITY MODEL FOR FULLERENES 13107
co-workeré® to transfer polarizability parameters from the bond lengths in ethane andyfXdiffer by 6%. Hence these
C—C single bond in ethane to diamond was quite successfuhonds are not identical, and it is possible that by transferring
suggesting that it might be possible to describe carbonthe ethane G-C polarizability to Gy, we have included
carbon bonds in terms of transferable polarizabilities. Thescreening in some effective manner. We will return to this
recent availability of fullerenes provides an ideal system tdiopic when discussing the Raman polarizability parameters.
test this hypothesis.

The experimental mean polarizability of{ds ‘@=83-85 11l. BOND POLARIZABILITY MODEL FOR THE RAMAN
A3 (Refs. 27 and 28 We will now show that this value is SPECTRA OF FULLERENES
Cons‘,‘ls'tent with the” tranSfera.b'“ty hypothes!s if we assquate A. Transferability of Raman polarizability parameters
the “single bonds” in G with the G—C single bond in from hydrocarbons to Cgp and Crg

ethangC,Hg) and the “double bonds” in g, with the C=C o

double bond in ethylenéC,H,), as proposed by Snoke and The bond polarizability model can be extended to the cal-
Cardona® We can obtain the mean polarizabiliﬁof the culation of Raman-scattering intensitfésThe intensity of
carbon—c.arbon bonds in these hydrocarbons, if we assun"}cht'.order off-resonance _Stokes Raman scattering for a har-
that the mean polarizabilities of their C-H bonds are alsgonie system can be written as
transferable. For these we will use methai@H,). From 3N
the experimental value for the mean polarizability of |n,”(w):CwLw§2
methane, acy,=2.59 A  (Ref. 29, we obtain f=1
3(+2a,)"=4%(2.59=0.648 &. Assuming this same X &(w— o). )
value for the mean polarizability of the-€H bond in ) )

ethane, and using the experimental mean molecular polariZiere,C is a frequency-independent constanf; and ws are
ability ac, =4.56 & (Ref. 30, we obtain for the &-C the incident and scattered light frequencies, respectively;
single bzoﬁld in this molecule 3(a+2a,)°°=4.56 w=w,_—ws is the Raman shifty and 5’ are unit vectors

A3-6x0.648 B=0.672 &. Next, we extract the mean po- along the incident and scattered polarization directions, re-

— _ 7L g
larizability of the G=C double bond from the measured po- spectively:(n(w))=[exp(Bhwr) —1] " is the thermal aver

larizability of ethylene, using the same procedure. From th ge occupation number of modéd at temperature

_ 71. . . . .
experimental mean molecular polarizabily ,, =4.22 A3 = (k)" and the quantitiP, ; is the derivative of the
2,4 electronic polarizability tensor with respect to the normal

1 c—cC_ 3
'E&Fgei 3D, v/{Se obtain 5(ay+2a,)“="=4.22 K—(4x0.648  oordinate for mode. Hence the calculation of the Raman
)=1.63 A’ In Cg, there are 60 single bonds and gpectrum requires mode frequencies, mode eigenvectors, and

30 double bonds, soSthat the bond 3p0'afi2abi3“t¥ model prego|arizability derivatives. In terms of the mode eigenvectors,

dicts a=(60x0.672 A)+(30x1.63 A)=89.2 &, in excel- p ( is given by

lent agreement with the experimental value and with the b

value predicted by local-density  approximation JP,,

calculations’?1® Paﬁ,lez au—(lﬁ)
We next turn to G, for which the experimental mean Y 4

