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Origin of the unusual dependence of Raman D band on excitation
wavelength in graphite-like materials
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We have revisited the still unresolved puzzle of the dispersion of the Raman disorder-idluced
band as a function of laser excitation photon endtgyin graphite-like materials. We propose that
theD mode is a combination of an optic phonon at Khpoint in the Brillioun zone and an acoustic
phonon whose momentum is determined uniquely by the double resonance condition. The fit of the
experimental data with the double-resonance model yields the reduced effective mass on0.025
for the electron-hole pairs corresponding to fetransition, in agreement with other experiments.
The model can also explain the difference betwegrand wag for D andD* modes, and predicts

its dependence on the Raman excitation frequency.2001 American Institute of Physics.
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I. INTRODUCTION shows the data from various measurements made on various
kinds of disordered carbdft and carbon nanotubésiii)
Carbon based materials, ranging from highly orientedThe frequency of the associated second ord2t )( band
pyrolitic graphite, diamond-like carbon films, fullerenes, and(~2700 cm! for E, =2.41 e\} also shifts up with increas-
carbon nanotubes have been the subject of extensive studiggy E, . The dispersiordwp« /dE, is almost twice that of
over the past two decades because of their numerous techn@s, /dE, . (iv) The E_ -dependent second ordBr* band is
logical applications. Raman spectroscopy is a powerful nonppserved in Raman spectra of single crystal graphite even
destructive probe for characterizing different forms of carboqhough the first order disorder inducBdmode is absent(v)
materials-diamond, crystalline graphite, glassy carbon, hyThe D-band intensity decreases g increases from 1.16 to
drogenated amorphous carbon, fullerenes, and nanotubegeV. In contrast, the intensity of th@ band is maximum at
Raman spectra of these materials give considerable informge, ~5 eV The D band is not observed with excitation en-
tion on the nature of chemical bondiigp® vis-a-vissp®)  ergiesk, >4.2 eV as shown in Fig. 2, which displays Raman
and relative abundance afp® and sp® bonds, residual spectra of graphite powdéwith a small amount of sodium
stresses, crystallite size, and dopants. There is a longylphate for internal intensity calibratiprusing E, = 2.54
standing puzzle in the Raman spectra of graphitic materialand 4.82 eV. The lines marked by asterisks are from internal
Single crystals of pristine graphit®g, space group symme- yibrational modes of sulphate ions. The intensities have been
try) have two in-plane Raman actii&; modes: one at 42 normalized with respect to the sulphate mode at 980%cm
cm* and the other at-1582 cm* (G band." In the pres-  The data in the inset taken from Wang, Alsmeyer, and
ence of disorder, an additional Raman baaalledD band  \cCreenf show the intensity ratio db band with respect to
is observed at-1350cm ! for a laser excitation energy of that of G band for 1.16E, <4 eV. The decrease of this
2.41 eV(wavelength 514.5 nimirrespective of the kind of jntensity ratio asE, increases has been seen by others as
carbon materiat* well.* In other words, the resonance excitation profile of the
The important features of the Raman spectra associatqf pnand will show a maximum &, less than 1.16 eV, which
with the disorder-induce® band are as followsi) The E_ is very different from theG-band behavior. These experi-
dependence of thB-band frequency is essentially indepen- mental observations are crucial to arrive at the correct expla-
dent of the type of carbon involved. It occurs in all pation for the origin of thé band.(vi) The peak positions of
sp?-hybridized disordered carbon materials, powdered anghe p andD* bands observed in Stokés,) and anti-Stokes
randomly oriented crystalline graphite, glassy carbon, boron(wAS) are not the sambAws=was— ws=7 cm ! for the
doped highly ordered pyrolytic graphite, carbon black, mul-p mode and> was— ws=28 cn ! for the D* mode when
ticomponent carbon films, hydrogenated amorphous carbog —2 41 eV. In order to make sure that this anomalous dif-
and, more recently, in carbon nanotuBe#) The frequency  ference between Stokes and anti-Stokes peak positions of the
of the D band shifts upward with increasing excitation laserp gndp* bands is genuine, it was seen in the same experi-
energy E wp=1279 cm* for E =117 eV andwp  ment thatA w~0 for the G band, as is usually expected.

