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where fractionation is larger and where the observed isotopic
anomalies are more modest4. A major puzzle in the study of
noble gases in presolar diamond has always been that, in the case
of xenon, overabundances in the light isotopes (`Xe-L') accompany
those in the heavy ones (`Xe-H'), but thatÐin the case of
kryptonÐ`Kr-H' is accompanied by what seems a de®cit rather
than an overabundance of the light isotopes 78Kr and 80Kr relative
to s-only 82Kr (refs 4, 27). A ®rst inspection of the changes afforded
by taking isotopic fractionation into account28 indicates that this
puzzle may go away and that Kr-L does exist after all, while there
may be little (if any) argon associated with anomalous krypton and
xenon.
M

Methods

The nanodiamondsÐobtained from the Scienti®c Research Institute of Technical
Physics (Snezhinks, Russia)Ðwere produced as ultradispersed detonation diamonds21
(UDD) by detonation synthesis from explosives, with a mean size of ,4 nm. For the
implantation an ordinary ion gauge set-up was used, with an axial tungsten cathode
surrounded by accelerating grid and cylindrical tantalum collector. Implantation was
from a ¯ow of noble gases (estimated ion intensities, He:Ar:Kr:Xe < 150:50:1:1) into a
,3 ´ 10-4 g cm-2 nanodiamond layer deposited from a colloidal suspension onto part of
the inner surface of the collector. With an energy of ,700 eV, the range of the ions in
diamond is of the order of the grain radius, according to calculations using the TRIM
code29, except for He with a somewhat larger range. After implantation the diamonds
were scraped off the collector. Gases were released by vacuum pyrolysis and analysed for
the abundance and isotopic composition of noble gases by standard noble-gas mass
spectrometry4,30.
For the implantation, gases were introduced from a reservoir at about one bar pressure
into the diffusion-governed regime of the ion source at 5 ´ 10-4 mbar. Further calibrations
will be required in order to decide whether the small isotopic fractionation (relative to
atmospheric isotopic composition) observed for the gases in the low-temperature peak
(Fig. 2)Ðwhich closely follows an m1/2 fractionation law, where m is atomic massÐis
associated with ¯ow conditions or with the implantation process itself.
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The drive towards the development of molecular electronics is
placing increasing demands on the level of control that must be
exerted on the electronic structure of materials. Proposed device
architectures ultimately rely on tuning the interactions between
individual electronic states, which amounts to controlling the
detailed spatial structure of the electronic wavefunctions in the
constituent molecules1,2. Few experimental tools are available to
probe this spatial structure directly, and the shapes of molecular
wavefunctions are usually only known from theoretical investigations. Here we present scanning tunnelling spectroscopy
measurements of the two-dimensional structure of individual
wavefunctions in metallic single-walled carbon nanotubes; these
measurements reveal spatial patterns that can be directly understood from the electronic structure of a single graphite sheet,
and which represent an elegant illustration of Bloch's theorem3
at the level of individual wavefunctions. We also observe
energy-dependent interference patterns in the wavefunctions
and exploit these to directly measure the linear electronic
dispersion relation of the metallic single-walled carbon nanotube.
We deposited nanotubes from a sonicated dichloroethane
suspension4 onto atomically ¯at Au(111) surfaces. To reduce disorder in the observed electronic band structure (J.W.J., S.G.L.,
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L.P.K. and C.D., unpublished results), we used high-purity carbon
nanotubes that had been catalytically grown in high-pressure
carbon monoxide5. To increase the electronic energy-level spacing,
individual metallic single-walled nanotubes (SWNTs) were shortened to less than 40 nm by applying locally a short bias pulse of 6.5 V
between the tip of the scanning tunnelling microscope (STM) and
the sample6 (Fig. 1a). Topography (Fig. 1b) and scanning tunnelling
spectroscopy (STS) measurements were then performed as a function of position on a two-dimensional grid with sub-aÊngstrom
resolution.
The STS technique measures the tunnelling differential conductance (dI/dV) between the STM tip and the sample as a function of
sample bias V, where dI/dV is to a good approximation proportional
to the local density of electronic states (LDOS) of the sample7. For a
system described by discrete electronic wavefunctions wj(r), the
measured STS signal is thus given by
dI
V; r ~
dV

