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Theoretical study of one-dimensional chains of metal atoms in nanotubes
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Using first-principles total-energy pseudopotential calculations, we have studied the properties of chains of
potassium and aluminum in nanotubes. For BN tubes, there is little interaction between the metal chains and
the tubes, and the conductivity of these tubes is through carriers located at the inner part of the tube. In
contrast, for small radius carbon nanotubes, there are two types of interactions: charge-tdansiieant for
alkali atomg leading to strong ionic cohesion, and hybridizatiéor multivalent metal atomsresulting in a
smaller cohesion. For Al-atomic chains in carbon tubes, we show that both effects contribute. Electronic
properties related to these confined atomic chains of metal are analyzed.

Quasi-one-dimensional metals and conducting nanowiresavities by capillary action. On the other hand, a strong ionic
are of great interest both from a fundamental point of viewcohesion for K inside subnanometer-size carbon tube was
and for possible applications. Here we explore theoreticatheoretically predictei The assumed classical theory of wet-
models for examining the structural and transport propertieting was therefore concluded to be inappropriate for this tube
of these systemsTubule forms of graphitic carbérwith  size, and incorporation of other metal atoms should be pos-
their expected interesting electronic and mechanicasible.
properties® are ideal candidates as hosts for one dimen- Based on the similarities among graphite and hexagonal
sional metal systems. Carbon tubes have been made that dreron-nitride compounds, we have predicted that BN and
micrometers in length’~'°and have diameters ranging from B,C,N, will form stable tubes>'® This was recently
larger than 100 A for multiwall tubes down to less than 10 A proven experlmentally by electric arc-discharge synttiésis
for single-wall tubes?!! Important effects in the conductiv- as well as by laser-driven gas-phase chemical reaction
ity as a function of length and diameter of encapsulated mesynthesis® The electronic properties of this new class of
tallic nanowires are expected and confinement might induceanotubes are quite different from their carbon counterpart.
new metallic phases. For small diameter tubes, the capturddamely, the BN nanotubes are stable wide-band-gap semi-
metal atoms inside can form an atomic linear cafhis  conductors Ey~ 5.5 eV) independent of helicity, diameter
would provide a new means for producing ideal one-of the tube, or whether the tube is single wall or multiwall.
dimensional metallic chains. The metal capillarity and dop-Furthermore, the bottom of the conduction band is a nearly
ing of tubes also raise the possibility of changing the elecfree electrontNFE-) like state that derives its character from
tronic structure of the tube itself by either charge transfer othe weakly bound states of a BN sheet in a band-folding
hybridization. Just as in the case of alkali-dopeg, Cwe picture!® Considering that insulators are much less polariz-
expect curvature effects to alter electron-phonon and supegable than metals and semimetals, it is expected that the po-
conducting pairing interactions from those of intercalatedtential experienced by an electron in the internal vacuum
graphite!? region close to the BN tube surface will be less binding than

At present, we know of no evidence of alkali intercalation that for graphite. Therefore, we expect BN to behave like an
into nanotubes experimentally that is in contrast to the resultgleal noninteractinghost for the metal atoms inside. We note
for graphitic intercalation compound&IC’s).® Most of the  here that other composition B-C-N tubes have also been pro-
experiments on metal-atom intercalation have been done gmosed (BC,N and BC;) as stabl® and observed
multiwall tubes with large diameter sizésore than 100 A experimentally’® These systems have potential technological
diamete).>~"%4 Transition metals inside the tubes were applications and have very interesting electronic properties
studied! and it was found that the formation of continuous that can be generally explained by rolling the corresponding
nanowires was connected with the existence of an incomplanar sheets. However, we expect that these B-C-N tubes
plete electronic shell in the most stable ion configuration ofwould not serve as noninteracting hosts since their band gaps
the metal. However, in most cases, the filling material was are small.
crystalline metallic carbide. Lead, bismuth, and manganese The purpose of the present study is to examine two par-
incorporation has also been reporfédA more detailed ticular cases of intercalation with metal atoms of different
study’ has proposed surface tension of the liquid phase of thehemical valence: K and Al atoms. We compare and contrast
metals as a key factor in determining whether capillary acthe results for BN tubes with those for carbon nanotubes.
tion (wetting occurs. The experimental surface tensionThe known alkali GIC'S(Ref. 13 and the intercalation of K
threshold found for wetting is near 190 mN/m. Thus, in thisatoms in hexagonal BNRef. 21) supports the possibility of
picture, fillings using metals with larger surface tension re-incorporation of this metal into small-radius nanotubes.
quire external pressure to be experimentally realizable, and However, there are no reports for Al GIC's and Al intercala-
is expected that typical metals will not be drawn into tubetion into hexagonal BN to our knowledge, so ho comparison
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can be made. We show that BN tubes behaveamsnteract-