~1410 cm* for E =3.54 eV (=40 cm “/eV). Figure 1 It is surprising that even after 20 years of experimental
observatior, the origin and dispersion of tHg band is still
dElectronic mail: asood@physics.iisc.ernet.in not quantitatively understood. Tuinstra and Koénégtrib-
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FIG. 1. D-mode frequency dependence on excitation energy for different Raman Shift (cm'l)

forms of carbon-disordered carbé¢see Ref. 2 (filled squareg glassy car-

bon (see Ref. 4 (filled triangleg, and carbon nanotubésee Ref. B (open FIG. 2. Raman spectra of graphitefgt=4.82 and 2.54 eV. The inset shows

circles. the intensity ratio oD band to that ofs band as a function d&, as reported
by Wang and co-workersee Ref. 2 The peaks marked by asterisks are the
internal vibrational modes of sulphate ion for use as internal intensity cali-
brant.

uted theD mode to theAlg—type mode of a finite graphite

crystallite with symmetry lower thaBg,, of graphite, which
corresponds to a longitudinal acoustic mode for the infiniteasE,; increases. On the contrary, the calculated intensity for
lattice. Nemanich and Sofnand Lespade, Al-Jishi, and E =4 eV is higher than foE, =2 eV (see Fig. 3 of Thom-
Dresselhautshave invoked the breakdown of wave-vector sen and ReicH). This is completely opposite to the experi-
selection rules due to disorder or finite size of crystals ananents as shown in Fig. 2. There is another difficulty we have
correlated theD-band features with the density of states of with the TR’s calculation. As given by their Edq4), the
graphite. These models, however, cannot explain the strongiagnitude ofq increases withE, . For optic branch along
dispersive nature of th® mode as a function oE, . The I'K direction, the phonon frequenay is a decreasing func-
observation of second orddd* band for single crystal tion of g and hencew should decrease with increasiig
graphite which shows no disorder-indude@dnode also rules which is contrary to the experiments.
out the explanation of the dispersion to crystallite size selec- In this article, we present a model based on double reso-
tive resonance Raman scattering process which occurs imance which can address all the novel features associated
polyacetylene. The recent studié8explained the dispersion with the D mode. Keeping in mind that the acoustic phonon
of the D mode following Baranoet al,'* who attributed the branches are strongly coupled to the high-frequency optic
dispersion of theD band in terms of the coupling between branches at th& point in graphite:®> we propose that the
electrons and phonons with the same wave vector nedf the D-mode is a combination of an optic phonon at foint
point of the Brillouin zone. This model has a serious draw-in the Brillouin zone and an acoustic phonon whose momen-
back in that it does not justify the reasons for the couplingtum is determined uniquely by “double resonance”
and cannot address the resonance ofDhmode atE; <1 condition!* In usual second order scattering, if the optic
eV, as well as the difference impg andwg for theD andD* phonon is described by a wave-vectpr and the acoustic
modes. phonon by a wave-vectar,, conservation of quasimomen-
Almost three years badkwe proposed disorder-induced tum requiresy; +q,=0, whereq, andq, can span the entire
double resonance near a gap-otf eV in the graphite band Brillouin zone. SinceD mode is disorder induced, we sug-
structure to result in the dependence of the phonon wavgest thatq; is fixed at theK point of the Brillouin zone
vectorq and hence the phonon frequeneyn the energy of (maximum in the density of photon statesnd the magni-
the exciting laser energy. Very recently, Thomsen and Reiclude ofq, is determined by the double resonance conditfon.
(TR)'2 have wrongly questioned the existence of such a gaffhe quasimomentum conservation is achieved by disorder
of ~1 eV in the electronic structure of graphite. They havescattering. In a double resonance process, (®atl virtual)
also used double resonance using the electronic linear banttainsition takes place between two electronic states with
at K point in the Brillouin zone. The serious difficulty with emission of a phonon. Since the electronic states have dis-
their calculations is that the calculated intensities of Ehe persion, phonons of appropriate wave vectors are needed to
mode for different incoming photon energies do not decreaskeep the electronic transition real. Double resonance has
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for nearest-neighbor atoms on successive l&yarsd energy
of A, transition is~2v,. Thomsen and Rei¢hhave, there-
fore, wrongly questioned the existence of a ga@.8 eV in
the 3D band structure of graphite as suggested ®0adl®
The mechanism we suggest is that the electron in the
conduction bandor the hole in the valence banid scattered
by an optic phonon, changing the electron state fkaimk'.
Another acoustic phonon scatters this electrok’aandk”,
followed by an impurity(disordej scattering fromk” to k"
and the electron-hole recombine to produce the scattered
photon with a frequency shift given by = wq,+ w,c. As
mentioned before, we propose that the optic phonon involved
correspond to the maximum in the density of phonon states
at theK point in the Brillouin zong(shown by a solid dot in
(b) (@) the phonon dispersion of graphite in Fig. &1d the wave
vector g of the acoustic phonon is so chosen to satisfy the
FIG. 3. (a) Schematic band structure of graphite showing the felmands ~ double resonance condition. This Raman process involving
at theK_ point of the Bl_’illouin zone. The wave vectéris perpt_endicular o disorder mediated two-phonon Scattering is fifth order in per-
thec axis. (b) Scheman_c of the single graphene sheet aktipwint. Dashed turbation theory and will have four energy denominators as
liens denote the Fermi energy. - - i
explicitly written by Kauschkeet al,?? out of which two
energy denominators will be the same. The resultant expres-
been seen for optic phonon obertones in G&A2I";, optic  sjon for the Raman matrix element is to be integrated &yer

