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OPTICAL EXCITATIONS IN HEXAGONALNANONETWORK MATERIALSK. Harigaya *Nanote
hnology Resear
h Institute, AIST305-8568, Tsukuba, JapanIntera
tive Resear
h Center of S
ien
e, Tokyo Institute of Te
hnology152-8551, Tokyo, JapanSubmitted 1 Mar
h 2003Opti
al ex
itations in hexagonal nanonetwork materials, for example, Boron�Nitride (BN) sheets and nanotubes,are investigated theoreti
ally. Ex
iton dipoles dire
ted from the B site to the N site are 
onsidered along theBN bond. When the ex
iton hopping integral is restri
ted to the nearest neighbors, two �at bands of ex
itonsappear. The symmetry of these ex
iton bands is opti
ally forbidden. Possible relations with experiment aredis
ussed.PACS: 78.66.Tr, 71.35.C
, 73.61.WpThe hexagonal nanonetwork materials 
omposedof atoms with ioni
 
hara
ters, for example, Boron�Nitride (BN) sheets and nanotubes [1; 2℄, have beenintensely investigated. They are intrinsi
 insulatorswith the energy gap about 4 eV, as the pre
eding band
al
ulations have indi
ated [3; 4℄. The possible pho-togalvani
 e�e
ts depending on the 
hiralities of BNnanotubes have been proposed by the model 
al
ula-tion [5℄. Although not many opti
al measurements inthe BN systems have been reported, it is quite inter-esting to predi
t 
ondensed matter properties of thehexagonal nanonetwork materials.In this paper, we investigate opti
al ex
itation prop-erties in BN systems. The bonding is positively polar-ized at the B site and is negatively polarized at the Nsite. There is a permanent ele
tri
 dipole moment alongthe BN bond dire
ted from the B site to the N site.When we assume the one-orbital model [5℄ as shown inFig. 1, the energy of the highest o

upied atomi
 or-bital of N is larger than that of B and the energy of thelowest uno

upied orbital of B is smaller than that ofN. There is the band gap� � "B � "N � 4 eV(see [3; 4℄). Low-energy opti
al ex
itations are the ex
i-tations of ele
tron�hole pairs between the higher o

u-*E-mail: k.harigaya�aist.go.jp
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Fig. 1. The one-orbital model for low-energy disper-sions of the BN networkpied states of N and the lower uno

upied states of Batoms. The presen
e of the dipole moments gives riseto strong ex
itoni
 properties illustrated in Fig. 2.In what follows, we dis
uss opti
al ex
itations inhexagonal nanonetwork materials, BN sheets and nan-otubes. We show that two �at bands of ex
itons,whi
h are opti
ally forbidden, appear in the energy dis-persions. Possible relations with experiments are dis-
ussed.1398
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Fig. 2. Opti
al ex
itations along the BN alternations
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Fig. 3. a � The hexagonal nanonetwork of boron (full
ir
les) and nitrogen sites (open 
ir
les). Several arrowsindi
ate the dire
tions of dipole moments, and the thinlines represent the 
onjugate Kagomé latti
e network.b � The Kagomé latti
e extra
ted from Fig. a. Theshaded area is the unit 
ell, whi
h has three latti
epoints indi
ated with numbers

J1

BN N B NNFig. 4. The type 1 intera
tion J1 that 
onserves anex
ited spin
J2

B NNBN NFig. 5. The type 2 intera
tion J2 where an ex
ited spin�ipsThe intera
tions between the ele
tri
 dipole mo-ment along the BN bond has the strongest intera
-tion strengths when the ex
iton hopping integral is re-stri
ted to the nearest neighbor dipoles. In Fig. 3a, theB and N atoms are represented by full and open 
ir-
les, respe
tively. We assume the one-orbital Hubbardmodel with the hopping integral of ele
trons t, the on-site repulsion U , and the energy di�eren
e � betweenthe B and N sites. After se
ond-order perturbations,we obtain the nearest-neighbor intera
tionsJ1 = t2��+ Ufor the 
onserved ex
ited spin (type 1 intera
tion) andJ2 = t2� + t2��+ U1399
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ase where the spin of the ex
ited ele
tron �ips(type 2 intera
tion). The meaning of the intera
tionsJ1 and J2 is illustrated in Figs. 4 and 5, respe
tively.When the 
ondition U > � applies, J1 and J2 be
omepositive. We dis
uss this 
ase �rst, and 
omment onthe 
ase where J1 and J2 are negative afterwards. Theintera
tions are present along the thin lines in Fig. 3a.The several arrows show the dire
tions of dipole mo-ments. After the extra
tion of the intera
tions J1 andJ2, there remains the two-dimensional Kagomé latti
eshown in Fig. 3b. As des
ribed in [6℄, the Kagomé lat-ti
e is obtained as a line graph of the hexagonal latti
e.Therefore, the opti
al ex
itation hamiltonian be
omes

