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First-principles study of edge states of H-terminated graphitic ribbons
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The existence of the edge states of single-layered H-terminated graphitic ribbons predicted byetiaktada
[Phys. Rev. Bb4, 17 954(1996] has been confirmed by first-principles calculations within the framework of
the local-density approximation and the pseudopotentials. The edge states in cases of stacked ribbons have also
been examined, and it has been found that the existence of the edge states is dependent on the stacking manner.
This phenomenon can be understood from the electronic structufes-oind AB-stacked bulk graphite.
[S0163-182609)14615-0

Breakage of translational symmetry of solid states in aself-consistent calculations that express off-site electron hop-
certain direction generates localized states. For instance, @ngs for a reasonable range. Furthermore, the considered
cleaved bulk crystal generates surface states that have twetructures of the ribbons were restricted in the case of a
dimensional extensions parallel to the cleaved surface. Thesgingle layer. On the other hand, stacked layers of ribbons are
surface states originate from the surface dangling bonds Iahought to be more realistic in available samples. The exis-
cated at the Fermi levelEg). When all surface dangling tence of the edge states should therefore be examined for the
bonds are terminated, for instance, by hydrogen at@rs stacked geometry in which electron hoppings between neigh-
atoms, the surface states move away frdfa and become boring layers have to be taken into account.
resonant states of bulk bands. Similarly, one can imagine.that In this paper, we performed the first-principles band-
localized states are generated when a graphene sheet is gyfcture calculation for H-terminated zigzag ribbons within
into graphitic ribbons. Upon the cutting, a graphitic ribbon e framework of the local-density approximatiDA) by
lacks the original two-dimens_ional periodic bou_ndaries and;sing pseudopotentials and the plane-wave basis sets. We
the newly g_enerated C-dangling bonds at t_he ribbon’s edgﬁave found that the predicted edge states in single-layered
cause Ioco?lléed states B . Whgn all %ar)gllmg Ibonﬁs ?(;e ribbons are well reproduced in the present first-principles
tne]gc('en:\[/say fi/ointor[Tl]—lsérzzfetelr:Igtjr(]aelritbt?cl)rnse;illfes Fsig c(m:) calculations_. Furth_ermore, we have examiljed the edge states

: ' ' when the zigzag ribbons are condensed in a manner of the

are called “zigzag ribbons.]’ : . .
However, it was predicted that the H-terminated graphiticAA stacking and th'e!\B stac;kmg of the bulk graph!te. The
dge states can exist only in the case of Atie stacking, in

ribbons have peculiar localized states at the ribbons’ edgeStS ! i
with corresponding energy levels & . These localized which half of the C atoms of one ribbon are located directly

states originate fromr orbitals of H-terminated C atoms aPove the center of each hexagon on the neighboring rib-
extending normal to the graphitic sheet. These localized®ons. This fact can be understood from the energy band
states were called edge states. The edge states appear wigéyicture of theAA- and AB-stacked bulk graphite. In the
the wave vectork along the ribbons are in the region of rest of this paper, details of the computational conditions and
2m/3<k< in a unit of inverse of a period (2.46 A). This the results are shown.
fact can be analytically derived when only the nearest- We have performed the band-structure calculations within
neighbor hoppings ofr electrons are taken into accoudnt, the LDA in which the exchange correlation energy of many-
which results in perfect canceling of off-site hoppings of thebody electrons are treated as a functional foofithe charge
7 orbitals at the H-terminated C sites withas 27/3<k density, which was fitted to the numerical results of electron
<. Since the localized feature of the edge states is exgas® To express effects ofslcore electrons of C atoms on
pected to cause remarkable electron-electron correlatiovalence electrons, the norm conserving nonlocal pseudopo-
some interesting properties of the zigzag ribbons are extentials are generated by using a scheme of soft core radius.
pected, e.g., spin polarization, realization of one-dimensionaDnly thes components are used as the nonlocal part. While
Mott-Hubbard-type insulators, and so on. for the H atoms, the local pseudopotential formed as
This prediction was based on a tight-binding scheme witrﬁ/rEiZCierf(r/rci) is used withr being a distance from pro-
only nearest-neighbor hoppings, so it should be checketbn. The present parameters are 1.0519 and
whether the edge states are seen when hopping distance-90.0519 forC, andC,, 0.207 02 bohr and 0.399 93 bohr for
increased. Indeed, we have an experience of disappearanae, andrc,, respectively. A cutoff energy of 40 Ry is used
of the edge state when we artificially introduce the hoppingor plane-wave expansion of valence wave functions. To
parameter for a long distance. Therefore, a question hasimic a situation of an isolated zigzag ribbon, we adopted
arisen as to whether the edge states are obtained by fulthree-dimensional repeating cells in which individual ribbons
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arrays of zigzag C—-C chains. We call this width=2~6
according to Ref. 1. A remarkable feature in the band struc-
ture of a ribbon withN==6 is that two bands meet at tlke
vector beyond two thirds on the way frohhto X in the first
BZ, wherel'=0 andX=n/a with a=2.46 A (ribbon’s pe-
riod). Then these bands become nearly flat ux#oX, and
the location ofEg corresponds to these flatbands. While in
the thinner ribbonsN=2~4), flatbands are not seen. Those
ribbons are too narrow to separate the edge states penetrating
from both edges. The nearly flatbands seen in the ribbon with
N=6 suggest that the electron transfer of longer ranges gives
no remarkable effect for wider ribbons. These results are
qualitatively the same as that obtained in the tight-binding
calculations:

