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The second order Raman spectrum of graphite is shown to exhibit an anomolously
sharp feature at an energy higher than twice the energy of the first order Raman line.
This feature is compared to the 2667 cm”1 band in the second order Raman spectrum of
diamond and is discussed in terms of a two-phonon bound state and ordinary overtone
scattering. Also this feature serves to discriminate between current lattice dynamics
calculations of graphite.

Cohen and Ruvalds (CR)’ have ascribed a sharp peak analysis of the full second order spectrum will be discussed
at 2667 cm~in the two phonon Raman spectrum of elsewhere.14 Notice from Figure 1 that the peak at 3248
diamond2’3 to a two phonon bound state. The cm”1, in the second order spectrum is upshifted by fully 86
phenomenological theory which they employed was cm’ from 2 ~ where e~R 1581 cm”’ is the observed first
subsequently successfully adapted to other important order Raman frequency. (All samples examined whether
problems in condensed matter physics, most notably to HOPG or SCO yielded a first order line at 1581 ±1 cm”’
explain the second order Raman spectrum of superfluid a value slightly higher than that reported by Brilison, et
He4 in terms of a two roton resonance.4 However the al.15 and Tuinstra and Koenig.16) The 3248 cm~1mode is
bound phonon concept has been repeatedly challenged.5.6’7 also polarized. In contrast, the first order feature is
Recently Uchinokura et al.,5 (USM) suggested that all of depolarized and is therefore attributed to scattering from
the anomalous features of the 2667 Cm”1 band of diamond +

including its occurrence at an energy slightly (~2 cm~l) the r
5 (E25) zone center intralayer vibration in agreement

above twice the energy of the first order Raman line could with the work of Brillson et al.
15 Most intriguing ab~ut

be accounted for by anomolies in the phonon dispersion the spectra of Figure 1 is the fact that the 3248 cm”1
curves of diamond. That suggestion was in part verified by second order feature has a full width at half maximum
the calculations of Tubino and Birman.7 However the (FWHM) of 10 ±1 cm”’ and is thus considerably sharper
position of the 2667 cm”~ band has only been than the first order line the FWHM of which is 14 ±1
quantitatively accounted for by CR. In this letter we report cm”1.
on observations of an anomalously sharp feature at the The sharpness of the 3248 cm”’ feature may suggest
maximum of the second order Raman spectrum of graphite that it is a first order Raman line that arises from
which has characteristics very similar to the above impurities. While the temperature dependence of the
mentioned feature in diamond. In addition because intensity of a Raman feature can usually be used to
graphite is the prototype lamellar material there have been distinguish the origin as to first or second order, this
many (recent) calculations of its phonon dispersion cannot be easily accomplished for modes with large Raman
curves.8”’3 Unfortunately these several calculations are shifts. The most likely impurity to give rise to a mode
mutually inconsistent. Our Raman measurements provide near 3248 cm”1 would be hydrogen. Molecules with
additional information with which to discriminate between hydrogen bonded to a carbon atom which is triply bonded
the present calculations, to another atom (e.g., HCN) yield a H-C mode at -‘3300

Polarized Raman spectra of single crystal graphite cm”1 that would be Raman active’7, however this
(SCG) and highly oriented pyrolytic graphite (HOPG) were configuration seems unlikely in graphite. Other
obtained using argon Ttacr ex~itaiiOnlines and the Sick configurations of H-C bonding yield bond stretching
scattering geometry in which the incident and scattered frequencies near 3000 cm”’ (e.g., benzene exhibits a mode
radiation propagate along the “c” axis. To remove possible at 3062 cm”’).’7 To further confirm that the 3248 cm”1
contaminants the HOPG samples were heated to 1000K for band is an intrinsic second order feature of graphite, we
several hours in flowing He gas and then cleaved for note its dependence on crystallite size.1418 Specifically
Raman measurements. Several samples of HOPG and SCG that feature evolved from a sharp peak to a step drop with
were measured. The Raman spectra obtained from SCG decreasing crystallite size in contrast to the behavior
and HOPG samples were indistinguishible. anticipated if the 3248 cm”’ band was a local impurity

In this paper we shall focus on the 3000-3300 cm’1 mode. The above arguments and the fact that the Raman
region of the second order spectra and on the first order spectra of HOPG and SCG are identical in our opinion
spectra which are shown in Figure 1. The details and supports the interpretation that the 3248 cm”1 mode is a
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Fig. I Polarized first (Ii) and second (12) order room temperature Raman spectra of highly
oriented pyrolytic graphite. The spectra were excited with 550 mW of 4880 A Argon
ion laser radiation and were recorded with spectral slit widths of 6.2 cm”1 and 5.5
cm”’ respectively. Laboratory axes are labeled x, y, and z with z parallel to the crystal
“c” axis. The abscissa is marked in wavenumbers but is linear in wavelength.