conclude that the thin tubes react with metals similarly tothe & 0 - - Ey
process of intercalation of the planar graphitic sheets. > '
Total-energy pseudopotential band-structure calculations %ﬂ
are done for the metal and tube systems within the frame- ¢
work of the local-density approximation using a plane-wave it
basis set with a cutoff energy of 36 Ry. The Kleinman- :
Bylanderab initio pseudopotential schefffeincluding core —4
corrections for the exchange-correlation enétgig used.
The core correction is necessary to reproduce the structural -8
properties of bulk K. The calculations were performed in a
supercell geometry with a 5.5-A distance between the walls

of neighboring tubes. This distance is large enough to ensure G, 1. calculated band structurés) (4,4) carbon tube anb)

that tube-tube interactions are negligible. We use ®0 Al.intercalated(4,4) carbon tube. The location of the Fermi level
points in the one-dimensional irreducible Brillouin zone to g_ as well as the Al chain derived states are indicated.

get well converged total energies and electronic states.

We first perform a structural minimization for the free- ameter of the tubes studied, the metallic linear chain is in the
standing linear chain of K and Al atoms. The obtained bondonly possible arrangement because of the geometrical restric-
length of the K chain is 4.08 A and the Al chain 2.38 A, astions for the covalent and metallic radii of the atoffls.
compared to the calculated values of 4.38 A for bulk bcc K In Ref. 4 there is a discussion of the important role of
and 2.84 A for bulk fcc Al. The smaller bond length can be having small diameter carbon tubéiameters close to the
understood in terms of a reduction of the coordination numGIC's interlayer distandefor maximizing the heat of forma-
ber going from the bulk system to the linear ch&inn the  tion for incorporating K atoms+1 eV/K atom). The heat of
case 6 a K chain, a small energy lowerifigbelow 0.5 K formation is obtained by subtracting the total energy of the
was found by dimerization of the K atoms. In contrast, andoped tube from the sum of the total energies of separated
energy lowering of the Al chain from dimerization was not systems of bulk metal and a pure tube. This subnanometer
found in the present calculations. These results, however, ddiameter tubes do not obey the classical picture of wetting
not rule out a Peierls transition for K and Al chains. Since theand capillarity. We here note that nonintercalation of Al at-
energy gain is extremely small, the calculations require ams is expected for very large diameter tubes because liquid
large number of sampling points in momentum space. AcAl has a much larger surface tensfothan the threshold for
cording to these results, we believe that Peierls distortionvetting® For the intercalation of Al in a &,4) tube, we find
would not be important in practical situations. We have estithat the heat of formation is negative, in contrast to K. How-
mated the cohesive energy to be 0.47 and 1.23 eV/atom faver, there is a gain in energy of 0.14 eV/atom comparing the
the K and Al chains, respectively, as compared to the experienergy of a tube with a linear chain inside to that with the
mental values of 0.94 and 3.34 eV/atom for bulk K and Al, chain separated. We thus expect intercalation of Al in the gas
respectively?® For the Al chain, the large difference in cohe- phase could be experimentally realizable under pressure for
sive energy with respect to the bulk metal can be related taarbon tube bundles. The main reason for the negative heat
the incomplete formation of bulkp-delocalized bands in the of formation is that the coordination number for Al is not
one-dimensional chain. Similar effects are expected to hagdarge enough to form thep-metallic band of bulk Al. Hence
pen for the electronic structure when the Al chain is incor-we expect that Al is likely to form larger diameter nanowires
porated into a BN nanotube. (with a tendency to fcc coordinatipmhen the tube diameter