^

jwj rj2

metallic SWNT. The presence of a series of sharp peaks in the LDOS
indicates that the effective energy resolution d is indeed smaller than
the con®nement-induced level spacing in our short SWNTs. Figure
1d±f shows three representative images of dI/dV versus position at
®xed V. These correspond to spatial maps of different individual
molecular wavefunctions jwj j2 . All of the measured wavefunction
images show a quasi-periodic pattern of spots with similar spacing,
but each image also exhibits unique features such as stripes,
alternating rows of bright and dim spots, or a rectangular supercell.
The discrete wavefunctions of carbon nanotubes thus appear to
display a variety of spatial patterns.
The wavefunction images differ from the image of the atomic
lattice of the nanotube, shown in Fig. 1b. The nature of this
difference is most clearly evident in a reciprocal-space representation. A SWNT can be thought of as a single plane of graphite rolled
into a cylinder; the hexagonal lattice of carbon atoms is sketched in
Fig. 2A, and the Fourier transform of an STM image of the atomic

1

jeV2ej j,d

where r is the position coordinate and d is the experimental energy
resolution. When d is less than the energy level spacing ej1 2 ej , the
sum in equation (1) reduces to a single term, and a two-dimensional
measurement of the LDOS at ®xed energy ej corresponds to a spatial
map of jwj j2 .
Figure 1c shows a measurement of dI/dV versus V performed on a
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Figure 1 Energy-resolved images of individual molecular wavefunctions. a, Constantcurrent topographic image of a metallic SWNT that has been cut to a length of 34 nm. This
nanotube has an apparent height of 1.1 nm and a chiral angle of 128. The data were
recorded in constant-current mode using a feedback current of 200 pA and a sample
voltage of -200 mV. Scale bar, 10 nm. b, Constant-current topographic image of the
atomic lattice of the shortened nanotube. Scale bar, 0.5 nm. c, Scanning tunnelling
spectroscopy measurement. The vertical axis is approximately proportional to the LDOS;
we attribute sharp peaks to discrete `particle-in-a-box' electronic states. The data are a
spatial average over the area shown in b. d±f, Energy-resolved images of the individual
states at energies of -96, 30 and 96 meV, respectively, illustrating the variety in the
appearance of individual wavefunctions. These dI/dV images are obtained using a lockin technique. The periodicity of these images differs from that of the simultaneously
acquired atomic lattice image shown in b. g±i, Calculated spatial maps of jwj rj2
based on equation (2). The characteristic features of each image are well reproduced.
The calculation does not include a slow variation of the observed structure with position,
described in detail in Fig. 3. All measurements were performed in an Omicron LT-STM
operated at 4.6 K using Pt/Ir tips cut in air. Featureless I±V characteristics were
observed on the Au(111) substrateÐboth before and after STS measurements were
performed on the SWNT. All data reported in this Letter are from the same sample
(except Fig. 2d). Consistent results were obtained on a second shortened SWNT sample.
In addition, similar two-dimensional patterns were observed on disordered ropes of
SWNTs.
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Figure 2 Comparison of the observed spatial structure with theory. The horizontal
direction corresponds to the longitudinal axis of the SWNT. A, Real-space hexagonal
lattice and de®nitions of the lattice spacing a0 and of the chiral angle v. B, Twodimensional Fourier transform of a topographic image of the atomic lattice. Peaks appear
at wavevectors corresponding to reciprocal lattice vectors G  mb1  nb2 , where m, n
are integers (®lled yellow circles). The red hexagon indicates the border of the ®rst
Brillouin zone, and the red dots correspond to the calculated Fermi wavevectors 6k0n. The
peaks in the data are elongated in the traverse (ky) direction because the SWNT is
intrinsically narrow in that direction. C, Two-dimensional Fourier transform of a
wavefunction image at a sample bias V  64 mV. As per equation (2), the wavefunction
wj r is dominated by six Fourier components with wavevectors corresponding to the
corners of the ®rst Brillouin zone (red dots). Additional Fourier components corresponding
to the second harmonics of these six fundamental components also appear (yellow and
blue dots) because the experiment is sensitive to jwj rj2 instead of wj r. For clarity, the
high-intensity peak at k  0 was removed from the Fourier transforms in B and C.
D, Relation between a measured wavefunction image and the calculated Fourier
components. Each set of parallel lines represents the wavefronts of one of the
`fundamental' Fourier components 6k0n represented by red dots in C. The spacing and
orientation of these wavefronts were determined from a topographic measurement of the
atomic lattice; only the phase of each wave was adjusted to coincide with the position of
the bright spots in the energy-resolved image. Some spots appear between crossing
red lines. These are due to the second harmonics corresponding to the yellow and blue
dots in C, and are present because we measure jwj rj2 . Image D was obtained on a
SWNT rope and is shown here because it is relatively wide in the transverse (y) direction,
thus providing a clearer real-space illustration than our measurements on individual
SWNTs.
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lattice is shown in Fig. 2B. As expected, the Fourier transform
exhibits bright spots at wavevectors k corresponding to the reciprocal lattice vectors G. The Fourier transform of a wavefunction
image, shown in Fig. 2C, shows new peaks at smaller wavevectors. In
particular, the additional Fourier components in the wavefunction
images have wavevectors that coincide with the corners of the ®rst
Brillouin zone (represented by a red hexagon in Fig. 2B, C).
Nanotube wavefunction images have been calculated before8,9,
but not yet experimentally veri®ed. One-dimensional STS line scans
have been reported for the special case of an `armchair' nanotube10,
and were interpreted in terms of a simple one-dimensional particlein-a-box model. We now show that the full two-dimensional
structure of measured wavefunctions as reported in our work can
be understood, for arbitrary chirality, from a careful examination of
the electronic structure of a single plane of graphite.
Band-structure calculations indicate that the Fermi surface of a
plane of graphite consists of only six discrete points corresponding
to the corners of the hexagonal ®rst Brillouin zone. We label these
wavevectors 6 k0n , where n  2 1, 0, 1. A wavefunction wj r at the
Fermi level of a ®nite-sized SWNT is a superposition of Bloch waves,
and can be written in the form9 wj r  2Reuj;n r exp ik0n ×r. Here
uj,n(r) is a function with the periodicity of the atomic lattice. It
follows that the Fourier transform of wj(r) contains Fourier components with wavevectors 6 k0n  {G}, where {G} is the set of all
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Figure 3 Determination of the dispersion relation from the energy dependence of
wavefunction images. a, Sketch of the calculated one-dimensional band structure of a
chiral metallic SWNT near the Fermi level. Two bands cross at the energy E0. Under our
experimental conditions4, the Fermi energy EF lies below E0. Individual wavefunctions are
composed of Bloch waves with wavevectors 6 k00 6 dkj , where dkj is parallel to the
axis of the SWNT and varies linearly with energy ej. b, Measurement of dI/dV versus
position x along the longitudinal axis of the SWNT for E  eV  2 60 meV. A lowwavevector modulation is apparent, which we associate with a beating pattern with
wavevector dkj. The red line is a ®t to jw x j2  A cos 2dkx  J, where J is an
arbitrary phase and the factor of 2 appears because STS probes jw x j2 rather than w x .
c, Colour-scale plot of dI/dV versus electron energy E and position x along the longitudinal
axis of the SWNT. Two types of features are observed: (1) an energy-independent
modulation with wavevector 2k 00,x that appears as vertical stripes (about 20 periods
visible), and (2) a slow modulation whose wavevector varies with energy. For example,
about 2.5 periods of this envelope are visible at E  2 0:06 eV. d, Dispersion relation
dkj versus Ej. dkj was obtained from a ®t of each peak in c, as illustrated in b. The red line is
a ®t to the linear dispersion relation of equation (3), yielding values of
8:2 6 0:7 3 105 m s 2 1 for the Fermi velocity vF and 0:34 6 0:03 eV for the energy of
the charge-neutrality point E 0 2 E F .
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reciprocal lattice vectors. But not all of these Fourier components
contribute to the measured images. Because Fourier components
with larger jkj decay more rapidly with distance from the SWNT
surface, STS images are dominated by the Fourier components with
the lowest wavevectors7. The measured wavefunctions near the
Fermi level are therefore predicted to have the form:
wj r 

