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are defmed by the diameter and helicity, and the 
electronic properties (Fig. 1B) for the upper and Atomically Resolved lower portions of the nanotube. 

Single-Walled Carbon Nanotube .4&lysis of Fig. 1A shows that the upper - and lower portions of the nanotube have similar 
diameters, 1.57 t 0.07 nm, but significantly 

lntramolecular Junctions different in its chiral angles (o), where the angle 
is defined relative to the zigzag direction. for 

Min ~uyang,' Jin-Lin Huang,' Chin Li Cheung,' the upper and lower portions, 0 = -3.9" t 0.8" 
Charles M. ~ieber'-'* and -10.5" ? 0.8", respectively. The very 

significant change in chiral angle that occurs 
Intramolecular junctions in single-walled carbon nanotubes are potentially ideal across the local defect is strong evidence that 
structures for building robust, molecular-scale electronics but have only been this feature is an IMJ. Further support for this 
studied theoretically at the atomic level. Scanning tunneling microscopy was conclusion was obtained from tunneling spec- 
used to determine the atomic structure and electronic properties of such troscopy data (Fig. lB), which show clear 
junctions in single-walled nanotube samples. Metal-semiconductor junctions peaks corresponding to the van Hove singulari- 
are found to exhibit an electronically sharp interface without localized junction ties (VHS) characteristic of the one-diiension- 
states, whereas a more diffuse interface and low-energy states are found in a1 SWNT (13-15). The difference between the 
metal-metal junctions. Tight-binding calculations for models based on observed first VHS in the upper segment, 0.45 eV, is 
atomic structures show gbod agreement with spectroscopy and provide insight about three times smaller than the difference for 
into the topological defects forming intramolecular junctions. These studies the lower segment, 1.29 eV, and is thus consis- 
have important implications for applications of present materials and provide tent with the upper and lower portions being 
a means for assessing efforts designed to tailor intramolecular junctions for semiconducting and metallic, respectively (1 5). 
nanoelectronics. That is, the gap, E,, between first VHS depends 

only on diameter (d) and not the helicity: Eg = 

Single-walled carbon nanotubes (SWNTs) in- els of the junctions. Comparisons between GyoacJd,where yo is transfer matrix element, 
tramolecular junctions (IMJs) formed by in- tight-binding calculations and spatially re- a,, is the carbon-carbon bond distance, and G is 
terposing one or multiple topologic pentagon- solved tunneling spectroscopy data were used 2 for semiconducting and 6 for metallic 
heptagon (5-7) defects (in the normal hexag- to determine the most likely configurations of SWNTs (24). The gaps calculated using the 
onal structure) between two nanotube seg- topological defects for IMJs and reveal char- measured diameter and our experimentally de- 
ments of different helicity have aroused acteristic features of the M-S and M-M IMJs. termined value of yo = 2.5 eV (14, 24), 0.45 
substantial interest due to their potential for The ability to characterize IMJs at the atomic and 1.35 eV, are consistent with those mea- 
creating nanoelectronic devices (1-3). Theo- level will aid in further developing our un- sured (Fig. 1B). 
retical studies of the electronic properties of derstanding of these molecular-scale struc- We also characterized in greater detail the 
model SWNT IMJs (4-9) suggest that these tures and will be critical to synthetic efforts electronic properties of the IMJ using spatial- 
structures could function as molecular-size aimed at "engineering" junctions. ly resolved spectroscopy measurements (Fig. 
metal-semiconductor (M-S), metal-metal (M- A homemade ultrahigh vacuum STM oper- 1C). Examination shows that the gap defined 
M), or semiconductor-semiconductor build- ating at 5 K was used to characterize the struc- by VHS in the semiconducting tube segment 
ing blocks with robust solid-state behavior. ture and electronic properties of SWNTs. Sam- (small arrows) decays across the IMJ into the 
To date, experimental observations of bent ple preparation and image analysis were similar metallic segment within <1 nm, whereas the 
SWNTs (10, 11) and transport through nano- to previous studies (14, 17). Atomically re- distinct spectroscopic features of the metallic 
tube structures (1 1, 12) have provided only solved images of a large nunlber (about 100) of tube (large arrows) appear to decay more 
indirect evidence for the existence of IMJs. individual SWNTs and SWNT bundles were quickly across the junction interface. The 
Atomically resolved scanning tunneling mi- recorded, and about 10% of these were found to relatively sharp interface is consistent with 
croscopy (STM), which has previously exhibit stable defect features under extended theoretical calculations on model structures 
shown-that SWNTs can exhibit a wide range scanning. Features that change with scanning (5-8) and supports the idea that molecular- 
of atomic structures (13-15), represents a are also observed and can be attributed to ad- scale devices could be developed from 
potentially ideal technique for illuminating sorbates (18). SWNT IMJs. In addition, no localized states 
the properties of IMJs. The wide range of A typical example of a SWNT IMJ (Fig. are detected in the interface region, suggest- 
s W ~ Istructures observed (15) underscores lA), which is located at the center of the image, ing that the M-S junction may behave as an 
the importance in elucidating the atomic-lev- is visible at different bias voltages as a clear ideal Schottky diode. These atomic-level ob- 
el structure of suspected IMJs to define their perturbation in the regular atomic-scale structure servations lend support to recent experiments 
existence (16) and to understand their elec- of the upper and lower portions of the SWNT. (11. 12) that have attributed IMJs to rectify- 
tronic properties. The fact that a 5-7 defect is not clearly visible in ing transport data. 