In order to reduce the computational effort, we have asis larger but still in the nanometer regime. In Fig. 1 the band
sumed that the linear chain and the nanotube constitute comstructure of Al inside a @},4) nanotube is compared with
mensurate phases because the change in the binding enethat of an undoped tube. In Fig. 2, a band structure of a
of the linear chain in going from the theoretical bond lengthfree-standing Al chain is shown for comparison. Upon Al
to the well-matched tube lattice constant is srA&lThus we  incorporation, the Fermi level is shifted upward correspond-
set the metal chain bond length to be the same as the periodieg to one electron transfer per metal atom as in the case of
distance along the tube axis in all the calculations reported intercalation. On the other hand, some hybridization be-
here. We note that the K chain is well suited to be incorpotween the Als states with the tube wall is observed. This Al
rated in (1,0) single unit cell tubes or double unit ceti,f) state is indicated in Fig. 1. The A, states angb,, states are
nanotubes, while the Al chain fits well in then,fi) single  above the Fermi level and also hybridize with the conduction
unit cell nanotube$’ The index notation for the tubes used tube states.
here is the same as that given in Ref. 3. Furthermore, the To gain insight into the physics of intercalation of K at-
metal atoms are assumed to be linearly aligned at the tubems into BN tubes, we first performed some calculations for
center. This is not a severe approximation since for the dithe hexagonal planar phase. Hexagonal BN is an indirect