phononé® in Cu,0 and for two acoustic phonons in &e. k', k”, andk”. The Raman intensity will be maximum when
all the three denominators resonate simultaneously. It can be
Il. MODEL showrt*~*"that the magnitude aj satisfies the condition for

Following Martin and Falico¥? we will discuss the two- Stokes Raman  scattering, foA+#iwq<E <A+fiwgp

phonon Raman scattering arising from an iterated oned A ®ac,
phonon scattering in second ordéiNear resonance condi- /_2#
tion, the incident photon is absorbed to create an electron-  ds| —— [(EL—A)Y2+(EL—A—fiwgp) 2. (1)

hole pair, with electron occupying the real conduction band
states and hole in the real valence state. Assuming the par&or E, >A+%iwq,+fw,, another resonance becomes pos-
bolic dependence of the electron-hole pairs in directions persible for
pendicular to KH, the wave vector of the electron or hile 2n
created by a photon of enerdsf can be written ag&| =A = Ner
+#7%k2/2u where u is the reduced masgl/u=1/m h
+1/mpy), m} and m} are the electron and hole effective +[EL— A~ ooy hioad )] 2. )
masses and is the band gap aK point in the Brillioun
zone. We will now address the nature of critical point in- FOr @ giveng, the two-phonon Raman peak position for
volved in the resonance Raman scatteringddfand. Stokes scattering will be given by

