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Intra-atomic correlation effects and the electronic and magnetic properties in nanotubes
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The Gutzwiller method has been applied to investigate the intra-atomic correlation intithed of tubule
B(0,1)n versus the number of hexagons on the circumferenc€he consequences of the correlation on the
electronic(gap and magnetigsusceptibility properties have been examined. The critical on-site correlation
term U to obtain ferromagnetism or antiferromagnetism has been derived with respectTtee transition
from a paramagnetic to a diamagnetic magnetization obtained by Davids, Wang, Saxena, and Bishop has been
studied within the present framewoifl50163-18207)09535-(

Recent synthetic techniques have provided an intensivailed plane-wavab initio pseudopotential local-density cal-
interest on the physico-chemistry of carbon, particularyy C culations the importance of the hybridization of & and
owing to the superconductivity properties exhibited by, C 7 states. As a result their local-density approximation gap
doped with K and Rb, multishell fullerene, and singheulti) compared to their Koster-Slater tight-binding calculation are
shell nanotubules discovered by ljima. Tubules have beelpwered by more than 50% and even more than one tubule
highly observed with high-resolution electronic microscopyhas been found metallic. The variation of the tubule elec-
techniques. They have been mostly characterized withtronic behavior can be understood from a two-dimensional
electron-energy-loss spectroscopy providing some insighteand structure of graphite. Firstly, the main difference be-
on thes ando plasmorE Up to now the main experimental tween tubule and graphite is that in graphite the wave vector
difficulty to derive physical data from experiment is due to of the Bloch wave function is located in the first Brillouin
the random distribution of tubules. However, recently dezone(BZ), as for tubule owing to the finite periodic condi-
Heer et al. have reported the production of aligned nanotu-tion along the circumference the wave vector along the cir-
bule films, in which the tubule diameter is 48 nm(corre- ~ cumference is discretely selected in the BZ.
sponding to 10-20 concentric cylindrical graphitic shgets The aim of the present paper is devoted to the conse-
and lengths on the order of dm.2 They manage to measure quences of the intra-atomic correlation on the electronic and
angle-dependent conduction-electron spin-resonance ardagnetic properties. Owing to the difficulty in dealing with
static magnetic susceptibility, so above 40 K, the nanotubulgorrelation both for ther and 7 electrons, and noticing that
behaves with Pauli susceptibility of ¥Gspins/cni consistent  the electronic character and magnetic properties are mainly
with a semimetal. Below 40 K, the resistivity, the spin sus-governed by ther electrons(sp?c band mixes weakly with
ceptibility and theg factor and their anisotropies can be in- p-bonding statelet us investigate only correlation in the
terpreted like the evidence of charge-carrier localization. band. Such intra-atomic correlations are classically studied

Firstly, let us introduce some notations. Single nanotubulavith the Hubbard Hamiltoniatd, which has been applied
A(ny,n,) are formed by rolling a graphite sheet such that thesuccessfully for such studies in fullerene, carbon cluster, and
point of coordinates r{;,n,) is superposed to the origin. 7 systems!

Such tubules display helicity but also chirality for given
(n1,nz), two ways of rolling are possible leading to two H=> 8(k)CEUCko+UZ NN (1)
mirror symmetric tubules. In the case with no chirality let us Ko i

introduce the notatioB(l,,l,)n instead ofA(n;,n,) where , . : : . I
ny=1,n, n,=I,n andn represents the number of hexagonsWhere the first term is the site-to-site hopping contribution

on the circumference. The first theoretical answer to the elec:e-1nd the seco_n(_j the Intra-atomic correlatmb,_ () are the
tronic character of tubule was reported by Mintmire Dunlop,creanon(anmhllatlor). operators of eITecton nr band with
and White® using a local-density-functional approach andMementumk and spina and nj,=(c;,Ci,) is the number
extending these results to a model containing an electrorRPerator. Ther energy spectra(k) has been derived from a
lattice interaction, they felt that a transition from Peierls- tight-binding calculation involving and o electrons de-
distorted regime to a high-temperature metallic regime coul@cribed by the following Hamiltoniafi “°™

occur below room temperature. Moreover, from a tight-

binding band-structure calculation of which the total-energy Heom= > gl chic O = clioCoio
minimization of the carbon-atom system is described by the 7 CywveTHe g ey

Tersoff interaction potential, Hamada, Sawada and
Oskigamé have predicted an electronic transition in nanotu- N
bules from metallic to semiconducting with narrow and mod- + igfj V(R —Ry), @
erate band gap highly depending on the diameter of the tu-

bule and on the degree of helical arrangement of the carbowhere y,u label the orbital components sfpy,py,p,. The
hexagons. However, Blag al.” have pointed out using de- last term describes the core repulsive interaction. Btjgz
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FIG. 1. (a) Geometric configuration for tubulg(1,0)n [the tu-
bule axis is denotedL,0)]; (b) energy-band gap as a function of the
number of hexagons on the circumference for tubuB€4,0)n
when the intra-atomic correlations are neglected.

andV(R) are both distance dependent. The atomic relaxatio
are determined by total-energy minimization given H§P™

(H®™ has been previously applied to investigate carbon

clusted.® Let us illustrate theH®™ results for the tubules
B(0,1)n. Figure 1a) shows theB(0,1)n geometry of the
construction unit along the circumference in whichca
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FIG. 2. The energy-band gap of the tubut€1,0) 6 vs the
intra-atomic correlatiorJ.

intra-atomic correlation will be examined in the Gutzwiller
framework® which is, from the Kotliar and Ruckenstein
work!! equivalent to the saddle point of the slave boson
approach. In the classical Gutzwiller approach in which all
the sites are equivalent, a variatioridl electron function

¢ is derived from a Slater determinant,
=(1/NOdet(, . . . .44) built up with the eigenfunctions
i of the unperturbed Hubbard Hamiltoniafiis guessed in
order to decrease the contribution of the doubly occupied
states:

) =11 (1= (=g Tl vo); 3

hereg is a variational parameter that has to be determined so
as to minimize the enerdy.