We report STM studies of SWNTs that this region is not surprising because (i) the de- In comparison to previous work (10-12), 
resolve the atomic structures and electronic fect may not be located directly at the upper our atomically resolvedimages enable atomic 
properties of M-S and M-M IMJs. The ob- surface of the SWNT circumference and (ii) the models of the junction to be constructed, 
served atomic structures of the SWNTs form- local density of states, which are measured in analyzed theoretically, and compared with 
ing IMJs were used to construct atomic mod- the STM experiment, do not necessarily reflect the experimental spectroscopy data. To build 

the atom vositions. This latter voint has been models of the IMJ. the SWNT (n.m) indices 
addressed specifically in recent theoretical cal- that correspond to a specific combination of d'Department of Chemistry and Chemical Biology and 
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i culations of expected STM images for different and 0 (24) were determined by using anand ~ ~ ~ l i ~ d  
vard University, Cambridge, MA 02138, USA. 5-7 defect configurations (19-23). The presence iterative projection matching method (1 7). 
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where a, and a, are the unit vectors of the 
graphene hexagonal lattice. For the semicon- 
ducting and metallic portions, these indices are 
(21,-2) and (22,-5), respectively. SWNT seg- 
ments with these indices can be joined seam- 
lessly along a common axis using different 
configurations of 5-7 defects. Two low-energy 
structural models are shown (Fig. 2A), which 
have been optimized using molecular mechan- 
ics energy mhimization. Model. I consists of 
three separated 5-7 pairs and Model I1 has two 
isolated 5-7 pairs and one 5-717-5 pair. It is 
possible to evaluate the viability of these atomic 
models by calculating the local electronic den- 
sity of states (LDOS) and comparing these with 
experiment. The results from our tight-binding 

R E P O R T S  

calculations (15,25) (Fig. 2B) show that LDOS 
for Model I matches the experimental data well. 
Specifically, the first VHS of the semiconduct- 
ing segment decays across the IMJ into the 
metallic segment with a decay constant similar 
to that in the experiment. In contrast, the LDOS 
calculated for Model II exhibits low-energy 
states around -0.10 eV, which are not observed 
in our experimental data. Hence, we believe 
that Model I can be reasonably assigned to the 
structure for the observed IMJ. Our new results 
and previous calculations (5-8) show that the 
absence or presence of localized states at the 
M-S junction reflect the specific configuration 
of 5-7 defects. Because this could be used to 
vary device properties, it will be interesting to 

I I I I I 1 1  ~ " " " ' ~  
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 