We recall that theD-mode intensity increases & is 0= 0o K) + wad ) 3
decreased from 4.2 up to 1.16 eV, suggesting thabtirand ] )
excitation profile has a maximum below 1.2 eV. We suggestith ds given by Egs.(1) or (2). For A~0.8 eV andE_
that the appropriate band gap associated with the resonancel-16 €V, Eq.(2) is the appropriate relation to be used. In
of theD mode is at-0.8 eV where a maximum is seen in the 9raphite, there is a peak in density of states around 1230
optical reflectivity measurements on graptfteThis gapis CM * corresponding to thg optic phonon frequency atkhe
associated with the energy difference betwdnand E, point in the Brillouin zoné?> We therefore, take,(K) to be
bands at the< point of the Brillouin zone as shown in the 1230 Cm_l-_ _ _
band structure of graphiteFig. 3a)] taken from Refs. 19— Regardmg the acoustic phonon,_|t has been seen that the
21. The wave vector is in the basal plane. The bands show®coUstic phonon pranch 00”8390”0"“9 to the branch .mar_ked
here are the 4r bands in three-dimensioné8D) graphite. T in the phonon dispersion relation .of graphite shown in Fig.
Recall that a single sheet of graphite hasr bands with 4 IS Strongly coupled to the optical phonb’h.\/\(e take
linear dispersion and Fermi level passes through the point dPadd) =v1a0 Where vy, is the transverse acoustic phonon
interaction(K point) as depicted in Fig. ®). Band structure Velocity (=1.23% 10_4 m/9). Since wac<wep, ONe can sim-
calculations treating the interlayer coupling as a small perPlify Eq. (2) and write
turbation find a small gap & point in the Brillouin zone. \/ﬂ
h

The optical transition betweeB; and E; is termed asA, ®ad 0s) = Qsvta= 20 1A

transition. Within the Slonczewksi—Weiss—McClure band

modef® the energies of these optical transitions are mainly ~ The solid line in Fig. 1 is a fit to Eq$3) and(4), with A
determined by the overlap interaction parametgr0.4 eV and u as adjustable parameters ang,= 1230 cml The

[(EL_A_ﬁ‘“op)l/2

)(EL_A_ﬁwop)llz- (4)
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served experimentalfyis ~7 cm L. In the case of thd®*
1600 - mode we find the difference to be 26 thwhich is very
? close to the experimentally observed value of 28 ¢rof
Tan, Deng, and ZhabRecent Stokes and anti-Stokes mea-
. surements by Zhanet al?* on carbon nanotubes also show a
difference in the peak position of thH2 band in Stokes and
anti-Stokes spectra and this difference is excitation laser en-
ergy dependent, very similar to the predictions of our model.
In conclusion, we have addressed the long standing
problem of the dispersion of the RamBrband as a function
w1 ] of laser excitation energy using a simple model based on
disorder-induced two-phonon scattering and the double reso-
nance. The fit of the experimental data in this model yields
"r t MK t I the reduced effective mass of the electron-hole pair associ-
Wave Vector ated with thew bands at theK point. This is in reasonable
agreement with the values obtained from other experimental
FIG. 4. Phonon disp_ersion curves in graphite calculated along certain higbrobes_ As a corollary, this model can also explain the dif-
symmetry axes as given by Matheesal. (see Ref. 10 ferent recently observed in the peak positions of Ehand
D* bands in Stokes and anti-Stokes spectra.
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values obtained ard=0.85+0.05 eV andx=0.025 m,.
Taking the electron and hole effective mass to be the saméA‘,CKNOWLEDGMENTS
m% =0.05 m,, which is in excellent agreement with these A. K.. S. thgnks t_he Department of Science and Technol-
values obtained from other experimental measurements likegy, India for financial assistance and Professor Cardona for
cyclotron resonanc® We also tried to fit the data in Fig. 1 useful discussions. S. A. A. acknowledgments NIH Grant
using Eq.(4), with w,, also as an adjustable parameter alongNo. GM30741 for financial support.
with A and u. In this case the fit is also very good with )

