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Border states in heterosheets with hexagonal symmetry
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We report first-principles electronic-structure calculations using local density approximation in density func-
tional theory for hexagonally bonded hetero-sheets Bii@sisting of graphite and boron-nitride strips. We
find a class of electron states that are localized at borders of the heterosheet. Calculations for other heterosheets
and homosheets, C, BN, and BClarify universal features of the border states, edge states, and nearly-free-
electron states. Electronic properties related to the border states in planer or tubulaagN{scussed.

Electron states in condensed matters are classified into electronic structure. We also find that another class of
several groups. In periodic systems they are labeled as Blodalectron states which are called nearly free electfdRE)
states, whereas imperfection induces different classes atates, descendants of interlayer states in graphiteleed
states: Point defects usually induce localized states in energxists on the BNC sheet and show a feature unexpected in
gaps of semiconductors or insulators; surfaces or interface®e past.
are regarded as planer imperfections and localized electron All calculations have been performed by density-
states (surface/interface statesemerge near the two- functional theory:*!® Exchange-correlation energy of inter-
dimensional imperfection. These localized states are CrUCiﬂcting electrons is treated in local density approximaﬁon
to determine electronic properties of the materials. (LDA) with a functional form fitted to the Ceperley-Alder

Rec_ently, an interesting clas_s of Iocalize(_j stz?lt_es hz_is begagy 11617 Norm-conserving pseudopotentials generated by
found in graphite ribbonsgraphite sheets with finite sizes |i5ing the Troullier-Martins scheme are adopted to describe
which are expected to exist in growth processes Ofyg glectron-ion interactiot X The valence wave functions

. . . ‘5
ruilert:rr]\e% orl %arbqgl n?noltl{[pés?f Ahtlgr;:]—b;ndmg“ Iancti are expanded by the plane-wave basis set with a cutoff en-
ater the focal densitycalcutations show that some electron ergy of 50 Ry, which gives enough convergence of relative

states at the Fermi leveEg) _arellocallzed at but extended total energies of carbon-related mate A8land of h-BN 2
along an edge of the graphite ribbeadge statgs but that e adopt the conjugate-gradient minimization scheme both
the edge states exhibit no dispersion in a direction along th P onjugate-g .

or the electronic-structure calculation and for the geometry

edge in a part of Brillouin zon€éig. 4 in Ref. 4. The edge o NN
state is peculiar to specific ribbons in which edges consist oPPtimization:™ Structural optimization has been performed

zigzag arrangements of carbon atoms: Ribbons with edgedtil the remaining forces are less than 0.005 Ry/A. We use
consisting of armchair arrangements do not exhibit sucl 'épeating sheet model in which each atomic sheet is sepa-
edge state$® It is generally shown that this class of local- rated by 9.0 A to simulate a hexagonally bonded monolayer.
ized states emerges in a system in which electron transfetgtegration over Brillouin zonegBZ) is carried out using
among several atomic sites satisfy certain conditfois. equidistantk-point sampling in which thé-point density is

The edge states are not peculiar to carbon: As will beequivalent to the case of the 80 point sampling in the con-
shown below, when boron and nitrogen atoms are arrangedentional BZ of graphite monolayer.
in a hexagonal networkh(-BN), similar edge states appearin  Figure 1 shows calculated energy bands oftikBN rib-
the energy gap. Experimentally, synthesis of hexagonal nebon in which edges have the zigzag shapes and are termi-
works of B, N, and C have been achieved both in planer anghated with hydrogen. The ribbon is insulating with the cal-
tubular forms¥~* Experimental resulfs™ and recent total culated energy gap of 5 eV. The highest occupie®) and
energy calculatiortg are indicative of phase separation of the lowest unoccupied_U) bands show extremely flat dis-
graphite andh-BN in BNC, compounds. Although the persion around the zone boundatyThe wave functions of
atomic structure of the boundary in the separated phase is ntie HO and LU bands clearly show that these states are edge
clear yet, it is possible that there are borders between graplstates whose wave functions are localized at one of edges.
ite and h-BN strips in phase-separated planer structuresDue to chemical difference of B and N, the LU edge state is
These borders are expected to induce new electron states.localized at the edge of B atoms, whereas the HO edge state