Energy (eV) Energy (eV) 
Fig. 1. Structure and spectroscopy of a M-S IMj. (A) Atomically resolved STM image of a SWNT 
containing an IMJ; the junction position is highlighted with a white arrow. Black honeycomb meshes 
corresponding to  (21,-2) and (22,-5) indices are overlaid on the upper and lower portions, 
respe&ively, of the'nanotube to  highlight the distinct atomic structures'of these different regions. 
The image was recorded in the constant-current mode with electrochemicallv etched tungsten t i ~ s  
at bias &age V, = 650 mV and I = 150 PA. Bar, 1 nm. (B) Tunneling condukance, dl/dv:recorded 
at the upper (V) and lower (A) locations indicated in (A). The data were recorded directly as the 
in-phase component of the current I by a lock-in amplifier with a 7.37-kHz modulation signal of 
2-mV peak-to-peak amplitude, and the curves presented in the figures were typically averaged over 
six sets of raw data. The energy difference between first VHS gap in the upper semiconducting 
segment, 0.45 eV, and lower metallic segment, 1.29 eV, are shown. (C) Spatially resolved dl/dV 
acquired across the M-S IMj at the positions indicated by the six symbols on the high-resolution 
image (inset) of the junction interface. The small arrows highlight the positions of the first VHS of 
the semiconducting (21,-2) structure and emphasize their spatial decay across the junction; the 
large arrows highlight the first VHS of the metallic (22,-5) structure. Bar, 1 nm. 

see whether these configurations can be con- 
trolled in the future. 

We also characterized a M-M IMJ junction 
using similar methods (Fig. 3). The atomically 
resolved image (Fig. 3A) suggests a large dif- 
ference in diameters but similar chiral angles 
for the upper and lower segments of IMJ struc- . 
ture, d = 1.23 + 0.05 nm and 0 = 24.3" + 
0.6", and d = 1.06 + 0.05 nm and 0 = 23.8" + 
0.6", respectively. The local spectroscopy data 
recorded away from the IMJ region (Fig. 3B) 

I A Model 1 

1 (229-5) Model I1 (219-2) - I 

l t ~ a ~ ~ ~ ~ l  
- - 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 
Energy (eV) 

Fig. 2. Atomic models and electronic properties 
of the M-S IMJ. (A) Two different models for a 
(22,-5)1(21,-2) junction. Model I has three 
separated 5-7 pairs, and Model II has two iso- 
lated 5-7 pairs and one 5-717-5 pair. The filled 
black spheres highlight the atoms forming the 
5-7 defects. The symbols in (A) are the.same as 
in Fig. IA, and correspond to  the locations 
where LDOS was calculated. (B) Calculated 
LDOS for Model I (solid line) and Model II 
(dashed line). More than 2000 carbon atoms 
were involved for calculation for every model. 
The small and large black arrows highlight the 
same features as in Fig. 1C. 
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demonstrates that the magnitude of the first 
VHS gap for the lower segment is larger than 
that recorded on the upper segment. Thus, these 
gaps are consistent with the diameters deter- 
mined from the images. Moreover, they show 
that both segments are metallic SWNTs. In 
addition, spatially resolved spectroscopy data 
recorded across the IMJ (Fig. 3C) shows new 
features not observed in the M-S IMJ discussed 
above; that is, there are low-energy peaks at 
-0.55 and -0.27 eV not present in the spectros- 
copy data recorded away from the junction. 
These peaks appear to decay slowly from the 
IMJ into the bulk of the larger diameter seg- 
ment but quickly into the smaller segment. 