second order feature of the Raman spectra of graphite. yield phonon dispersion curves for which the maximum
energy in the zone is at the r point and thus would not

As noted above there have been numerous lattice exhibit any structure above 2 1’ in the 2 phonon density of
dynamics calculations of the phonon dispersion curves of states.
graphite during the past two decades. These calculations
have a common theme. The available neutron scattering Nicklow et al.11 recently extended the seminal neutron
results which to date have been experimentally limited to scattering studies of graphite by Dolling and Brockhouse19
the region w ~ 400 cm”’ ~ are fit with a multiparameter and applied an axially symmetric Born-Von Karman force
model. More recently Raman and JR data on the zone constant model to their data to obtain the phonon
center optic phonons’5 have been included in the fit, dispersion curves. Using their model we have calculated
Having obtained the parameters which produce the best fit the phonon dispersion curves for HOPO. Our results for
the model is used to calculate the phonon density of states the region 1540 cm”1 ~ w < 1630 cm”’ are shown in
g(w) and from it the temperature dependence of the Figure 2. Slight (~1 cn~’1)splittings of the two fold
specific heat and in some cases the elastic constants, degenerate A and ~ lines and the four fold degenerate A
Unfortunately, all of the lattice dynamics calculations lines are not shown in Figure 2. The second order Raman
carried out to date provide good fits to the available spectrum of the region in question will have approximately
experimental data which is thus not restrictive enough to the same shape as the two phonon density of states2°
distinguish between different models, which for w > 2 WR results solely from overtones.

The most recent attempt to calculate the phonon Therefore we also show in Figure 2 the two phonon (or
dispersion curves of graphite is that of Mani and Ramani.8 equivalently the one phonon) density of states g

2(w)
While they find that the maximum one phonon energy is at calculated from the phonon dispersion curves. Notice that
the M point of the hexagonal Brillouin zone (BZ) not at in the 3000 - 3300 cm’’ region the spectral distribution
the 1’ point, this energy according to them is ~1830 cm

1. g
2(w) of Fig. 2 exhibits a strong asymmetric feature that

Also there is no evidence in the calculated curves for a yields a cutoff at —3250 cm
1. In addition, since g

2(w) is
critical point at ~3248/2 cm’ = 1624 cm

1. Thus the the overtone density of states, l
2(w) will contain thesecond order Raman spectrum deduced from the model of

Mani and Ramani would terminate at 3660 cm”
1 and species of the D~hspace group and thus yield a polarized

have no distinct feature at 3248 cm”1 in contrast to our feature in the second order Raman spectrum. This is
experimental results. Rafizadeh9 has analyzed the lattice because the direct product of an irreducible representation
dynamics of graphite using various models for the with itself always contains the identity representation.2t
carbon-carbon interaction potential. Of the four models While as shown in Fig. 1 a polarized asymmetric feature is
addressed only one, labeled model 4. would exhibit a sharp observed at —3250 cm”’ in the second order Raman
critical point at —3250 cm”1 and that model essentially spectrum of graphite, the width of the observed feature, —

reproduces the results of Nickow et al.11 Earlier 10 cmi, is much less than the calculated width of’ —25
calculations of the lattice dynamics of graphite carried out cm1. It is possible but unlikely that the Raman matrix
by Yoshimori and Kitano13 and by Young and Koppel’2 element varies sufficiently rapidly in the region of the peak
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Fig. 2 Optic mode phonQn dispersion curves and density of states for HOPO. The dots
represent the Monte Carlo calculated density of states and the solid line is to guide the
eye.

to remove the discrepancy between g2(w) and 12(a), r point.
14

The 3248 cm1 feature has many characteristics in Consider now the possiblity that the 3248 cm~1band
common with the 2667 cm’1 band of diamond. It is sharp of graphite results from a two-phonon bound state. Recall
relative to the rest of the second order spectrum, exhibits a that CR ascribed the 2667 cm”’ feature of diamond to a
r~symmetry, is upshifted from 2(UR and is at the upper bound state of two zone center phonons. We think it is
extremum of the two phonon spectrum. To clarify further unlikely that the 3248 cm’1 feature is a bound state of twozone center phonons since the binding energy would be 84the similarity between the sharp two phonon peaks in cm1 or fully 5% of the single phonon energy. Such a
graphite and diamond we now discuss critical point (C.P.)
analyses of the respective g

2(w).
22 Uchinokura et al.,5 relatively large binding energy necessitates an

unrealistically large anharmonic contribution to the total
argued that the maximum phonon energy in the BZ of energy and would most likely produce a bound state
diamond was not at the F point but rather along the A or broadened beyond recognition. It is possible however that
A lines. In that case the maximum would yield a P

