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Extreme hydrogen sensitivity of the transport properties of single-wall carbon-nanotube capsules
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I-V characteristics of single-wall carbon nanotubes are calculated and shown to be extremely sensitive to H
adsorption. Furthermore, this sensitivity manifests oscillating characteristics in both metallic and semiconduct-
ing nanotubes and can be attributed mainly to the changes in the transmission function induced by H adatoms
and not to the charge transfer. The results are in good agreement with a recent experimental study of hydrogen
storage in single-wall carbon nanotubes.
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The electronic structure of single-wall carbon nanotubesadatoms on the electronic and transport properties of
(SWCNS can be either metallic or semiconducting, depend-SWCNs to be an outcome of a delicate interplay among vari-
ing on both the diameter and chirality which can be uniquelyous factors including the charge transfer, possible pinning of
determined by the chiral vecton(m), wheren andm are  the Fermi energy, the creation of the impurity band and its
integers: More recent experiments, however, suggest thdocation relative toE- (Fermi energy, etc. However, the
electronic properties to have extreme sensitivity to a chemieontribution of each one of these factors to the transport
cal environment. In particular, exposure to gaseous molproperties of SWCNs has not been established yet. It is ap-
ecules such as oxygen, NOor NH; results in orders of parent that a quantitative understanding of their contributions
magnitude change in the electrical resistivity of semicon-o the electronic and transport properties of SWCNs is essen-
ducting nanotube$® Some small-band-gap semiconducting tial and timely for understanding their true intrinsic proper-
nanotubes were even observed to become metallic upon oxyies.
gen dosindg. While exposure to N@molecules increased the In the present work, we perform a quantitative study of
conductance of the SWCN sample by about three orders dghe effect of H adsorption and charge transfer on the trans-
magnitude, conductance of the SWCN sample was observaubrt properties of SWCNs by calculatimey curves for both
to decrease=100-fold after exposure to NH bare and H adsorbg®,5 and(10,0 tubes. Our system con-

A number of factors have been attributed to be responsists of finite-length(5,5 and(10,0 SWCNs containing 150
sible for this including charge transfer and the presence ofnd 164 C atoms, respectively. Both tubes are capped at both
defects. In particular, it has been argued that the interactioands to avoid the influence of dangling bond effects. The
of Cu with metallic SWCNs leads to a gap openingeat, SWCNs are placed between two paramagnetic transition
affecting, thus, the conduction properties of the SWCN. metal leadgNi with its (001) orientation parallel to the tube
Similarly, charge transfer induced by N@nd NH; adsorp-  axis) which act as terminals between which a bias voltage is
tion on semiconducting SWCNs is thought to alter theapplied. The H-adsorbed SWCN systems investigated con-
change in the SWCN conductarit@heoretical calculations sisted of up to 12 H atoms on SWCNSs. The length of the
performed on oxidized semiconducting nanotubes suggestibes chosen is sufficiently large enough to isolate the influ-
weak hybridization between carbon and oxygen, resulting irence of H adsorption on conductance while avoiding inter-
conducting states near the band gapurthermore, a small actions between H atoms and metal leads.
charge transfer of 0.1 electron from the nanotube to each Although most previous theoretical works on quantum

oxygen molecule was predictéd. conductivity have primarily dealt with infinite-length nano-
Interestingly, changes in the resistivity of SWCNs weretubes on account of the simplification offered in the formal-
also observed in cases where the gas adsorgtien N,, ism, recent experimental works have provided evidence for

He, H,) does not induce any charge tran$féin such cases transport through finite-length nanotubeRapid advances in

the resistivity change upon gas adsorption was tentativelgxperimental techniques will soon enable measurements on

assigned to changes in the electron and hole free carrier lifetanotube systems consisting of a few hundred atoms as in

times. Along this line of approach, we have shown recentlhthe present work. Theoretical studies dealing with SWCNs of

that Ni adatoms on metallic SWCNs induce changes in th@pproximately the same size as the one used in the present

electron scattering time which can account for the anomalouwork have already appeared in the literatthe:*

temperature dependence of the SWCNT resistfity. We use the familiar Landauer expression to obtain con-
Despite all these considerations, no satisfactory explanaiductivity from the transmission functiof(E),*® which, in

tion of the transport changes induced by adatoms on SWCNsIrn, is obtained using the Green’s function formalism. A

has been given yet. It is reasonable to expect the effect agkalistic treatment of SWCNs interacting with metal leads
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figure, the H chemisorption results in the underlying carbon
atoms going from a planars@? type) to a pyramidal §p°>
type) configuration. The TB calculations are complemented
by accurateab initio calculations performed using the den-
sity functional theory(DFT) basedGAUSSIAN 98 progrant>
The ab initio method is used to calculate total energies of all
the relaxed structures considered in the present work as well
as for calculating the highest-occupied molecular orbital
(HOMO) and the lowest-unoccupied molecular orbital
(LUMO) energy differencessee Refs. 20 and 24 for more
detailg. Our ab initio calculations estimate the binding en-
ergy of the H atom on thé€10,0 SWCN to be 1.98 eV.