In this paper, we report first-principles calculations thatis localized at the edge of N atoms. These edge states are
clarify electronic structures of BNChexagonal ribbons con- unable to be derived from zone folding analysis of energy
sisting of h-BN and graphite strips. We find that there arebands of theh-BN monolayer?? They emerge due to subtle
border statesvhose wave functions are localized at and ex-balance of electron transfers amomgorbitals situated at
tended along borders di-BN and graphite, and that the edge atoms, hereby exhibiting the peculiar flat band nature.
border states show flat dispersion n&grand hereby affect These features have been also observed for the edge states in
electronic properties substantially. The border state is not graphite ribbon with the zigzag edg&$Hence it is now
simple extension of the edge states predicted in the pastiarified that the edge state is a common product in hexago-
Chemical variety at the border provides interesting variatiomally networked ribbons with zigzag shaped edges. More
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(®)0 7 character with substantial hybridization sforbitals of C
% and B atoms. It is then naturally expected that the antibond-
A ing state also exists. We find that a state in the conduction
bands has such character (TB Fig. 2). The wave function
of CB* shown in Fig. 8a) is located at the border and clearly
manifests its antibonding character. The wave function of the
lowest conduction band dt(CN* in Fig. 2) is also shown in
Fig. 3(@). It is localized at C and N atoms in this case which
B constitute the other border di-BN and graphite strips.
-10 F Again substantial hybridization ofr orbitals of C and N
atoms is observed. The state has antibonding character. We
ASE—————= have explored the valence bands and found a state labeled
/ CN. The wave function of CN is located along the border
formed by C and N and is of bonding charadteig. 3a)]. It
r X is now clarified that zigzag borders of hexagonally net-
worked heterosheets induce a new class of electron states
FIG. 1. (8) Top view of h-BN ribbon with infinite length along  Which are localized along the borders: the border states.
the vectora. Black, dark, and white circles denote N, B, and H It is emphasized that the states are peculiar to the zigzag
atoms, respectively(b) Energy bands of the H-terminatéeBN  borders. Figures (4 and 4b) show the geometry and the
ribbon. The directiod’X is parallel to the vectoa in (a). Energy is  electronic band structure of BNGheet where the borders
measured from the top of occupied ban@s.Contour plots of the between graphite anfa-BN strips are of armchair shape. We
squared wave functions of the LU and the HO stateXaioint  find that the system possesses direct energy gdp @int
represented on the cross section of the ribbon containing the dashesd the highest occupied and the lowest unoccupied states
line BN in (a). Each contour represents twit@ half) the density of  around thel’ point do not show the flat band nature. The
its adjacent lines. The highest values are 1.218kd 3.37/8 for  characteristics of the band structure is completely different
the LU and the HO states, respectively. from those of the heterosheet with zigzag borders. The cor-
responding wave functions of the statesl'apoint are not
generally, even the edges are not required. Zigzag shapédcalized at the border but extended over the whole sheet
borders are enough to produce the peculiar localized stateftrig. 4(c)]. In this case, the border states are absent in spite
as is shown below. of the presence of the borders between different species of
Figure 2 shows energy bands of BN(BNC,, and BNG  atoms.
sheets in whicth-BN and graphite strips are separated and We also find that the highest occupiedand the lowest
the borders are of zigzag shapes. We have found that thes@occupiedn* states lose their border-state character with
sheets are semiconducting with the direct energy gaps argkcreasing wave numbers: The wave functions of the states
that the gap energy monotonically decreases with increasingt I" point [I'yp and ' p« in Fig. 2(b) and Fig. 3c)] is ex-
the width of graphite strips. We find that the highest occu-tended over the whole BN(heterosheefiFig. 3(c)]. Conse-
pied 7 and the lowest unoccupied* bands show almost flat quently the total valence electron density is also extended
dispersion around the zone bounddryThis feature is simi-  over the sheeffFig. 3(d)]. The border states we have found
lar to that of the energy bands of hexagonally networkedare therefore extremely unique and different from the usual
ribbons described above. interface states which maintain their localized character in
In order to clarify characteristics of the flat band states inwhole BZ.
the BNC sheets, we calculate their wave functions in BNC  The electronic structures of BNGlescribed above have
(Fig. 3). It is found that the highest state atl (labeled CB  been obtained after complete optimization of atomic geom-
in Fig. 2) is localized at C and B atoms which constitute oneetries. The calculated bond length of C-N and B-C at the
of borders oh-BN and graphite strips. The state has bondingborder is 1.37 and 1.50 A, respectively. The length of C-C

