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Evidence for nonplanar atomic arrangement in graphite obtained by Raman spectroscopy
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It has been generally believed that graphite has a planar structure where atomA sitthand theB site lie
in the same plane without definite evidence. It is demonstratedithatlB atoms have different heights in the
graphene layer on the basis of the observed Raman out-of-plane mode and mixed in-plane and out-of-plane
modes by employing a lattice dynamic calculation and a double resonance mechanism. The crystal symmetry
of graphite is a nonplana:tg‘v structure where the difference in height betwéeandB atoms is estimated to
be about 0.2 A.
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Vibrational spectra of graphite have been well explainedstructure has not been observed by vibrational spectroscopy,
by the Dg‘h space-group symmetry, so faf assuming that so far. The pIanaDg‘h structure has never contradicted the
the hexagonal networks of carbon atoms are stacked in amsults previously obtained by Raman scattering, infrared
ABABA sequence and th& and B atoms have the same spectroscopy, and inelastic neutron scattering. However, de-
height from the basal plane of the unit cell. The zone-centetisive evidence for the plan&rg, structure has not also been
modes assuminBg, structure are decomposed into the fol- given until now.
lowing irreducible representationsl’=A,,+ 2B,y + E4, We have investigated closely the Raman scattering from
+2E,4. Only the twoE,, modes are Raman active. TAg,  various carbons ranging from highly graphitized to glassy
and E;, modes are infrared active and tBgy modes are materials employing excitation wavelength dependence and
optically inactive. TheA,, and twoB,; modes have “out- have found a number of Raman bands which had not been
of-plane” displacements while the;, and twoE,; modes reported till therf We have also found a distinct band at 867
are due to “in-plane” displacements. Graphite shows notcm * attributable to a zone-center mode with “out-of-plane”
only the E,4 bands but also several Raman bands arisinglisplacements in the Raman spectrum from the edge plane of
from vibrational modes with nonzero wave vectoks0) in  highly oriented pyrolytic graphit€HOPG, which cannot be
the first and higher-order regiohé?® Although these bands explained by the factor group analysis based on the planar
have been attributed to features in the density of stateBg, space group*

(DOS),? the laser excitation energf() dependence of sev- We report the mixed in-plane and out-of-plane Raman
eralk#0 bands including the disorder-induced band aroundands of graphite which can be assigned to phonon modes
1355 cm! (D band®® cannot be explained by the DOS aroundr or K point in terms of the double resonant Raman
model. Recently, the origin of th® band and it€€, depen- process.® On the basis of the lattice-dynamical calculation,
dence have been successfully elucidated by a double resave demonstrate that these bands should not appear on the
nance processThe D band has been assigned to phononsassumption that graphite has the plais}, structure. We
aroundK point belonging to the in-plane transverse optic propose the nonplanat: 0 structure of graphite which suc-
(i-To) branch. Furthermore, this model has been extended teessfully explains vibrational modes including the results ob-
assign several othée#0 bands to phonons arourddor K tained assuming the plan&?g, structure. In addition, the
point which belong to the other brancteslowever, there gifference in height between theand B atoms of the non-

sill exist inexplicable features in the Raman spectrum Ofp|anart7’:0 structure is estimated from the effect of the
graphite. double resonance condition that sensitively changes with the

The structure of graphite has been investigated by x-rayifference in height.
diffraction analysis. The results include that the atomic coor- Raman spectra obtained from the HOPG edge plane with
dinates in each cell are at 0, 0, 0; 0, 0, 1/2 and 1/3,233,  514.5-nm-wavelength lights polarized parallel and perpen-
1/3, t+1/2, wheret cannot exceed 1/18Whethert=0 or  dicular to the basal plane are shown in Fig&)land (b),
t+0, namely, planar or nonplanar structure of graphite, isespectively. In the first-order region of the spectrum Fig.
difficult to discuss by the x-ray diffraction analysis becatise 1(a), Raman bands are observed at 450, 650, 857, 1100,
can only be determined on the basis of the intensities of the357, 1581, and 1621 ¢t The 450-, 650-, and 857-ch
reflections from the various planes and it will be very smallbands are considered to be due to in-plane modes, because
even |ft¢0 The space group of graphite with planar struc-they cannot be clearly observed in the out-of-plane spectrum
ture is D en and that with the nonplanar structure G%v shown in Fig. 1b). These bands are shown more clearly for
Although theC , Space-group symmetry of graphite hasglassy carbor(Tokai, GC30. The E; dependences of the
been mentloned in the pastevidence for the nonplanar frequencied 5(Av)/SE, ] of the 450-, 650-, and 857-cm
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FIG. 1. Raman spectra from HOPG edge plaf@.Elc, (b)
Elc.