polarizability isa=94 A® (Refs. 33 and 34 There are eight where{[dP,z/du.(I)]o} are the electronic polarizability de-
distinct bonds in this molecule. However, since the indi-rivatives with respect to the real-space atomic displacements
vidual bond polarizability parameters are not available for{u,(l)}, evaluated at the system’s equilibrium configuration.
each of these, we make the simplifying assumption that thélere,| =1N labels the atomic sites ang=1,3 labels Carte-
C;, bonds can be partitioned into a “single-bond” group and sian components. The mode eigenvecyg(t ) are obtained
a “double-bond” group, and use theggCpolarizability pa- from the 3ANX3N matrix eigenvalue problem
rameters to compute. The best agreement with the experi- (®—w?M)x(f )=0, subject to the orthonormality condition
mental mean molecular polarizability is found when the cut-2, ,x(I|f ) x(lI|f")m= 8., wherem, is the mass of atom
off bond length between the two groups is taken as 1.4%5 Al and the sum is over all sites and directions. The force-
midway between the single and double-bond lengths irconstant matrix isP, and the elements of the mass maivix
Ceo- This yields a calculated mean molecular polarizabil-areM ,4(1,1")=m; 8/ 8,4
ity «=109.2 &B. The 1.425-R cutoff assigns single-bond In order to evaluate the derivatives in E®), it is cus-
character to all pentagon bonds, as ig,G&nd to the longest tomary to adopt the bond polarizability model of Ky and
hexagon bond, which is also the longest bond ip.GVe  make the additional assumption, known as the “zero-order
will show below that this choice also leads to the best agreeapproximation,”®’ that the bond polarizability parameters
ment between the predicted and experimental Raman speare functions of the bond lengtiisonly, i.e., o= (R) and
trum. a, =« (R). This approximation neglects the dependence of
Calculations by Wang, Bertsch, and Tame&®® suggest a bond’s polarizability on the motion of atoms not connected
that the polarizability of @, is strongly dependent on to that bond. The equilibrium-configuration derivatives of
“screening” effects. On the other hand, the results of Ber-the polarizability with respect to the atomic displacements
mejoet al? indicate that local-field corrections are essential{u,(1)} are then easily linked to derivatives with respect to
if one transfers the ethane-GC polarizability to the G-C  the y components of the three-dimensional bond vectors
bonds in diamond. For &, the good agreement we find {R(l,B)} from atoml to neighboring atom8. Giving atom
without these corrections indicates that they may not be im} a displacement(l) and keeping all other atoms fixed at
portant. It should be noted, however, that the-C single their equilibrium positions, we hav(l,B) =R(I,B) —u(l),

(n(ws))+1 2
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whereR(1,B) is the equilibrium bond vector from atohto TABLE I. Raman polarizability parameters forgg> As dis-
atomB. It is then straightforward to obtaiR,,z ; as a sum of cussed in the text, the static polarizability anisotregy «; for the
three contributions: single bond was arbitrarily set equal to 1.28 #vhich is its value in

ethane. The first column lists the polarizability parameters, which

alj(B) + 2“1(8) we obtain from fits to the experimental off-resonance Raman spec-
Pag,i= - > - S Ro(1,B)- x(1[f ) 8,5 trum of Chase, Herron, and HolléRef. 24. The second column
B gives the polarizability parameters ofdrom Ref. 19, and the last
' ’ - . column lists the experimental polarizability parameters in hydrocar-
+ j—
[a;(B)—a;(B)][Rou(l,B)Rogs(1,B) bons for the G-C single bond in ethanéRef. 22 and the G=C
) a,(B)—a, (B) double bond in ethylenéRef. 23.
—36,5]Ro(1,B)- x(1]f )+ “RUB)
oth Fit values Snoke and Cardéhadydrocarbons
X{Roa(1,B)x5(I[f )= Rog(1,B) xa([f) Single bonds