H =Xhi;ji X�=�;� J1(ji; �ihj; �j +H:
:) ++Xhi;ji J2(ji; �ihj; �j + ji; �ihj; �j+H:
:); (1)where the indi
es i and j denote the vertex points ofthe Kagomé latti
e and the sum is taken over the near-est neighbor pairs hi; ji and the ex
ited spin �. Theunit 
ell has three latti
e points 1, 2, and 3, as shownin Fig. 3b.The model has six eigenenergies that are expressedin terms of wave numbers k = (kx; ky) as
E = 8>>>>>>><>>>>>>>: �2(J1 + J2);(J1 + J2)�1�q1 + 4 
os(kxb=2)[
os(kxb=2) + 
os(p3kyb=2)℄� ;2(�J1 + J2);(J1 � J2)�1�q1 + 4 
os(kxb=2)[
os(kxb=2) + 
os(p3kyb=2)℄� ; (2)

where the two-dimensional x and y axes are de�ned asusual in Fig. 3, b = p3a is the unit 
ell length of theKagomé latti
e in Fig. 3b, and a is the bond length inFig. 3a. The dispersion relations are shown in Fig. 6for the representative dimensionless parameters J1 = 1and J2 = 2 that 
orrespond to the 
ase where U = 2tand � = t in the se
ond-order perturbation relationswith t = 1. There appears a dispersionless band (triplet
state) with the lowest energy �2(J1+J2) when J1 andJ2 are positive. There is another dispersionless band(singlet state) at the higher energy 2(�J1 + J2). Theother four bands have dispersions that are similar tothose of the two-dimensional network of ele
trons ongraphite [7℄. In fa
t, with the ele
tron hopping integralof graphite denoted as t, the dispersion is

E = �tr1 + 4 
os(kxb=2) h
os(kxb=2) + 
os(p3kyb=2)i: (3)We note that the x and y axes are inter
hanged 
om-pared with the de�nitions used in [7℄.Su
h appearan
e of the �at band, for example, inthe Kagomé latti
e, has been dis
ussed in the liter-ature [6; 8℄ from the standpoint of possible ferromag-netism. In the present 
ase, the lowest opti
al ex
i-tation band be
omes �at in the honey
omb BN planewhen the intera
tions J1 and J2 are positive. Whenthe BN plane is rolled up into nanotubes, the �at bandis also dispersionless. The interesting properties of ex-
itons on the Kagomé latti
e have been investigatedre
ently [9℄.To dis
uss how the ex
itons appear in opti
al ex-periments, we must 
onsider symmetries of the wave

fun
tions. The most interesting part is the wave fun
-tion of the lowest ex
itons with the energy �2(J1+J2)when J1 and J2 are positive.Solving the eigenvalue problem at the wave numberk = (0; 0),0BBBBBBBBB�
0 0 2J1 2J2 2J1 2J20 0 2J2 2J1 2J2 2J12J1 2J2 0 0 2J1 2J22J2 2J1 0 0 2J2 2J12J1 2J2 2J1 2J2 0 02J2 2J1 2J2 2J1 0 0

1CCCCCCCCCA	 = E	; (4)
1400
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Fig. 6. Energy dispersions for the dimensionless param-eters J1 = 1 and J2 = 2we obtain the two-fold degenerate solutions for theenergy E = �2(J1 + J2),	y = 12 � 1; 1; �1; �1; 0; 0 � ; (5)and 	y = 12p3 � 1; 1; 1; 1; �2; �2 � : (6)It follows that the spin of these states 
orresponds to atriplet. Similarly, we obtain the solutions for the energyE = 2(�J1 + J2),	y = 12 � 1; �1; �1; 1; 0; 0 � ; (7)and	y = 12p3 � 1; �1; 1; �1; �2; 2 � : (8)The spin alignment of these states 
orresponds to asinglet.The symmetry of solution (5) of the up or down spinse
tor is shown in Fig. 7a, and that of solution (6) isdisplayed in Fig. 7b. We �nd that both wave fun
tionsare symmetri
 under spatial inversion, and thereforethey have the symmetry gerade. The transition to the�at band ex
iton is opti
ally forbidden. Su
h proper-ties might result in interesting opti
al measurements inhexagonal nanonetwork materials. Similarly, the sym-metry of states (7) and (8) is gerade with respe
t tothe spatial inversion.Finally, the dispersions of ex
itons in the 
ase whereJ1 < 0 and J2 < 0 are of interest. Representative dis-persions are shown in Fig. 8 for the dimensionless pa-rameters J1 = �2 and J2 = �1. These 
orrespondto U = 0:5t and � = t with t = 1 in the formula ofthe se
ond-order perturbations J1 and J2. The energy
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Fig. 7. Symmetries of two wave fun
tions atE = �2(J1 + J2) for the spin-up or down se
tor. Thefull and open 
ir
les indi
ate positive and negative val-ues at the latti
e point, respe
tively. If the value at thelatti
e point is zero, nothing is shown there. The num-bers 1, 2, and 3 in the unit 
ell 
orrespond to the �rst,third, and �fth (se
ond, fourth, and sixth) elements forthe up (down) spin se
tor of the wave fun
tion 	 inEq. (4), respe
tively
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Fig. 8. Energy dispersions for the dimensionless param-eters J1 = �2 and J2 = �11401
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tures are almost inter
hanged between topand bottom 
ompared with those in Fig. 6. There is a�at band at the top of the ex
itoni
 bands. The lowestex
iton has a �nite dispersion, but this state is still anopti
ally forbidden triplet.The opti
ally forbidden transition is known in theC60 mole
ules [10℄. The lumines
en
e from the lowestex
iton has a long lifetime due to the forbidden transi-tion nature [11; 12℄. We have analyzed possible phonon
ouplings in the lumines
en
e spe
tra [13℄. A forma-lism similar to the one in this paper 
ould be appliedto systems with honey
omb or Kagomé network mate-rials, where neighboring intera
tions with dipoles aree�e
tive.In summary, opti
al ex
itations in BN sheets andnanotubes have been investigated theoreti
ally. Wehave shown that two �at bands of ex
itons, whi
hare opti
ally forbidden, appear in the energy dipser-sions. Possible relations with experiments have beendis
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