ing confining hosts for metallic chains made of(&r other (4.4 C._tUbe Al in (4"%) _C_mbe
alkali atom$ and Al. This is in contrast with metal atoms - . - - . Yoo
inside carbon nanotubes where charge-transfer and hybrid- Fe - ) K - i "
ization effects are obtained. In all cases, we expect that re- 2~ . r*ﬁ';xy CY
actions in the gas phase would favor the intercalation of AARE E-: e '-.f.j‘E
these metallic atoms in both carbon and BN nanotubes. We = L (a) - -(b) " Al S'- F
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FIG. 2. Band structure of a free-standing Al linear chain. i . . —
o NFE Al
wide-gap semiconductor V\.Iith a NFE §tate that Iies_close to FIG. 3. Top, calculated band structure&) K-intercalated
the bottom of the conducuon_baﬁ?ﬂhls NFE state is the g4 4) tube, pure BNA.4) tube in a(b) single and(c) double unit
one that interacts the most with theKstates. The position cell, and(d) Al-intercalated BN4,4) tube. We includeb) and (c)
of the K-derived level, around 3 eV above the BN valence-(related by folding to allow comparison with the corresponding
band top, is consistent with photoluminescence experidoped tubes. We note that the Brillouin zone of K case is half that
ments?! We remark that the band structure of a single BNof Al. The maxima of the valence bands of the undoped tubes are
sheet is also a wide-band-gap insulator but the NFE stateet as the energy origin. The location of the Fermi lekel is
now becomes the bottom of the conduction band. Accordin@pdicated. The NFE state and the states that derive from its interac-
to our calculation, the wetting of the planar BN sheet by a ktion with the metallic-chain states are indicated and plotted in the
monolayer is an exothermic reaction-0.5 eV/K atomjy ~ Potiom panelstatese, S, similarly for ). Also the Al's and
with a 2x 2 unit cell. In a manner similar to the adsorption of P, states are indicated and the &icharge density is plotted.
K layers on graphité® multiple layers are not expected to be )
adsorbed on the BN sheet. These results support the possidlificantly from those of the single wall tubes, hence we ex-
intercalation of K atoms in small-radius BN nanotubes. mpebct the intercalation to be the same as for the single wall
the three cases studied here, K atoms inside4efl and ~ UP€S: o
BN(8,0, and Al atoms in BN¢4,4) the difference in the bind- The band structure fqr an Al c.h'am in 2 BN4) tube can
ing energy of the two systenisnergy of the tube with metal be understoqd by the direct addition of the two band struc-
; . . . . " tures of the isolated systeniBN tube plus free Al chain
outside minus the one with metal insjde positive but : : .
smaller than the value for Al in carbon nanotubes mainly dueEIeg:tromc states In the'gap at X are clearly seen as being
to the negligible charge transfer from the chain to the BN.de”-Ved from Als andp, linear chain statesee Fig. 2 This
2, L . . is different from the carbon nanotubes where th@Abtates
wall. Th|s_|s an indication of weak mterz_ictlon between theare located just close to the Fermi level. ThesAdtate atx
metal chain and the BN tube. Intercalation, however, couldg gisplayed in the bottom part of Fig. 3. Also plotted is one
still be possible while growing the nanotube in a vapor phasgy the states af” derived from the interaction of the NFE
of the metallic element. o state with the Alp,, states §; and 3, states in the figure,
The band structures of K and Al chains in BN4) tubes  \hich have very similar charge-density profilesVe note
are depicted in Fig. 3. The NFE state interacts with the Kthat all of these states have charge density concentrated in
chains states, keeping the wave function of the occupiedthe inner part of the tube. Therefore, the conductivity of
carrier states located in the interior of the tube on the K chainhese doped tubes will be controlled by carriers in the inside
(see a contour map of charge density for the statet the of the tubes whereas, in carbon nanotubes, carriers on the
bottom of Fig. 3. This is different from K in carbon nano- tube wall dominate. When considering the rigid sliding mo-
tubes, in which the K chaia states and the carbon NFE state tion of the inner metal chain, we find that the change in
also interact but the corresponding wave functions are uno@nergy as a function of position is small and comparable to
cupied and the K electrons are donated to the graphitic walthe one given for K in carbon nanotubks.
We check that these results are independent of the diameter In the present supercell calculation with the metal-chain
and helicity of the BN tube by doing the calculation for K in outside, changing the tube-tube distance affects the value of
BN(8,0. The same picture is obtained with hybridization the total energy by the interaction of the chain with the ad-
among the tube NFE band and theskderived band forming jacent tubegnanotube crystal In the case of the K chain
occupied states with wave function inside the tube. The bandnd GQ7,0) tubes, the intercalated carbon-nanotube crystal
structures of the multiwall BN nanotubes do not change sighecomes more stable than the geometry with the K chain
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inside the tubé.Instead for the Al chain and (@,4) tubes, tubes. The transition between macroscopic behavior con-
the geometry with the Al chain inside the nanotube is 0.33rolled by surface tension and the microscopic level incorpo-
eV/atom more stable than the intercalated nanotube cifstal.ration studied here is still an open question. Noble-metal
Thus, the alkali doping of the nanotube crystal occurs at th@toms such as Ag and Au could also be incorporated in these
interstitial region in analogy to the alkaly-doped solig,C  tubes forming continuous nanowires. Quantized conductance
but this is not the case for other multivalent metals. We exVersus localization effect as a function of length has been

pect similar results for the metal intercalation in BN nano-Teported for thin Au-wires. Similar or more striking effects
tubes. may be observed in a one-dimensional metal chain inside a

In conclusion, we have shown that boron-nitride nano-UPe-

tubes may be good hosts for the incorporation of metal This work was supported by National Science Foundation
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on carbon nanotubes show both charge-transfer and hybrid€Gontact No. DE-AC03-76SF00098. The computations were
ization mechanisms are possible for the formation of thedone on the CRAY-C90 computer at the San Diego Super-
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