(af—a]) (2.30£0.30 A2 (1.35:0.20 A2 2.31 &P
, (4) (2a|+«]) (2.30£0.0) A? (1.28+0.30 A2 3.13 AP
(ay—a,)° (1.28 A3¢ (1.28+0.20 A3 1.28 AP
Here, the primes denote radial derivatives, the carets denotouble bonds
unit vectors, and the sum ov@® extends over the bonds (aj—a]) (2.60+0.36 A> (4.50+0.50 A’ 2.60 A ¢
connected to sité. The first term in Eq(4) represents the (2a|+a|) (7.55£0.40 A>  (5.40+0.70 A? 6.50 A2 ¢
change in the isotropic part of the polarizability induced by(q—«,)  (0.32£0.09 A3  (0.00-0.20 A3 1.65 A%d
bond stretching, and the second term represents the corre
sponding change in the anisotropic part of the polarizability\?:rom Ref. 19.
The third term in Eq(4) corresponds to the change in the From Ref. 2. . . .
anisotropic part of the polarizability induced by bond rota- Set equal to the &-C single-bond value for ethane, as discussed in
tions. In Gyo, the twoAy modes contribute to the first term, _the text
and the eightH,; modes contribute to the other two. Since From Ref. 23.
bond stretching is associated with larger restoring forces, we
expect the high-energyl; modes to contribute preferentially the G, bonds into two groups, and assign hydrocarbon
to the second term in Ed4), whereas the low-energil;  single-bond Raman polarizability parameters to the group
modes should make a larger contribution to the third term. with longer bonds and hydrocarbon double-bond Raman po-
For Gy, the sum over bonds in E@) includes two types larizability parameters to the group with shorter bonds. The
of bonds, single and double, so there are six independemutoff between the two groups is chosen so that we obtain
parameters that determine the Raman intensities. Fgr C the best possible agreement with the experimental Raman
which has eight distinct bonds, there are 24 such parameterspectrum. It is important to point out that our study is limited
In view of the success of the transferability scheme for thdo a comparison ofatios of predicted and experimental in-
prediction of the static polarizability of moleculargCand  tensities, since no absolute Raman intensity measurements
C,, We now investigate the transferability of hydrocarbonfor fullerenes are available in the literature. Therefore, we
parameters for the description of their Raman spectra. Ican only study the transferability sétios of bond polariz-
analogy with the static polarizability calculations, we use forability parameters.
the single bonds in g the Raman polarizability parameters  In addition to the polarizability parameters, the calcula-
for the G—C single bond in ethar® and for the double tion of Raman intensities from E@4) requires mode eigen-
bond in G, we use the Raman polarizability parameters forvectors. In the case of tetrahedral semiconductors, the lattice
the double bond in ethylerfé Since the ethylene molecule is dynamics of which have been exhaustively studied, mode
planar, the anisotropw,—«, of its C=C double-bond po- eigenvectors predicted from empirical models are in poor
larizability lacks cylindrical symmetry. Accordingly, follow- agreement with inelastic-neutron-scattering experiments,
ing Snoke and Cardona, we use the average of the polarizven for models which are very successful in reproducing the
ability anisotropies for the two inequivalent directions modefrequenciesOn the other handab initio calculations
perpendicular to the principal axis of the ethylene moleculeare in good agreement with experimental measurements of
as determined by Ordunet al>® The hydrocarbon Raman both frequencies and eigenvectdtdn the case of g, we
polarizability parameters that we have used are listed in thbave found thatab initio calculations by Giannozzi and
last column of Table I. For &, there is no hydrocarbon Baront® and Adamset all® yield virtually identical eigen-
analog for each of the eight distinct bonds, as pointed out ivectors, even though their predicted frequencies differ by as
Sec. Il. An interpolation between ethane and ethylene parammuch as 7%. We use these eigenvectors in(&g.For G,
eters as a function of the . bond lengths might be at- we use first-principles vibrational eigenvectors from Adams,
tempted, but the resulting differences between some of thBage, and Sankey.
parameters would be of the order of the expected “first- Calculated Raman intensities forgdCand G, using Eq.
order” terms®2 or comparable with the deviations from cy- (4), first-principles eigenvectors, and the polarizability pa-
lindrical symmetry observed for hydrocarbdfisHence, the rameters given in the third column in Table I, are compared
physical validity of any improvement in the predicted spectrawith experimental data in Figs. 1 and 2, respectively. The
might be questionable. We thus adopt the same procedul®mnd polarizability model is expected to break down when
used to compute the static polarizability ofCwe partition ~ resonance effects become important, i.e., for excitation ener-

—2Rg4(1,B)Rog(1,B)[Ro(1,B) - x(1f )1}
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FIG. 1. (a) Experimental Raman intensities ogobtained by FIG. 2. (a) Experimental Raman intensities for4; obtained by