bands as well as other fundamental bands are shown in Tabire 450- and 857-cit bands are assigned to phonon modes
|. Both the peak frequencies of the 450- and 650-tivands  aroundT’ point which belong to the longitudinal acoustic
increase with increasing, , while the 857-cm! band does (LA) and the out-of-plane transverse optic TO) branches,
not vary much withE, . According to the double resonance respectively, and the 650-cthband is attributed to phonon
Raman scatterinDRRS mechanisni;® phonon modes sat- modes belonging to the 0-TO branch arouagoint®*? tak-
isfying the DRRS conditichcan be observed due to drastic ing into account their Raman frequencies and excitation en-
enhancement of the Raman scattering efficiency. The freergy dependences. This indicate that the 450-ckmnd is
quency of the DRRS band agrees with phonon energy at attributed to in-plane mode, while the 650- and 857-m
point in the Brillouin zone(BZ) which meets the DRRS bands are assigned to out-of-plane modes. The experimen-
condition. The phonon energy can be obtained from the distally observed in-plane character of the 650- and 857%cm
persion curves in terms of the manner described in Refs. Bands is inconsistent with the assignments based on the dis-
and 8. Furthermore, the sign and magnitudeS¢h v)/ SE, persion curves for th®g, planar structuré?
for the band can be obtained from the slope of the dispersion The 867-cm* band in Fig. 1b) has been assigned to the
curve to which the phonons belong. According to six phonorzone-center mode with “out-of-plane” displacemehtghe
energy dispersion curves of two-dimensiof@D) graphite, E, dependence of the 867-cth band cannot be distin-
guished within the accuracy of the experiment. This band is
TABLE I. Peak positionsA» (cm %), the magnitude of the band  gpserved by light polarized with the electric vector parallel
shifts, 5(Av)/6(E,) (cm™'/eV). (*) Determined on glassy carbon g the ¢ axis which cannot excite the states in the planar
(Tokal, GC30. D¢y, structure'® The 867-cm* band cannot be explained by
a double resonance process based on the assumption that

—1 —1
Av, {em ) S(AV)IE,, (em Tev) graphite has the plandyg, structure.

450 168 The in-plane displacements of the 650- and 857-tm
650 23 modes indicate that there is a coupling between “in-plane”
857 —11* and “out-of-plane” vibrations in graphite lattice. Force-
1100 - 62 constant matrices for in-plane neighbors in the plabgy;
1357 50 structure are shown in Table Il. Thex (x2 andyz (zy) ele-
1581 0 ments of the force-constant matrices become zero, implying
1621 0 that intraplane interactions do not cause the mixed in-plane

and out-of-plane modes. In the pIariaéh structure, cou-
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pling between vibrations parallel and perpendicular to the 21

basal plane can arise only due to interplane interactions. We bs=—72, ()
obtain thezx (x2 andyz (zy) elements of the dynamical ma-
trix which are correlated to coupling between in-plane andandX,¥,z are unit vectors along the orthogonal akese Fig.
out-of-plane vibrations, assuming the plaméh structure of  2(a)], anday=2.46 A andc,=6.70 A are the lattice con-
graphite. We first obtain the 2212 dynamical matrixD (k) stants. In Eq(1) the pointsu=0, v=0, w=0; u=1, v=0,
for an arbitrary wave vectolk, in the BZ, based on the w=0; andu=1, =1, w=0 indicatesl’, M, andK points,
Born—von Kaman model considering intraplane and inter- respectively. Selecting only thex or yz elements from each
plane interactions up to fourth neight8iWe express us-  block Dus (a,=A,B,A’,B’) in the following dynamical