For calculating quantum conductivity we use the Green’s

FIG. 1. Relaxed geometry dfi0,0 SWCN “capsule” with 12 function formalism to embed the SWCN in a host lattice
H atoms adsorbed. The relaxation results in the underlying carbooonsisting of transition metal atoms forming semi-infinite
atom going from a planars@? type) to a pyramidal §p° type)  leads at the two endS.A boundary surfac& separates the
configuration. embedded systeftube from the host latticéleads with the

Green’s function of the host satisfying the Dirichlet’s bound-

must involve a judicious construction of the Green’s func-ary condition onS.?® The lead-tube interaction is incorpo-
tion. We use the tight-bindingr'B) formulation for both the  rated through the introduction of an electron self-energy term
Hamiltonian and the Green’s function. The TB Hamiltonianin the formalism. There are two self-energy terms, one for
consists 0fNaNop X NatNgrp matrices, whereN,; is the  each metal lead. Although it is desirable to have the calcula-
number of atoms in the embedding subspacelyg is the  tions performed self-consistently, the size of the system
number of orbitals on each atom. Contrary to previous work§number of atoms as well as the use of nine orbitals for each
on quantum transport which use only ofreelectron orbital — atom) makes this prohibitively expensive. We note that pre-
per atom, we usbl,,,=4 for carbon, which includessland  vious calculations, when done self-consistently, involved
3p orbitals. Additionally, we us&l,,,=9 for Ni (taken to be only very-small-size systemstypically less than 15
the material of the leadswhich includes &, 3p, and &  atom3.2”® The purpose of the present work is to gain an
orbitals. This Hamiltonian has been used with success in thanderstanding of the effect of H adsorption on the transmit-
treatment of transition metal systems as well as their intertance and quantum conductance of SWCNs while keeping
actions with carbon fullerenes and nanotulfeg® other factors fixed. The novel feature of the present method

We use the TB Hamiltonian to perform full symmetry is that the Hamiltonian used in calculating the conductivity is
unconstrained molecular dynamics relaxation for theidentical to the one used in performing tight-binding molecu-
H-adsorbed SWCN system. Consideration of the atomic relar dynamics simulations for relaxing all structures consid-
laxation is essential since the interaction between the nan@red as well as the use of nine orbitals for each atom that
tube and hydrogen is fairly strong and can give rise to gapincludesd electrons of the transition metal atoms. All our
opening deformationg-?? In Fig. 1 we show the relaxed results of the TB calculations are checkedatyinitio ones.
configuration of 12 H atoms on@0,0 tube. As seen in the In Fig. 2 we showl-V curves for the semiconducting
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TABLE I. HOMO-LUMO gap values for H-adsorbed0,0  of a bare SWCN nanotube plus the Ni leads is compared
tube obtained usingb initio calculations. All structures are fully wijth the DOS resulting from the adsorption of 1 and 12 H
relaxed. atoms in the vicinity ofEr. As seen in the DOS figure,
additional peaks are introduced in the gap as a result of H

Structure HOMO-LUMO gageV) adsorption when compared to the bare SWCN case. For the
SWCN+0H 0.75 purposes of clarity, only the results for zero, 1 H, and 12 H
SWCN+1H 0.12 atoms are shown for DOS. The resonance peaks bEloof
SWCN+2H 0.18 the bare SWCN are shifted farther downward on H adsorp-
SWCN+3H 0.06 tion. These modifications cause th& characteristics of the
SWCN+12H 0.10 H-adsorbed tube to exhibit a high sensitivity in the current at

low bias voltages as compared to the corresponding current
values of the H-free tube. Furthermore, it can be inferred that
(10,0 nanotube with up to 12 chemisorbed H atofh3he  the qualitative trend found here is identical to the one ob-
|-V characteristics of the bare tube are denoted by the SOlitb_ined using oumb initio calculations presented in Table |
line. The steplike features seen in the/ curves are NoW \yhjch contains the HOMO-LUMO gap values for H adsorp-
well understood; it is the outcome of the resonant scatteringjon for SWCNs. Theab initio results show an oscillation in
attributed to the resonance structureT¢E) resulting from 1o HOMO-LUMO gap on H adsorption.

scattering at the lead-tube contacts. In this picture, finitt |, order to study the effect of chirality on H adsorption,

changes in the bias voltage result in additional electron banqﬁe calculate the conductance of metalfic5) tube, also with

becoming a"a"a‘.b'e for transm|35|8?1,thus giving rise to up to 12 chemisorbed H atoms. Th&/ curves for this sys-
abrupt changes in the current as the bias voltage is changed: - . , .
tem are shown in Fig. 3. As seen in the figure, in contrast to