Chase, Herron, and Holler in Ref. 2¢n) Calculated intensities of  chase, Herron, and Holler in Ref. 2éh) Calculated intensities of
the Raman-active modes ingg; using the bond polarizability the Raman-active modes in,§ using the bond polarizability
model. We have used the polarizability parameters of hydrocarbong,qgdel with the polarizability parameters of hydrocarb¢Rsfs. 22
(Refs. 22 and 28 together with first-principles eigenvectors and gng 23 and first-principles eigenvectors and eigenfrequencies of
eigenfrequencies of Adan al. (Ref. 16. In both (a) and(b), the Adams, Page, and Sankégef. 39. The symmetry iDs;, and the
Raman mtensmes have been normalized to the experimégtd) jrreducible representations labeling the peaks follow the notation of
mode at 493 cm’. Ref. 40. In both(a) and(b), the intensities have been normalized to
the A] mode at 400 crmt.

gies near or above the band g&pyhich for G, and G, lie
in the range of visible excitation. Accordingly our compari- should also be noted that the three low-energy peaks pre-
son with experiments are based on Raman spectra obtainéitted by our calculation for ¢ are indeed observed in
by Chase, Herron, and Hollét,using an incident wave- higher-resolution experiment$.The relative intensity be-
length of 1064 nm. We expect these spectra to be less afween the G “squashing” modeH (1) at 270 cm ! and the
fected by resonance effects than the original Raman dat@g, “breathing” mode A4(1) at 493 cm?, and the relative
from Bethuneet al,? which were obtained using the 514-nm intensity between their 7@ counterparts, agree with experi-
line of an Ar" laser. ment to within a factor of 2 or better. As will be shown
The predicted and experimental Raman spectra in Figs. kelow, these modes depend on different polarizability pa-
and 2 show both significant agreements and discrepanciesameters, so that this good agreement with experiment indi-
For the case of &, it is interesting that we find the best cates a partial success of the transferability scheme. On the
agreement between the predictions and experiment for a cubther hand, the predicted intensities of the high-energy peaks
off length of 1.425 A between “single” and “double” relative to the low-energy peaks is not correct. For example,
bonds. This is exactly the same as that found to give the beste “pentagonal pinch’A4(2) mode in Gy is predicted to be
agreement for the static polarizability of the molecule. Assix times weaker thahi (1), whereas the corresponding ex-
noted earlier, this cutoff is midway between the single- andoerimental ratio is of order unity. Also, the weakeg peaks
double-bond lengths in . in Cqp, as well as most of the medium-intensity peaks 3,C
The strongest peaks in the predicted spectra of Figs. 1 arate predicted to be much weaker than they appear in experi-
2 are seen to be strong in the experimental Raman spectra.rtents.
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The discrepancies between experiment and the bond po- 45
larizability model predictions using hydrocarbon parameters
are not entirely surprising. The “zero-order” and cylindrical
symmetry approximations that we have used fail to give per-
fect agreement with the Raman spectra of hydrocarbons, '} ==-=--- First Principles
even when the polarizability parameters are simply fit to ex- (Giannozzi et al.)
perimental dat&? Furthermore, the transferability of the Ra- 9
man polarizability parameters, particularly the anisotropy A2
components in the third term of E(), is much more con- 10 | . -
troversial than the transferability of the mean bond polariz-
abilities used to compute the mean static molecular
polarizability?::?® Also, our calculated spectra correspond to
isolated icosahedral molecules, which are isotopically pure,
whereas the experimental data have been obtained from
polycrystalline films. Thus, the experimental Raman intensi-
ties could be affected by intermolecular interactions in the
solid phase and by the natural distribution of isotopes. In
fact, the measured depolarization ratios for most of e
Raman peaks in £ disagree with the value of 0.75 expected
from icosahedral symmet/and none of the observed high-
energy Raman peaks in,&which have been tentatively as-
signed to the totally symmetric representation have a depo-
larization ratio close to zer®§*! The effect of isotopes can | \ ; ” | |
be estimated by recalculating the mode eigenvectors and 4, ) 1Ll B IH | I ;
eigenfrequencies for molecules witfC isotope$’? and we 100 400 700 1000 1300 1600
find this effect to be negligibl&®> On the other hand, solid- RAMAN SHIFT (cm ')
state effects are difficult to quantify and must be kept in
mind as possible sources of the deviations between the cal- FIG. 3. Experimental and predicted normalized Raman spectra
culated and observed spectra. In this regard, however, a mf Cgo. The intensity of theAy(2) line at 1470 cm* has been set
croscopic calculation of bond polarizability parameters forequal to unity, and the calculated lines have been shifted from the
molecular QO by Sanguinetti and CO-WOfkefé,aS well as a experimental frequencies by a small amount, for clarity. The thick
first-principles calculation of Raman intensities in molecularselid lines represent the experimental data of Chase, Herron, and
Ceo by Giannozzi and Baroﬁﬁ are found to be in much HoIIer(Rt_’:\f. 24) and the thin S.O|Id lines show the fit obFalned_from
better agreement with experiment than the results in Fig. 1ihe polarizability parameters in Table I. The dashed lines give the
suggesting that the discrepancies in Figs. 1 and 2 are most|§}tens't'_eS predicted bgb initio calculations(Ref. 13. Theab ini-
due to the inadequacy of the bond polarizability model witht© Predicted intensities dfiy(2), Hg(3), andHg(7) are vanishingly
hydrocarbon parameters and are not due to solid-state e?_mall.
fects.