ing parametersl, v, andw (0<u,rv,w<1) as matrix
1 1 1 D D Daar Dap
k== (by+by)u+=(by—by)uv+=baw, (1) AR TAB AN AR
2 6 2 ok—| P+ Pee Dew Dew .
whereb,, b,, andb; are the reciprocal basic vectors " | Da'a Dag Darar Dagr |’
b 21 ’)\(+ 27T,y DB/A DB/B DB’A’ DB’B’
1 P A
V3a, 8o which is constructed using the site representation with four
or o distinct A, B, A’, andB’ atoms per unit ceft® for k in the
b,= x——79, BZ we have the 44 matricesD,, andD,,, respectively,
V3a, @ composed of only thex andyz elements
|
0 0 % aie(l/3)i7ru
0 0 aie(l/3)iﬂ'u _aief(l/3)i‘n'u
Dyak)= y — aie—(13imu 0 0 ) (4)
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0 0 F) ﬁe(1/3)i7ru
0 0 Belldimu  ge=(U3imu
Dy (k)= —(13)imu ' 5
) Be m 0 0
Be~(1¥imu  ge(13imy 0 0

wherea, B, andy are given by
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|
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In Eq. (6), ¢ and ¢{" represent the radial and tangential
force constants for interaction between titd out-of-plane
nearest neighbors, respectivéhand ¢, ¢,, ¢3 are shown

in Fig. 2(@). Puttingw=0 in Egs.(4) and (5), we find that
both theD,, and D,, become zero. This implies that no
coupling between vibrations parallel and perpendicular to the
basal plane takes place at any point in tHd K plane, be-
cause the effects of the interplane interactions cancel due to
the ABABAstacked structure. Phonon mode at a point away
from theI’'MK plane does not satisfy the wave-vector con-
servation relation concerning tleeaxis direction. Therefore,
the phonon that can give rise to first-order Raman scattering
is limited to thel'MK plane. The effect of coupling between
in-plane and out-of-plane vibrations cannot appear in the Ra-
man spectrum of th®g,, planar structure.

The observation of the 650- and 857-chbands shows
that coupling between in-plane and out-of-plane vibrations
results from atomic interactions within a graphene layer, not
from interlayer interactions.

In order to explain the strong coupling, we construct a
nonplanar structure slightly deviated from tBg,, structure
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In Eq. (8) ¢{"=3(s{ — ¢{")sin 2,, the ¢{” and ¢’
represent the radial and out-of-plane tangential force con-
stants betweenth nearest neighboré,and ¢, ¢3, ¢4 are
illustrated in Fig. 2b). The termsa’ andB’ increase as the
difference in height betweef andB () increases. Whilgs'
becomes zero along the line frdimto M point (v =0), &' is

not zero at any point in the BZ. This indicates that all phonon
modes have both the in-plane and out-of-plane displacements
in the Cg, structure.

We calculate the dispersion curves for the single layer
structure with various difference in height 6/c,) ranging
from O to 1/18 using the same 12 force constants as those

FIG. 2. (a) Structure of graphite witlDg, space-group symme- listed in Ref. 12. The phonon dispersion curves in the case of
try. (b) Structure deviated from planar structure of graphite witht=1/36 are shown in Fig.(8) where data points of the 450-,
C¢, space-group symmetry. The broken lines indicate the honey650-, 857-, and 1356-cit bands observed with 514.5-nm
comb lattice ofDg, space group. excitation are denoted according to the DRRS mechanism.

_ ) ) ) Figure 3a) shows that the dispersion curves do not intersect
to satisfy the geometries of graphite structure determined by 0.5%,, differently from those of planaDg;, structure,
x-ray measurementswhere in each cell thé andB (A’ and wherek,, is the wave vector of th# point. The distance at

B') atoms do not have the same height above the basal plafgs x,, between the two dispersion curves showing the ap-
of the cell and the difference in height between fandB  arent crossing in th®y, structure results from coupling

atoms is equal to that of th&’ andB’ atoms. The structure, penveen in-plane and out-of-plane vibrations which in-

which belongs to the space gro@y,, is shown in Fig. &).  creases as increases. Changing from 1/72 to 1/18, the
In this structure the force-constant matrices for first neighvatios of the amplitude of vibration within the-y plane to
bors have nonzerax (x2) andyz (zy) elements as listed in  that of vibration along the axis for the 650- and 857- cm
Table Il and the first-neighbor interactions cause strong COUphonon modes increase from 0.046 and 0.042 to 0.15 and
pling between “in-plane” and “out-of-plane” vibrations. We .12, respectively. In the nonplanar structure, it is confirmed
consider only lattice vibrations in a single layer, since thethat the phonon modes have sufficient in-plane displace-
effect of interlayer interactions can be ignored as compareghents to cause observable Raman peaks by a double reso-
with the interactions within the layer. This 2D model is alsonance process.
applicable to glassy carbon which shows the 650- and The electronic energy dispersion relations for the nonpla-
857-cm * bands more clearly. nar 2D graphite where=1/36 is shown in Fig. ®), which
We also obtain the 8 6 dynamical matribD for one layer  gre calculated by the tight-binding method using the same

of thecg‘v structure in the same manner as[hé]structure. parameters as listed in Ref. 16. As seen from Fif),3
The 2x2 matricesD,, and D, are constructed separately phonons for which double resonance occurs in the nonplanar
from the dynamical matrix as follows: Cs, structure should be located at a longer distance ffom
or K point as compared to those in the case of the plangr
D..— . structure. Plots of Raman observations based on the DRRS