Next, the wave function’s character of the flatbands in the
case ofN=6 has been investigated. We have calculated the

N=

(a)

= N= N= overlap between the atomic valence wave functions of each
] C site and the Bloch wave functions of the flatbands. The
& Bloch wave functions have their maximum amplitude at the

I 7 orbitals of H-terminated C sites, and the second maximum
amplitude is located at second neighbor C sites. Again, these
features agree well with the former tight-binding
calculations: From these wave function’s characters, these
flatbands shown in Fig.(l) with N=6 can be attributed to
the edge states.

The existence of the edge states in single-layered gra-
phitic ribbons has thus been confirmed by performing the
first-principles calculations. One can consider that the edge
states may have the Fermi instability since there should be a
sharp peak of the density of stateskgt. However, a theo-
retical investigation based on the Su-Schrieffer-Heeger
(SSH modefl denied this possibility. Since there are no se-
rious discrepancies in the results for hydrocarbon systems

FIG. 1. (8 Atomic geometry of a zigzag ribbonN(=2~6) between SSH modellqnd th.e. first_—principles calpulgtion, we
terminated by H atoms. Shaded circles denote carbon atoms whif@XPect that the Fermi instability will also be denied in LDA
smaller circles denote hydrogen atonfs Band structure of the ~Calculations.
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corresponding geometrN=2~6). The positions of are setas I addition to the existence of the edge state, one may be
0 eV indicated by dotted lines. Arrows indicate the states havinghterested in the influence of hydroges 4dtates on the elec-
localized C—Ho characters. tronic structure, which can be expected to cause hybridiza-

tion with C—C o orbital. We have found that there are sev-

are separated by a vacuum region. In the adopted vacuugral eigenstates having C—bl characters. The states with
region, the intervals among the ribbons are kept as 8.5 AKonsiderable amplitudes at the C—H bonds are denoted by
and 6 A for edge-edge and layer-layer distances, respe@rows in Fig. 1b). On the other hand, the C-b* (anti-
tively. These intervals have been found to be enough to préaonding states are found far abo: , which are out of the
vent artificial interribbon interactioms As for the k-point  scale in Fig. {b). These C—Hr* states have no contribution
sampling for the momentum space integration, rknmints  for the conducting properties of the ribbons since the energy
in the wedge of the first Brillouin zoné8Z) are used. Ac- levels are away fronkg by more than 5 eV. They also have
cording to the calculated Hellmann-Feynman forces, theno influence on the edge state since the orbitals of G~H
atomic geometry is optimized to achieve the total-energyando™ extend parallel to the ribbon while those of the edge
minimum within a restriction of the planar configuration of states ¢ orbitalg extend normal to the ribbon.
the ribbon® However, the geometry optimization is found  Our next interest is whether the edge states can be seen in
not to considerably change the atomic structure from thestacked layers of the zigzag ribbons. From practical view-
ideal one, i.e., a perfect honeycomb pattern with C—C lengtlpoints, realization of a single layer of the zigzag ribbon is
of 1.42 A and H terminations with C—H length of 1.01 A. rather hard compared to that of a multilayered sample. We
Indeed the C—C bond lengths are shortened only by 0.02 Aave performed band-structure calculations of the stacked
at the H-terminated site. Therefore, a qualitative feature ofibbons by assuming thAA- and theAB-stacking geom-
electronic structure is less sensitive to the geometry optimietries. In theAA stacking, all C atoms of one ribbon are
zation. located directly above all C atoms on the neighboring rib-