e EXPt. (Chase et al.)
Best Fit

INTENSITY(ARB. UNITS)

thus ratios, and for convenience, we will express them in
units of the measured static polarizability anisotropy
a—a, =1.28 A for C—C single bonds in ethane. We find
In order to ascertain the limits of the bond polarizability that this parameter gives the dominant contribution to the
model, we have performed a fit of the Raman polarizabilityintensity of theH (1) peak, so that its value inggcould be
parameters to the Raman spectrum @f.CA similar fit to  determined directly by measuring this mode’s absolute inten-
C,, cannot be performed at this time, because its 53 possiblsity, provided the constar@ in Eq. (4) were known. In this
Raman peaks have not been identified unambiguously. Howpaper, however, we compute only relative intensities.
ever, it is interesting to investigate the extent to which the We thus have a five-parameter model to fit the observed
use of Raman polarizability parameters obtained by simplyntensities for the ten first-order Raman active modesgf C
fitting the G, spectrum affect the agreement between prefigure 3 shows the results of our best fit to the experimental
dicted and experimental[g,Raman spectrum. Raman intensities in §&. For comparison, the figure also
Snoke and Cardohahave previously fit a bond polariz- includes theab initio Raman intensities computed by Gian-
ability model to the G, Raman spectrum obtained under nozzi and Baront® The polarizability parameters for our
near-resonance visible laser excitatfoRor the vibrational best fit are given in Table I. The largest source of error is the
mode eigenvectors and eigenfrequencies, they used a forceariation in the set of measured relative Raman intensities
constant model which includes interactions up to secondbetween experimental runs. We have estimated this error by
neighbors. Our fit differs from that of Ref. 19 in that we useperforming a fit to a second Raman spectrum for near-
first-principles eigenvectors and fit to experimental Ramannfrared incident light, kindly provided by Dr. B. Chase. The
data obtained with off-resonance near-infrared excitationdifferences between the polarizability parameters from these
Experimental determinations of the absolute Raman intensiwo fits result in the error estimates listed in Table I. Our fit
ties are rare and are not available foy,Cso that one of the parameters are seen to be quite close to the values deter-
six fitting parameters is absorbed into an undetermined ovemined for G—C and G=C bonds in hydrocarborf$; > as
all scaling factor. The remaining five fitting parameters ardlisted in Table I. The key changes for the substantial im-

B. Bond polarizability model fit to the Raman spectrum of Gy,
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FIG. 4. Raman peak intensities ing{; as computed from the (b) Cro
three individual terms in Eq4). In each case, the nonzero polariz- (Theory)
ability parameters for the single and double bonds were set equal to A,
unity. Panel(@) gives the contribution from the first term in E@).
Panel(b) gives the intensities due to the second term in(&g.and
panel(c) shows the contribution from the last term. Notice that the
total intensity isnot the sum of those in the three panels, due to
interference effects, as discussed in the text.
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provement of Fig. 3 relative to Fig. 1 occur for the anisot- E,E",
ropy ratio [o(s)— a, (S)]/[ ¢,(d)—a,(d)] and the trace Jhm