We determined the (n,m) indices of the larg- 
er and smaller segments of the IMJ structure 
using the iterative method above and find the 
best fits to be for values of (11,8) and (9,6), 
respectively, which are both metallic tubes. To 
check the consistency of this assignment, tight- 
binding calculations (25) were used to evaluate 
the LDOS for isolated (11,8) and (9,6) tubes. 
Comparison of the calculated and experimental 
LDOS (Fig. 3B) shows excellent agreement and 
substantiates our assignment of the indices and 
the M-M character of the junction. The (11,8) 
and (9,6) SWNT segments can be joined seam- 
lessly along a common axis using different con- 
figurations of 5-7 defects. A specific model 
(Fig. 4A) we analyzed consists of two separated 
5-717-5 pairs. It is also possible to connect the 
(1 1,s) and (9,6) segments using two or three 5-7 
pairs, although our calculations suggest that 
these are less likely (26). The LDOS obtained 
from our T-only tight-binding calculation (Fig. 
4B) shows reasonable agreement with the ex- 
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perimental observation. Specifically, the low- 
energy peak at -0.55 eV matches that observed 
in experiment; however, we do not detect the 
other peak at -0.27 eV in our T-only calcula- 
tions. We also evaluated and compared the de- 
cay of this peak in both directions from the IMJ 
and found that the calculated (1.6 nm-I) and 
experimental (1.9 nm-I) decay into the (9,6) 
segment'agree better than calculated (2.6 nm-') 
and experimental (4.9 nm-I) decay into the 
(1 1,8) segment. 

We believe that the proposed atomic model 
represents a reasonable description of the IMJ 
but also realize that our calculations have lim- 
itations. In particular, the greater structural dis- 
totions required to join the (1 1,8) and (9,6) 
tubes probably require inclusion of at least 2s 
and 2p orbitals to describe properly the elec- 
tronic structure. More detailed calculations 
should help to understand the origin of all of the 
localized states detected experimentally as well 
as the interesting asymmetry in the decay of 
these states from the IMJ interface. 

The direct atomically resolved characteriza- 
tion of IMJs in as-grown SWNT materials by 
STM has important implications and opens ex- 
citing opportunities on several fronts. We have 
demonstrated unambiguously that IMJs are 
present in SWNT samples, and statistics show 
that topological defects occur with a relatively 
high frequency in these samples grown by laser 
ablation, in contrast to previous expectations. 
The common occurrence of these defects could 
have important implications for the interpreta- 
tion of electrical transport and mechanical mea- 
surements. These studies provide experimental- 
ly derived atomic-level junction models that 

that found'in typical 
data. Although de- 
tailed analysis is be- 
yond the scope of 
this oaDer. recent cal- 

I i6 i . 4  i2 i0 i2 014 016 culaiidns ' suggest 
v 

Energy (eV) 
that the observed 

t structure in  the im- 
age may be due t o  conduction electron scattering (22). 
(B) dl/dV, recorded at the upper (A) and lower (V) 
locations indicated in  (A). The corresponding calculated 
DOS for (11,8) and (9.6) SWNTs are shown above and 
below the experimental curves, respectivelv. ICI Spatiallv 

< . .  
resolved dl/dV recorded across junction at  the positions indicated in (A). New peaks at -0.55 
and -0.27 eV in the junction region are highlighted by solid black and open arrows, 
respectively. 

will enable an important dialog between exper- 
iments and further high-level calculations de- 
signed to reveal details of IMJ physics. We also 
believe that STM characterization of IMJs can 

I - 0 - - x , - - + , - - g - - - * - - + - -  
-0.8 -0.4 0.0 0.4 0.8 

Position X (nm) 

Energy (eV) 
C I 

-1.0 -0.5 0.0 0.5 1.0 
Position X (nm) 

Fig. 4. Atomic model and electronic properties 
of the M-M IMJ. (A) Model of the (11,8)/(9,6) 
junction containing two separated 5-717-5 
pairs, which are highlighted with solid red and 
blue spheres. The view presented was obtained 
by rotating about the axis until the observed 
structure was similar to  the experimental im- 
age (Fig. 3A). (B) Calculated LDOS curves cor- 
responding t o  the six positions indicated in (A). 
The solid black and open arrows correspond to  
the same positions highlighted in Fig. 3C. (C) 
Spatial decay of the localized junction state at 
-0.55 eV. The solid and dashed lines corre- 
spond t o  fits to  the experimental and cakulat- 
ed data, respectively. The origin, negative osi- 
tion [(11,8) side], and positive position i9.6) 
side] are indicated in (A). The decay constants 
k, were obtained by fitting to  exp[-16x1. 
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provide critical information and a feedback 
mechanism for growth studies designed to es- 
tablish rational pathways for controllably pro- 
ducing IMJs in the future. 
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Evidence for Coherent Proton 