Figure Xb) shows band structures of zigzag ribbons inbons, while in theAB stacking, half of C atoms of one rib-
Fig. 1(@). The width of each ribbon corresponds to-8 bon are located directly above the center of each hexagon of
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the application of the LDA and pseudopotentials scheme for
the AB-stacked graphite gives reasonable values of interlayer
binding energy, the optimum distance, and the compressibil-
ity, each of which agrees well with the experimental values
cited in Ref. 8. Furthermore, the calculated band structure
(including the dispersion along the stacking directiovas
found to be consistent with the photoemission data, which
are also cited in Ref. 8. Since the absolute value of the in-
terlayer binding energy is tinyfew tens meV per atojn
—_— there still remains an argument for the numerical accuracy in

(@) ribbon axis energetics. On the other hand, there are no serious problems
of the LDA in describing energy-band structures of stacked
graphite as far as we know. We have confirmed that our
= present computational condition well reproduced the band
) e N 7 IS AN structures shown in Ref. 8 as well as Ref. 9. We therefore

- believe that the band dispersion of the stacked ribbons is also
well described within the LDA scheme. Our present cutoff
energy is not so high as the previous 8rsq instead of the
optimization of the interlayer distance we have just adjusted
the ideal interlayer distance of 3.34 A.

The band dispersion of stacked ribbons becomes two di-
mensional in directions along the ribbon and along the stack-
ing. Figure 2a) shows the two-dimensional BZ and the re-
lated directions in real spacéOnly the case of theAB
stacking is shown hereThe calculated band structures for
AA- and AB-stacked ribbons are shown in Figgbpand
2(c), respectively. The assumed width of the ribbonNis
=6 in both cases. The flatbands locatedatare seen only
in the case of théB stacking.

/\ We again investigated the wave function’s character of

< these nearly flatbands seen in tA8-stacked ribbons and
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) I A D S found the similarity to the edge state of a single layer of a
zigzag ribbon. In théA\B-stacked ribbons, the edge states are
individually localized on the edge of either eadHayer or

-5 eachB layer. There are no remarkable electron hoppings
between the edge states dfand B layers despite extension
of the corresponding wave functions normal to each layer.
-10 However, this fact is not so surprising when we compare the
XQ present results with that of theB-stacked graphite bulf®
15 /\ which also has very small band dispersion aro&dalong
\ K-H line of the BZ (in the direction of the stackingAs
\c mentioned before, thAB stacking allows half of C atoms to
_201_ i be neighbored to the center of each hexagon in the stacking
(c) X M direction. The edge state of a single ribbon is essentially
characterized by a nonbonding orbitat Electron$ whose
FIG. 2. (a) The first Brillouin zone ofAB-stacked zigzag rib- amplitude is mainly distributed at the H-terminated edge
bons withN=6 and corresponding directions in real spaEeX  sites and their second neighbors. Remember that such C sites
andZ-M lines are along the ribbon’s axis whileZ andX-M lines  are located either above the center of the hexagon in the
are along the stacking directiofh) Band structures ofA- and(c)  neighboring ribbon or directly above the nodal site of the

AB-stacked ribbons wittiN=6. The positionsEg are set as 0 eV neighboring ribbon. The interlayer hoppings of theelec-

shown as dotted lines. trons on those sites are thus suppressed, which results in the
very small dispersion nedt: . While in the case of th& A

the neighboring ribbons. The interlayer distance is assumestacking, all C atoms of one layer are located directly above

to be 3.34 A, which is the same as that of the graphite. all C atoms on the neighboring layers, which allows the

Here we must comment on the LDA approach in describ-wr-electron hoppings in the direction of the stacking, so ap-
ing the interlayer interaction of graphite. It is widely thought pearance of the flatbands is inhibited.

that the graphite interlayer interaction is dominated by the From the present results, we conclude that the edge states

van der Waals interaction. If this is the case, the LDA cal-exist in both single and\B-stacked H-terminated graphite

culation fails to express the graphite interlayer interactiorribbons. These states are expected to be detected by scanning
and (maybe the electronic band dispersion along the stack-tunneling microscopy(STM). We would like to point out
ing direction. However, Schabel and Marfirshowed that here that the substrate without electron levels igashould
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be chosen in STM measurement in order to prevent hybrid- The authors acknowledge M. Saito for his comments and
ization between the edge states and the substrate states nsaggestions on this paper. All calculations were done by us-
Er . If the hybridization takes place, the localized nature ofing the SX4 Supercomputer System at the NEC Tsukuba
the edge states might be destroyed. Research Laboratories.
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