Ay

derivative ratio[ 2a/| (s)+ «(s)]/[2a] (d) + «|(d)]. Com- Er A, E, A,

pared to the values of these ratios in hydrocarbons, the 0.0 T L —pL y

former is smaller in G, and the latter is four times larger. 400 800 1200 1600

We also note from Table | that while the ratio of the trace RAMAN SHIFT (cm'1)

derivatives has changed, the weighted average of these de-

rivatives(taking into account the fact that there are 60 single FIG. 5. (a) Experimental Raman intensities of,{obtained by

bonds and 30 double bondsemains roughly constant, Chase, Herron, and HolléRef. 24. (b) Calculated intensities of

whereas the average value of the bond anisotropy becom&aman active modes in.g; using first-principles eigenvectors and

obviously smaller. The fit values obtained by Snoke and Careigenfrequencies of Adams, Page, and SariRsf. 39. The bond

dona show the same trends, although the disagreements wigklarizability parameters used are the same as égr With a cutoff

hydrocarbon values are larger. between “single” and “double” bonds at 1.425 A. In both) and
To gain a deeper insight into the significance of the dif-(0), the Raman intensities have been normalized toAth@eak in

ferences between the hydrocarbon parameters and the fit p¢ 400-cm* region.

rameters, we next look at the separate contributions to the . . . .
Raman intensities from the three different terms in ). posite signs for single and double bonds. When the contribu-

The results are shown in Fig. 4. For each panel, the nonzelig)ons from the three neighbors are added, a near cancellation

single- and double-bond parameters have been set equal todceurs th_at accounts for the results shqwn n Fig. 4. This near
It is important to keep in mind that the total Raman intensitycan?e"at'on, IS '_'“e‘?' it the polanzabmty parameter
is not the sum of the panels in Fig. 4, since the three terms ih2®. (B) + «;(B)] is different for single and double bonds.
Eq. (4) must be added before squaring in E2j. to compute  H€nce, the relative intensities "ffg(l) and/Ag(Z) d’epend
the scattered intensity. critically on the ratio[ 2« (S) + a;(S)]/[2a| (d) + «; (d)].
Figure 4a) shows the contribution from the isotropic part TO fit the experimental intensity ratio, we negda/ (s)
of the polarizability, to which only the two totally symmetric + «;(s)1/[2a] (d) + & (d)]=0.3, which is smaller than the
A4 modes contribute. It is apparent that the relative intensitwalue [2a] (s)+ «/(s)]/[2a] (d) + a;(d)]=0.5 found for
between the twa\, peaks is very different from the experi- hydrocarbon$?2?
mental value. TheAy(1) peak is almost 100 times stronger  Figure 4b) shows the Raman intensity from just the sec-
than theAy(2) peak, whereas the experimental ratio is ofond term in Eq.(4). As anticipated, the high-energyl
order unity. This can be readily understood by inspection oinodes contribute preferentially to this term. The contribu-
the mode eigenvectors. For tiAg(1) mode, the atomic dis- tions of Hy(1), Hy(2), andHy(3) are seen to be very small,
placements are essentially purely radial. Hence, the productsith the latter two being vanishingly weak in the scale of the
Ro(IB) - x(1) in Eg.(4) have the same sign for all three bonds figure. The relative intensities within this panel can be
connected to any given atom. On the other hand, the atomichanged somewhat by allowing for different parameters for
displacements for the “pentagonal pinch®y(2) mode are single and double bonds, but the effect is much less dramatic
essentially purely tangential. HencBy(IB)-x(l) has op- in comparison with thé\, case in Fig. 4).
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Figure 4c) represents the Raman intensity from just theratio closer to 1. On the other hand, the screening
bond rotation contributiorithird term) in Eq. (4). The low- correctiong® referred to in Sec. | depend on the average
energyH (1) mode is seen to give the strongest peak. Intermolecular radiqs, which changgs for ti#g(1) breathing
estingly, we again find that ;(2) andH(3) are predicted to mode but remains constant, to first order, for the pentagonal
be very weak. These modes acquire an intensity comparabRNchAg(2) mode. Thus the dynamical screening effects may
to the experimental values only when the anisotropy parambe different for the two totally symmetric Raman modes in

etera;—a, is allowed to take different values for single and Ceo- In @ bond polarizability fit such as carried out here,
double bonds. these differences would be included in an effective manner