3 ~ the feature in question is a bound state of two phonons at
the F point a fluted F2 C.P., and a P2 C.P. (incorrectly the maximum along the I line since the lattice dynamics
labeled F2 by USM) would occur at a frequency between P3 calculations are sufficiently Imprecise to accommodate a
and F2. Thus the peak in g2(w) for diamond would in small (< 10 cm) binding energy. In this case one might
principle occur between P2 and P3 close to but slightly expect to observe two peaks in the vicinity of 3250 cm”’
upshifted from

2wR. For graphite the dispersion curves of one due to the shape of g
2(w) and one from the bound

Figure 2 yield two P3 C.P.’s at the essentially degenerate state. However, since we cannot predict the relative
maxima along I, two P, C,P.’s at the almost degenerate intensities or widths of the above mentioned peaks it is

conceivable that 12(w) would contain either an unresolved
saddle points along T and a combination of F1 + P0 + F2 +P3 C.P.’s at the r point. Again the sharp peak in g2(w) will pair or a single ~k.
occur between the P2 and upper P3 C.P.’s not at the F point It is remarkable that the second order band at 3248
at which the effects of the C.P.’s tend to cancel. - The cm’

1 is much sharper than the first order Raman line. To
“anomalous” shape (i.e., the rise above F along A and A) of our knowledge no such observation has been previously
the phonon dispersion curves of diamond was attributed by reported. For instance, in the case of diamond, the 2667
Tubino and Birman to strong second neighbor interactions cm’1 feature is more than 3 times as broad as the 1332
relative to the first neighbor interaction.7 Here again cm”1 first order feature. At present it is not clear whether
graphite mimicks diamond; the optic mode phonon the 3248 cm”1 band results from ordinary overtone
dispersion curves of graphite are quite sensitive to the scattering, a two phonon bound state or a combination of
second neighbor force constant. For instance using the both.
model of Nicklow et al., there is a critical value of the
second neighbor force constant below which the calculated Acknowledgements - We are grateful to A. W. Moore for
phonon dispersion curves have an absolute maximum at the providing the pyrolytic graphite used in this study. We

also acknowledge helpful discussions with R. M. Martin.

REFERENCES

1. COHEN, M. H., and RUVALDS, 1., Phys. Rev. Lett. 24, 1378 (1969).
2. KRISHNAN, R. S., Proc. lnd. Acad. Sd. 24, 25 (1946).
3. SOLIN, S. A., and RAMADAS, A. K., Phys. Rev. BI, 1687 (1970).
4. RUVALDS, J., and ZAWADOWSKI, A., Phys. Rev. Lett. 25, 333 (1970).
5. UCHINOKURA, K., SEKINI, T., and MATSURRA, E., J. Phys. Chem. Solids 35, 171 (1974).
6. GO, S., BlITZ, H., and CARDONA, M., Phys. Rev. Lett. 34, 580 (1975).



420 AN ANOMOLOUSLYSHARP FEATUREIN GRAPHITE Vol. 23, No. 7

7. TUBINO, R., and BIRMAN. J. I., Phys. Rev. Lett. 35, 670 (1975).
8. MANI, K. K., and RAMANI, R., Phys. Stat. Solidi (b) 61, 659 (1974).
9. RAFIZADEH, H. A., Physica 74, 135 (1974).
10. AHMADIEH, A. A., and RAFIZADEH, H. A., Phys. Rev. B7, 4527 (1973).
11. NICKIOW, R., WAKABAYASHI, N., and SMITH, H. 0., Phys. Rev. 85, 4951 (1971).
12. YOUNG. J. A., and KOPPEL, J. U., J. Chem. Phys. 42, 357 (1964).
13. YOSHIMORI. A., and KITANO, Y., J. Phys. Soc. Japan 11. 352 (1956).
14. NEMANICH, R. J., and SOLIN, S. A., to be published.
15. BRJLLSON, I. J., BURSTEIN, E., MARADUDIN, A. A., and STARK, T., Proceedingsof the Intl. Con!, on the

Physicsof Semimetalsand Narrow Gap Semiconductors,1970 (ed. by D. I. Carter and R. T. Bate). Pergamon
Press, New York (1971), p. 187.

16. TUINSTRA, F., and KOENIG, J., J. Chem Phys. 53, 1126 (1970).
17. HERZBERG,0., Molecular Sprectra and Molecular Structure(Van Nostrand Reinhold Co., New York, NY,

1945) p. 194.
18. NEMANICH. R. J., and SOLIN, S. A., Bull. Am. Phys. Soc. 21, 339 (1976).
19. DOLLING, 0., and BROCKHOUSE, B. N., Phys. Rev. 128, 1120 (1962).
20. LOUDON, R., Advan. Phys. l3, 423 (1964).
21. WILSON. E. B., DECIUS, J. C., and CROSS, P. C., Molecular Vibrations (McGraw-Hill Book Col, Inc.. New

York, NY, 1955) p. 331.
22. PHILLIPS. J. C., Phys. Rev. 104, 1263 (1956).