The resonance structure Gi(E) can be attributed to the the (10,0 case, there is an increase in the current for 1 H

metal-tube interaction as well as to confinement and interfer- . . .
ence effects which can lead to Breit-Wigner and Fano resoatom adsorption followed by a further increase in the current

nances and antiresonanéég? As seen in Fig. 2, for low for 2 H_ atoms for the most 01_‘ the range of the bias voltage.
values of the applied voltage<(2 V), the current versus Therg is a smaller increase in the cu_rrent3)H atom ad-
voltage curves show oscillations as the number of adsorbegPrPtion over the bare tube value, while the current for 12 H
H atoms increases. The initial drop in the current for 1 H&toms is close to the bare tube value. Overall,Ithechar-
atom adsorption is followed by a Significant drop in the Cur_acteristics are similar to that in Flg 2, ShOWing oscillations
rent far 2 H atom adsorption, while the value of the currentWith increased H adsorption. The insets show the corre-
for 3 H atoms is very close to the bare tube case for most o$ponding transmission function(#) and DOS for the 150-
the range of the voltage. There is a substantial increase in treifom SWCN “capsule” plus Ni atoms in contact with the
current for 12 H atom adsorption. carbon atoms of the SWCN. For the purposes of clarity,
The extreme sensitivity exhibited in quantum conductivity again, only the results fdl H and 12 H atoms are shown for
on H chemisorption can be better understood by studying ththe DOS in Fig. 3. The transmission functidi{E) for the
behavior of the transmission functiof(E) and density of 1-H- and 12-H-atom cases differ significantly from {1©,0
states(DOS) in the vicinity of Eg, shown in the insets of tube case. As seen in the figure, the chemisorption of H
Fig. 2. In theseT(E) and the DOS of the system consisting causes the destruction of most resonances b&pwvhen
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compared with the H-free case. This explains why no signifi- Interestingly, a very recent experimental paper by Suma-
cant increase in the current is observed for the 1-H- andhasekerat al. dealing with the study of hydrogen storage in
12-H-atom adsorption. SWCNs (Ref. 7 shows the electrical resistivity of SWCNs

We have also performedb initio calculations for the to depend sensitively on H adsorption. In the absence of
HOMO-LUMO gap values for neutral and charged nano-significant charge transfer found in the experiments, the re-
tubes. For metallic tubes, the charge trandfeositive or  Sistivity change upon H adsorption is attributed to additional
negative tends to develop a gap, while for semiconductingimpurity scattering induced by H. This is exactly the same as
tube the existing gap is decreased on charge trafgtei-  the conclusion of the present work. o
tive or negativg with the positive value of charge transfer It 1S also worth considering the effect of localization
(to the nanotubebeing more influential in decreasing the caused by the H inducesp” defects as S%%Végn in Fig. 1 and
gap Ths i cacuatons give sl chrge ranser of 21 S1E5 1 Conductuty Recent endihave howr
0.2% from each H to the nanotube for all cases studied

; U : : localization (Anderson localization therefore justifying the
[nal(;lng thef SKVCN atmlon]lcc. .Slntce,d for Ia metallic tube, theetxceptional ballistic transport propert_ies of_ the these nano-
endency ot charge transier 1S 10 develop an energy gap gipes The present study, therefore, is valid @5 nano-

Er, it should contribute towards suppression of the curren,peq even though localization effects are not explicitly taken
in the m_etalllc tube. The reverse should be true for the seMinig account. Although these effects may be valid for the
conducting tube; charge transfer decreases the energy gano,0 nanotube, we do not expect localization effects to pre-
providing an enhancement in the conductivity. Since the conyent the extrapolation of our results to larger tube lengths.
ductivity shows oscillations, regardless of the chirality of the  |n summary, our calculations show extreme sensitivity of
SWCN, it is reasonable to attribute the changes inltheé  the quantum conductance on H adsorption on carbon nano-
curve of the H-adsorbed tube mainly to the H-inducedtubes. This has been explained to be caused by additional
changes in the resonance structurd@ @) of the H-free tube resonances induced by H adsorption. Furthermore, while the
rather than to charge transfer effects. A similar explanatiorsemiconducting SWCN exhibits a significant increase in con-
may be applicable in the case of contrasting behavior obductivity on large H adsorption, the conductivity remains
served in the conductance of nanotubes upop N@H;, and ~ essentially unchanged for metallic SWCNs on large H ad-
oxygen adsorption reported in recent experiménits. sorption. These contrasting tendencies present an intriguing

We have also studied the same systems using the transfB@ssibility of using H-rich environments for identifying me-
Hamiltoniar?® approach(THA) which is the weak-coupling t@llic and semiconducting nanotubes.

version of the present scattering approach. The réSults The present work is supported through grants by the NSF
tained using the THA were qualitatively identical to the (98-62485, 99-07463, MRSEC Program under award No.
present results providing an independent verification of thedMR-9809686, DEPSCoR(99-63231 and 99-63232DOE

oscillating behavior of the conductivity on H adsorption on Grant No. 00-63857, NASA Grant No. 00-463937, and the
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