It appears from Figs. ) and 4c) that H4(8) should be by adjusting the_ trace derivative ratio. Hen_ce our small fit
one of the strongest Raman modes. This is not the case, ¥&!ue for this ratio may not represent a physical difference at
shown in Fig. 3. The reason is that the contributions of thigh€ individual bond level. It is clear that more studies are
mode to the second and third terms of E). have opposite neede_d_ to clarify _thls issue; in particular, absolute Raman
signs. Since these terms must be added before the entif&€nsities from G in the gas phase would be very useful for
expression is squared, we obtain a partial cancellation. Thid final assessment of the bond polarizability model.
destructive interference is most dramatic Fby(8), but also
occurs for the otheHy modes, with the exception di,(1)

andHy(5). In view of the strong cancellation fdt (8), the .
discrepancy between experiment aatdl initio predictions® The Raman spectrum of;ghas been recalculated using
for the intensity of this mode is not surprising. the Gy fit parameters from Table _I. For thls_ palculatlon, we
We now return to the observed discrepancies between R&S€d the approach discussed earlier to partition téahds
man polarizability parameters forggand the hydrocarbons into a “single-bond” group and a “double-bond™ group. As
ethane and ethylene. As explained above, the average valife the earller'calculatlons, we again find that th(_e best bond-
of the bond anisotropy becomes smaller in our fit relative td€ngth cutoff is 1.425 A. The resulting spectrum is compared
the average value of the trace derivatives. This has the effe¥(ith experimental data in Fig. 5. We note that the effect of
of reducing the intensity ofH (1) relative to Ay(1), as the G fit parameters on the predictegdRaman spectrum
needed from a comparison of the predicted and observel§ qualitatively similar to the change.s observed between the
Raman spectra in Fig. 1. On the other hand, the fit ratidcso R@man spectrum calculated with hydrocarbon param-
[a,(S)— a, (s)]/[ &(d) — a, (d)], which is four times larger eters and the fit g Ramgn spectrum. The intensity of the
than for hydrocarbons, is determined by the intensities of théhree low-energy peaks is reduced refative to Ajemode
H4(2) andHy(3) modes relative tdd4(1). It is interesting to  near 400 cm”. However, this relative intensity is overcor-
note that the contributions ¢1,(2) andH(3) to the second ~ rected, resulting in a larger discrepancy with experiment than
term of Eq.(4) are found to remain very small in Fig. 4. in the calculation with hydrocarbon parametéfsy. 2). The
Hence the relative intensity of these two peaks is approxihigh-energy peaks gain in intensity relative to the peaks be-
mately fixed, once we fit the relative intensity between eithelow 500 cm *, as in the G, case. Some of the peaks in the
of these modes andHy(1) by adjusting the ratio 1000-1200-crm! region are now predicted to have observ-
[a,(s)— a, (S)]/[ @ (d)— a, (d)]. We predict a relative in- able intensities, in ana!ogy V\_/i_theg:Hg p_eaks in the same
tensity of unity betweerH (2) and H(3), whereas experi- range. Hovyever, these mte_nsmes are S.tl|| too weak compared
ment indicates thatl4(2) is roughly four times stronger than With experiment. Also, while the predicted strong peaks at
Hq(3). These results clearly indicate a limitation of the high energies belong to tha; representation, there is no
simple bond polarizability model that we have used. It isconvincing experimental eviderféethat any of the peaks
possible that our assumption of cylindrical symmetry for theobserved beyond 1400 cthbelong to this representation.
bond polarizabilities and the use of the “zero-order” ap- Owing to the lower symmetry of £, the three terms of
proximation are not justified for the prediction of the weak Eq. (4) do not lead to a natural separation between the con-
Raman peaks in &. Thus, the difference between our fit tributions from totally symmetric modes and those from the
ratio [a;(s)— @, (s)]/[ @;(d)—a, (d)] for Cgo and that for ~ other Raman-active modes. In particular, since the total static
hydrocarbons may not have any profound physical signififolarizability of G, is anisotropic, the contributions from the
cance, but may simply reflect our attempt to account for theéd; modes are not limited to the first term, as was the case
measured intensities dfl((2) and Hy(3) relative toH4(1) with the totally symmetric modes ingg. This makes it dif-
within these approximations. ficult to analyze the relative contributions of different param-
The second significant discrepancy between our result foeters to the Raman spectrum of;CWe have noticed, how-
Ceo and hydrocarbons concerns the trace derivative rati@ver, that significant improvements of the theoretical
[2a](s)+a|(s)]/[2a] (d)+ [ (d)], which determines the prediction in Fig. $a) can be obtained by further adjusting
relative intensity betweeAy(1) and Ay(2). Since these are the value of 2| + a, for the shortest pentagonal bond and
the strongest peaks observed in the Raman spectrum, Wer the longest hexagonal bond. In this manner, we obtain
expect to account for their intensities in terms of our simplereasonable intensities for the modes above 1000 chiow-
bond polarizability model. It is therefore quite surprising thatever, the theoretical spectrum in this region is dominated by
the trace derivative ratio is found to be smaller igy@an in  totally symmetric modes, for which there is scarce experi-
hydrocarbons. The measured single- and double-bonthental evidence, as noted above.
lengths in G, differ by only 0.05 A, whereas the carbon- It is apparent from the above discussion that the use of the
carbon bond-length difference between ethane and ethyler@;, fit parameters does not lead to a dramatic improvement
is 0.14 A. Thus one might expect forgLa trace derivative of the predicted G Raman spectrum, compared to the pre-