— +1 — _ F. Tuinstra and J. L. Koenig, J. Chem. Ph§8, 1126(1970.
parameters wo,=1211 cm*, A 0'75 eV, andu 0'02.6 . 2Y. Wang, D. C. Alsmeyer, and R. L. McCreery, Chem. Mat&r.557
Me. The values of the parameters in both cases being in 1999
reasonable agreement with those obtained from other experic. Thomsen, Phys. Rev. &1, 4542(2000.
ments gives us confidence in the double resonance model t?jéz';og;g(é'\fbggu(qgg%usem M. Koos, and L. Ley, J. Non-Cryst. Solids
understand the origin dd band. . . . SR. P. Vidano, D. B. Fiéhbach, L. J. Willis, and T. M. Loehr, Solid State

Recent Raman measurements on ion-implanted highly commun.39, 341 (1981).
oriented pyrolytic graphite by Tan, Deng, and Zhabow  °A. K. Sood, R. Gupta, C. H. Munro, and S. A. Ashiv! International
that the peak positions in the Stokes and anti-Stokes spectréjorll(feggge g” R?ma“ ?E’/eftfosqowggd by A. M. HeyngWiley, New
. . OorK, , Suppliement vVolume, p. .

for_ the D ba_md are_dlfferent, withops™> wg. In our model, 7P, Tan, Y. Deng, and Q. Zhao, Phys. Rev58 5435(1999.
using the disorder-induced double resonance, the wave VeGR. 3. Nemanich and S. A. Solin, Phys. Rev286, 392 (1979.

tor of the phonon in anti-Stokes Raman scattering forRhe °P. Lespade, R. Al-Jishi, and M. S. Dresselhaus, Cag@)27 (1982.
mode will be given by 10M. J. Mathews, M. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus, and M.
Endo, Phys. Rev. B9, 6585(1999.

2u 1A, V. Baranov, A. N. Bekhterev, Ya. S. Bobovich, and V. |. Petrov, Opt.
Uas=| —5— [{(EL—A+Fiawg 12 Spektrosk 62, 1036 (1987).
h 12C. Thomsen and S. Reich, Phys. Rev. L88, 5214(2000.
u 18R, Al-Jishi and G. Dresselhaus, Phys. Rev2® 4514 (1982.
FEL—A+fwgpthioadd)] 2} ) R. M. Martin and L. M. FalicovLight Scattering in Solidsedited by M.
. Cardona and G. Gunthero@pringer, Berlin, 197p
in place of Eq.(2). Therefore 15D. Olego and M. Cardona, Solid State Comm@g, 1071(1987).

P Y. Yu and Y. R. Shen, Phys. Rev. Le32, 939 (1974.
7M. L. Bansal, A. K. Sood, and M. Cardona, Solid State Comni#579
oy 18(1991).
— =7 _ 1/2__ A 1/ E. A. Taft and H. R. Philipp, Phys. Re¥38 197 (1965.
2ura hz[(E'— A+ wgp) (EL—A—wgp) ). 19M. Hanfland, K. Syassen, and R. Sonnenschein, Phys. Reé@, B951
(1989.
. SlonczewskKl an . R. VWWelss, yS. , W. \vicClure,
(6) 2c. sl ki and P. R. Weiss, Phys. RE, 272(1958; W. McCl
. . Phys. Rev108 612(1957.
*
For the D . mOde_* two optic .phonons and. WO acoustiCziy; °s presselhaus and G. Dresselhaus, Adv. PAGs139 (1981).
phonons will be involved. This process will not require 22w. Kauschke, A. K. Sood, M. Cardona, and K. Ploog, Phys. ReS86B
disorder-induced scattering to conserve momentum. In thig 1612(1987.

- ; ; _ 23p, Nozieres, Phys. Re09, 1510(1955.
caseAps~2Ap. Putling in the values foA=0.85 eV and 245 L. zhang, H. Li, K. T. Yue, Z. Shi, Z. Gu, X. Hu, J. Zi, X. Wu, Z. Lian,

#=0.025m, as obtained from the fit _Of Fig. lf)AS_ ws for Y. Zhan, F. Huang, L. Zhou, Y. Zhang, and S. lijifarivate communica-
D mode=13 cm ! (E_=2.41 eV} while the difference ob- tion).

Ap=wps— g