Tunneling in a Hydrogen Bond 


Network 

Anthony J. Horsewill,'* Nicholas H. Jones,' Roberto Caciuffo2 

We observed coherent proton tunneling in the cyclic network of four hydrogen 
bonds in calix[4]arene. The tunneling frequency of 35 megahertz was revealed by 
a peak in the magnetic field dependence of the proton spin-lattice relaxation rate 
measured with field-cycling nuclear magnetic resonance in the solid state at 
temperatures below 80 kelvin. The amplitude of the coherent tunneling peak grows 
with temperature according to a Boltzmann law with energy Dlk, = (125 ? 10) 
kelvin (where k, is Boltzmann's constant). The tunneling peak can be interpreted 
in the context of level crossings in the region where the tunneling frequency 
matches the proton Larmor frequency. The tunneling spectrum reveals fine struc- 
ture that we attribute to coupling between the hydrogen bonds in the network. The 
characteristics of the tunneling peak are interpreted in the context of the potential 
energy surface experienced by the hydrogen atoms in the network. 

Quantum tunneling can occur when a particle 
with energy E encounters a potential barrier 
of magnitude V, greater than E. The tunnel- 
ing probability that defines the tunneling fre- 
quency is an exponential function of the bar- 
rier properties and the particle mass, and so 
observations of tunneling are usually con-
fined to particles of low mass that move over 
short distances. 

The explicit observation of molecular tun- 
neling has been confined to relatively few 
systems. For example, the rotation of sym- 
metrical groups at low temperature and, in the 
life sciences, evidence for the role of hydro- 
gen tunneling in enzyme catalysis have re- 
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cently been revealed through the effects of 
the atomic mass on the rates of reaction by 
isotopic substitution (1, 2). 

Here we report the direct observation of 
coherent tunneling associated with proton 
transfer among a network of four coupled 
hydrogen (H) bonds in which the proton 
motion exhibits an oscillatory motion with a 
well-defined frequency. The coupling be-
tween H bonds also manifests itself in fine 
structure. These observations not only pro- 
vide an example of coherent translational 
tunneling but also promise to reveal insight 
into the fundamental mechanisms of chemi- 
cal reactions. 

In selecting molecules with structural prop- 
erties that are liable to reveal coherent tunneling. 
it is important to identify structures that. in the 
isolated molecule at least, have degenerate 
tautomers that can interconvert by proton 
motion. To minimize coupling to the envi- 
ronment that would otherwise quench the 
oscillatory modes. the energy asymmetry of 
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the tautomers, which can then only arise 
from the interactions between molecules in 
the solid state, must be small. Calix-
[nlarenes can meet this requirement; they 
are bowl-shaped macromolecules with or-
dered arrays of phenol-methylene oligomers 
(3). We studied one of the simplest mem- 
bers of this family. calix[4]arene (Fig. 1 ) .  

The molecule has fourfold symmetry, and 
its shape is maintained by a cyclic network 
of four intramolecular H bonds at its base. 
There are no intermolecular H bonds. We 
can identify two degenerate tautomers of 
the isolated molecule that are related by 
proton transfer among the four H bonds. 

Nuclear magnetic resonance (NMR) rel- 
axometry is well established for studying mo- 
lecular dynamics. Atomic motion modulates 
the dipole-dipole interaction between nuclei 
and, indirectly, drives the population changes 
in the nuclear spin levels that give rise to 
spin-lattice relaxation. As the dipolar interac- 
tion has nuclear spin operators that involve 
one-spin ( ? P I  = 1) and two-spin flips (ni= 2).  
the spin-lattice relaxation rate, T ;  ' , simulta-
neously samples the spectral density at the 
Larmor frequency, a,, and twice the Larmor 
frequency. For a nucleus with spin I and 
rnagnetogyric ratio y (4, 5) ,  

where h is Planck's constant divided by .sr. 
The spectral density. fn ' j ( ( o ) ,  is the Fourier 
transform of the dipolar correlation function: 

S" ' ( 0 )  

where i = fland P"" is the spatial part of 
the proton dipolar interaction, which depends 
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