C. Transferability of the Cg, fit Raman parameters to G
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diction using Gy hydrocarbon parameters. This is perhaps tdfit parameters are used to predict the Raman spectrumgpf C
be expected in view of the cancellations discussed earlier faand the results are compared with thg, @redictions based
Hy modes in G, and the crude partitioning of bonds i on hydrocarbon parameters. The hydrocarbon parameters are
into “single” and “double” groups. In particular, the obser- somewhat better than the,{fit parameters for the descrip-
vation that the Raman spectra depend strongly on the derivdion of C,, peak intensities below 1000 ¢rh whereas the
tives of the trace polarizability for each bond clearly high- Cq, fit parameters give better agreement with experiment for
lights the limitations of this approach. On the other hand, thehe G, high-energy Raman peaks. Our results suggest that
fact that the effect of the Raman polarizability parameters ialculations of the Raman spectra of other fullerenes, using
similar for G, and G, suggests that the transferability either hydrocarbon polarizability parameters or parameters
scheme for fullerenes may be improved if the bond polariz{it to Cg, should lead to good agreement with peaks below
ability parameters are obtained by fitting to the Raman spect000 cm . Higher-energy modes are expected to be better
tra of a wider class of fullerenes than jusj,CUnfortunately,  reproduced by the & fit parameters, but the uncertainties
as mentioned above, only the Raman spectrumggic@&n be  may be larger in this range. An application of this method—
fit at this point, due to the uncertainties in the mode assignusing the bond partitioning approach described here for
ments for all other fullerenes. C,q—has been presented by Adams and Page for the case of
photopolymerized g and for G g (Ref. 45.
IV. CONCLUSIONS

We hgve shown that the stqtic polarizal.oili'ties eh@nd ACKNOWLEDGMENTS
C,o are in good agreement with the predictions of a bond
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the G and Gy Raman spectra, we find good agreement withthe polarizability parameters for hydrocarbons. Useful dis-
the experimental intensities for low-energy modes, but sigeussions with M. Cardona are also acknowledged. This work
nificant discrepancies for high-energy modes. We then fit thevas supported by the National Science Foundation under
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obtain very good agreement with experiment. The resulting510182.
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