X2\ o' eltimu 0 ’ mechanism assuming the plar@g, structure and the non-

0 are—(l/3)i77u
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TABLE Ill. The correlation of the zone-center modes ©f,
and Déh crystal structures. Raman and infrared activity is indicated
in the parentheses by and IR, respectively.

(@) 1e00f

i

Dén Az (IR) Bag E1u (IR) E2q(R)
Ce, A:(R,IR) B, E.(R,IR) E»(R)

800+

Frequency (cm™)
o

: . obtained from the dispersion curves measured by electron-
4007 \ I energy-loss spectroscoffEELS) experiment$® the small
] r distance between the dispersion curves at lQ5%ill be
0 difficult to distinguish by EELS measurements because of its
r M K r low energy resolution.
Wave Vector Let us consider now whether other vibrational modes pre-

viously observed are consistent with the proposed nonplanar
(c) Cg, structure. The zone-center modes according to the factor
600 group analysis based o@g, can be decomposed into the
o following irreducible representationsI’=A;+2B;+E;
+2E,. The vibrations ofA; and twoB; species constitute
out-of-plane modes while those Bf and twoE, species are
the in-plane modes. The correlation between the irreducible
representations of modes f@%, andDg, is given in Table
I, in which the Raman and infrared active modes are also
04 identified. As seen from Table Ill, th&; and E; (Cgv)
3 modes are infrared and Raman active whereasAtheand
E.. (D) modes are infrared active and Raman inactive.
The frequency of the out-of-plane infrared active mode iden-
tified by infrared spectroscopyagrees with that of the out-
FIG. 3. (a) Calculated phonon dispersion curves for the pIanarOf'plane mode at 867 CnJ_' obsgrved in the Ramaglspectrum

Depn (dotted ling and the nonplanar structure with-1/36 (solid ~ 1om HOPG edge plan¥,implying that the 867-cm™ mode
line). Experimental Raman observations based on the DRRS mod&@an be assigned to the Raman and infrared adtivenode.
are also shown, ® (HOPG; “O” (GC30. (b) Calculated elec- The Ramark; peak will be observed at a position very close
tronic energy dispersion curves for the nonplanar 2D graphite in théo the E, (Cg,) band(1581 cn%).?° As a result, the optical
case that=1/36. Dotted line indicates the electronic energy disper-properties of the zone-center modes previously observed for
sion curves for the plandDg, structure.(c) Comparison of plots  graphite can be well explained l@gu.
based on the planddg, structure and the nonplan@, structure We demonstrate that the bands due to mixed “in-plane”
under the application of the DRRS mechanisr®,"“O"—the pla- and “out-of-plane” modes arise from the nonplanﬁév
nar Dey, structure; M, LI"—the nonplanarCe, structure witht g4 ,ctyre of graphite. The difference in height betwaeand
=1/36. “®, W" (HOPG; * O, " (GC30. B atoms can be estimated to be about 0.2 A in terms of the
DRRS mechanism. According to th@g, structure, all the

»
]
<

Energy (eV)
%)
=3
od

Frequency (cm™)

Wave Vector

Wave Vector

planarCg, structure are shown in Fig(®, where the pho-

! ! i : zone-center modes including the Raman active out-of-plane
non dispersion curves were calculated to fit the experimentadg7.cny imode can be successfully explained. In conclusion,
17-19 Figure 3c) shows that plots assuming th2gy,

data. we propose the nonplan@, structure for graphite which is

structure deviate from the dispersion curve. The plots of the,,ynatiple with the results of vibrational and x-ray measure-
nonplanar structure with=1/36 lie almost within the disper- | ants obtained so far.

sion curve, indicating that a difference in height betwéen
and B atoms can be estimated to be about 0.2 A. Although We thank K. Okada and Y. Takahashi of Toray Research
the difference in height betweekandB atoms may also be Center, Inc. for their comments.
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