w
1

Energy (eV)
& =}

N T ~—]
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FIG. 3. Wave functions, charge density, and energy diagram of BN Contour plots of squared wave functions of the flat-band states
of BNC, at J, which are labeled as CB, CB CN*, and CN in Fig. 2b). Plots are on the vertical cross section of the sheet which contains
the vectorb in (d) or in Fig. 2b). White, black, and shaded circles denote C, N, and B atoms, respectiyefchematic energy diagram
for the hybridization of the edge states of graphite and-8N in BNC, sheets(c) Contour plots of squared wave functions of the highest
occupiedr and the lowest unoccupied* states at the zone centér Plots are on the same cross section as)jin(d) Contour plots of total
valence charge density shown on the plane including the Bdt@et.(e) Contour plots of squared wave functions of NFE stateE,at,
anda* (see Fig. 2 for labe)sshown on the same vertical cross section a&jnin the direction perpendicular to this paper, the states have
NFE character. In all contour plots, each contour line represents taidealf) the density of its adjacent contour lines. The lowest contours
represent 2.1% 10 2/A%, 4.22<1073/A3, 2.11x10 Y/A%, and 1.05 10 3/A3, for (a), (c), (d), and(e), respectively.

bonds is 1.40-1.42 A and that of B-N is 1.40 and 1.43 A.acter along the borders. Then by exciting carriers or by in-
The bond lengths of C-C and B-N are similar to those increasing the number of carriers, the states ardum@come
graphite anch-BN. The heterobonds, B-C and N-C, on the occupied. In this case, the conduction is isotropic reflecting
other hand, are less strong than the C-C or B-N bonds. Hena®e character of the wave function.
the phase separation leading to the striped structures of the Unusual distribution of the wave function that we have
h-BN and graphite discussed above is energetically favorfound is also utilized for nanocoils when BN@ formed in
able. a tubular form. Upon relatively light carrier doping, the cur-

Figure 3b) shows an energy diagram of the edge states ofent is one-dimensional along the border of the graphite and
the ribbons hybridized in the heterosheet: The edge states @ie h-BN strips. Therefore by tuning the width ratio of the
graphite ribbon and of thie-BN ribbon are hybridized at the strips and by forming appropriate tubular structure, we can
borders in BNG heterosheet, becoming the four border control chirality of the current along the BN@ube. This is
states. Due to the energy-level difference of threerbitals  a generalization of the chiral conductivity first proposed for
of C, N, and B atoms, the four border states are in the ordethe BNG, tubeé®* where anisotropic conductivity of the BN
of CN, CB, CN¥, and CB' in increasing energy, and the two monolayer is utilized. As a limiting case, the current flow in
middle states appear neag. The borders consisting of dif- the BNG, tube consisting of thi-BN and the graphite strips
ferent atom species introduce different energy levels and
then the hybridization renders the energy gap opeh at

This situation becomes more prominent in other hexago- (a) (b) 5

nally networked heterosheets with zigzag borders; B&n-
pounds have also been synthesized and the structure has hex- LUN ¢
agonal symmetr¢° In this case, we also find that the border ;p
states are localized on the zigzag border of B and C atoms Ii) -
and the states render the flat bands at the Fermi level. On the > 5
contrary to the BN sheet, BG sheet shows no energy gap. o
Subtle balance of electron transfers among atomic sites, that %" F
is achieved at the zigzag borders, induces the unique border sl -10 £
states described above. The subtle balance is not specific but &) ) :
general in certain atomic arrangements. The latter infers that o—I6= =% _15°L
introduction of chemical variety at the border enriches the AN, N C
border state both in distribution of its wave function and in %.@6&&3%&%@ 20

H H Q O —1 & =
location of its energy level. %;)‘%:@ka\m T ] K

As stated above, the highest occupiedand the lowest
unoccupiedr* states of the heterosheet BN&re the border
states in character around the zone boundawhereas they
are extended over the sheet around the zone cént&his  yonote C, N, and B atoms, respectivefls) Energy band of the

implies potential applicability of BNCcompounds. For in-  gyiped BNG heterosheet. The origin of the energy is the top of the
stance, the striped BN@ompound is capable of modulating occupied band denoted by H@) Contour plots of squared wave

the carrier flow by using the border states as channels dfinction of the highest occupieHO) and the lowest unoccupied
conduction. Carriers injected into the compound are first ac¢Lu) states atl’ point. In both contour plots, each contour line

commodated in either the highestor the lowestm* bands represents twicéor half) the density of its adjacent contour line.
atJ. The injected carriers are thus of one-dimensional charThe lowest contour represents 4:220 /A3,