Let us investigate firstly the case=6, for U=0 the gap
is small(0.22 e\}. Figure 2 plots the evaluation of the gap
versusU, the gap is decreasing, for instanceJifis equal to
10 eV the gap is quite smadk0.1 eV. Figure 3 displays the
trend of the gap versud for n=7, but even for quite larger
U the gap remains large. Our results of the gap decreasing
Hvith U is in agreement with the result of Horsch, Horsch,
and Fulde on diamontf. The effect is understood by the fact

095

bond is parallel to the tubule axis. The energy-band gap de-
rived from H™ (i.e., without intra-atomic correlatioras a
function of the number of hexagons on the circumference is
displayed in Fig. tb). The present results have the same
trends as the results of Hamada, Sawada, and Oskigama. Ir
particular, forn multiples of 3 the gap is nearly 0. In the
other cases, however, our gap values are smaller; let us say
that our following results will quantitatively depend but not
qualitatively depend on the electronic structure without cor-
relation.

Let us investigate the effect of the intra-atomic correlation
on the band gap. In fullerene and carbon cluster the correla-
tion termU has been assumed equal to 5.5%Mjt in the
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FIG. 3. The energy-band gap of the tubB€1,0) 7 vs the
present work,U will be considered like a parameter. The intra-atomic correlatior.
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FIG. 4. Evolution of the susceptibility(U)/x/(0) vs theintra- FIG. 5. Magnetization per site vs the intra-atomic correlatibn
atomic correlatiorlJ in the tubuleB(1,0)9. in B(1,0)6.

that when an electron is leaving the valence band, the corre- ) L ,

lations in the valence band are smaller: this effect is nof'=6 has been examined, the magnetization per site véfsus

included in the one-electron approximation calculation. TheS Plotted in Fig. 5; fortd <6.5 eV the tubule remains in the

first consequence of our results is that if we assume likéliamagnetic state; as far>6.5 eV, antiferromagnetic spin-

Mintmire, Dunlap, and Whitean electron-lattice interaction, density wave are stabilized. In both cases, the criti¢ab

the transition between the metallic and the Peierls distorte@btain magnetic transition is higher than the experimental

regime will be at temperature smaller than the ones deduceehlue. But perhaps one way to investigate the transition will

by Mintmire, Dunlap, and White. be the use of finite length tubulgn this case the absolute
Previous work has been devoted to the magnetic properalue of the one-electron energy per atom will be smaller

ties of nanotubes. Tian and Ddftdnave looked at the mag- than the energy of the infinite tubule and the transition will

netic susceptibility with a mean-field framework, as for Ajiki be occurring with lowetJ).

and Andd“'lsthey have looked at the effect of magnetic field et us finish the paper by examining the effect of the

on band gap. . _ _ correlation on the magnetic ordering transition described by
Finally, let us examine the magnetic properties of tubule payids, Wang, Saxena, and BisH®gDWSB) as the tube
The nonmagnetic_ and ferromagnetic or _partly ferromagn_etiqadiusR is varied. They have shown that as the radRief
can be studied with the previous Gutzwiller method applied, ,pyle is changed at fixed electron density, a transition is
with all equivalent site. However, for antiferromagnetic occurring from a paramagnetiRER,) to a diamagnetic
states, it can be investigated with the Gutzwiller approac R>R.) magnetization for a two dinc1ensional electron-gas
Enuett:\r;% préceev(tacl)opzyé |sbto vxg_oarll:avr\]nct)h t:rf dtwacsr:ti(r: é%ntit_?\r/]vgler model confined on a mesoscopic cylinder but neglecting the
P y . Pauli paramagnetizatiotthe critical radiusR, has been es-

Gutzwiller method has been applied to study the antiferro-.
magnetic spin-wave density as in fullerédehe critical U timated to be equal to 6.4)ANevertheless, they have found

(6.7 V) about which the AF SDW are stablized agrees withthat the transition nature remains the same if the Pauli para-
Hértree-Fock calculation'€ magnetization is included. In this final part let us investigate

Let us study the case where the gap is very smallfor if with our model such transition is occurring. Let us con-
0, for instance take=9. The Gutzwiller procedure shows sider the tubule in a magnetic field parallel to the tubule axis.
the fully ferromagnetic state is more favorable fr-7.3 ey~ DU€ 10 the gauge invariance, the hopping tetimin the

than the nonmagnetic state. The Pauli susceptibility per atorfj@miltonian has to be transformed intgexdfAdr. The
y at low magnetic field, that is to say, for small magnetiza_magnetmatmn including the diamagnetic and the paramag-

tion m (m<1) wherem=(N1—N|)/(NT+N]) is easily netic contribution can be derived straightforwardly from the

deduced from the variation of the enerym) by calculation o_f the energy of the systgm Versus the flux and
U. So forU=0, a transition from a diamagnetic to a para-

) ﬁZE(m)) -1 magnetic magnetization is happening for 18. The transi-
X=H )

(4)  tion is respectively, fotJ=2.2 and 4.5 eV fon=24 and 30.

It is due to the fact that the intra-atomic correlation enhances
where u is the Bohr magnetony diverges foru=7.3eV  the paramagnetic component and so the transition is dis-
which is the sign of the ferromagnetic transititfig. 4). placed to highen for largerU. By consequence, the phe-

Let us now investigate the case where the gap is finite fonomena predicted by DWSB is robust versus the intra-
U=0. Using the Takano-Gutzwiller method, the case whereatomic correlation.

om?
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