FIG. 4. (a) Geometric structure of BNCheterosheet where the
borders are of armchair shape. White, black, and shaded circles
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with its index (n, 0) (zigzag tub& is completely circular more amplitude on the BN strip, whereas the antibonding
around the tube, being regarded as a nanosolenoid. statea* does on the graphite strip. Also the' state has
The borders of striped BNCalso cause interesting modi- nodes along the borders, whereas batland o* preserve
fication of wave functions of nearly-free-electrqNFE)  their NFE character along the strips. . _
states. The NFE state or the interlayer state exists aBgve !N conclusion, we have presented LDA calculations which
in the case of graphite monolaymnd as the LU state in plarlfy unigue and interesting features of the border states
BN monolayer? Figure 3e) shows the wave functions of inherent to hexagonally networked heterosheets.
the NFE statesr anda* which are located aboVEg (Fig. 2)
in BNC,. The energy levels of the NFE states in monolayer  computations were performed at ISSP, University of To-
graphite and BN are different from each other. The borderkyo and at IMS(Okazakj. This work was supported in part
in BNC, induce hybridization of the two different NFE by JSPS under Contract No. RFETF96P00203 and the Grant-
states. As a result, we find the bonding and antibonding NFEn-Aid for Scientific Research Grant No. 11740219 and
states clearly shown in Fig.(&: The bonding statex has  Grant No. 10309003.

1H. Kroto et al, Nature(London) 318 162(1985; W. Kratschmer (1999.
et al, ibid. 347, 354 (1990. 13M. Posternalet al, Phys. Rev. Lett50, 761 (1983.
2s. lijima, Nature(London 354, 56 (1997). 14p. Hohenberg and W. Kohn, Phys. R&26, B864 (1964).

3N. Hamada, S. Sawada, and A. Oshiyama, Phys. Rev. 6&tt. '®W. Kohn and L.J. Sham, Phys. ReM0, A1133(1965.
1579(1992; J.W. Mintmire, B.1. Dunlap, and C.T. Whitéhid. 16p M. Ceperley and B.J. Alder, Phys. Rev. Leth, 566 (1980.
68, 631 (1992; R. Saito et al, Appl. Phys. Lett.60, 2204  7J.P. Perdew and A. Zunger, Phys. Rev2® 5048(1981).

(1992. 18N. Troullier and J.L. Martins, Phys. Rev. &3, 1993(1991).

4M. Fujita et al, J. Phys. Soc. Jpi5, 1920(1996. 9L, Kleinman and D.M. Bylander, Phys. Rev. Le#8, 1425

5K. Nakadaet al, Phys. Rev. B4, 17 954(1996. (1982.

6y, Miyamoto, K. Nakada, and M. Fuijita, Phys. Rev.5B, 9858  2°Convergence of the total energy with respect to the cutoff energy
(1999. is examined on thé-BN by performing the computation with

Y. Takagi et al, submitted to Phys. Rev. Bo be published 30, 40, 50, 60, and 80 Ry. The total energy obtained with 50 Ry
Earlier example of the flat band and its ferromagnetism is re- is larger by 0.02% than that obtained with 80 Ry. The lattice
viewed by H Tasaski, Prog. Theor. Ph@®, 489 (1998. constant computed with the cutoff energy 50 Ry &

8M. Kawaguchi and T. Kawashima, J. Chem. Soc. Chem. Com- =2.475 A which is 1.16% smaller than the experimental value.
mun. 1133(1993; O. Stepharet al,, Science266, 1683(1994); Sufficient convergence of energy bands is obtained by smaller
Z. Weng-Siehet al,, Phys. Rev. B51, 11 229(1995. cutoff energies.

9K. Suenagaet al, Science278 653 (1997; Y. Zhangetal, 2O. Sugino and A. Oshiyama, Phys. Rev. L&8, 1858(1992.
Chem. Phys. Lett279, 264 (1997. 22x. Blaseet al, Phys. Rev. B51, 6868(1995.

0M.0. Watanabeet al, Phys. Rev. Lett77, 187 (1996. 23B.M. Way et al,, Phys. Rev. B46, 1697 (1992.

11ph, Kohler-Redlictet al, Chem. Phys. Lett310, 459 (1999. 24y, Miyamoto, S.G. Louie, and L. Cohen, Phys. Rev. L&,

12x. Blase et al, Appl. Phys. A: Mater. Sci. Proces$8, 293 2121(1996.