1

^

0

0

fj;n eikn ×r  fpj;n e2ikn ×r 

2

n21

Equation (2) successfully describes the wavefunction images we
observe, as demonstrated by the coincidence of the experimental
peaks with the calculated dots appearing in the Fourier transform
(Fig. 2C). Figure 2D further illustrates in real space the relationship
between the Fourier components exp ik0n ×r and the periodic structures observed in the measured wavefunctions. It displays a wavefunction image on which lines have been superimposed to represent
the lines of constant phase of each of these Fourier components. The
predicted orientation and wavelength clearly match the rows of
peaks observed in the data. Finally, Fig. 1g±i illustrates that the
detailed features of the measured wavefunctions can be reproduced
by equation (2): selecting appropriate values of fj,n yields a variety of
spatial patterns that closely matches the experimental results shown
in Fig. 1d±f. Slight differences between experimental (Fig. 1d±f)
and calculated (Fig. 1g±i) images can be attributed to residual noise
as well as to long-wavelength modulations observed in the measurements (discussed below).
We now turn to variations in the measured wavefunctions as a
function of energy, from which we can extract information about
the electronic dispersion relation of the SWNTs. The detailed spatial
pattern of each wavefunction appears to exhibit slow variations with
position that are not accounted for by equation (2). In order to
clearly display these variations, we plot in Fig. 3b the LDOS at
energy E  2 60 meV as a function of position along the nanotube
axis over a larger range of x than shown in Fig. 1. A slow, sinusoidallike oscillation is found in addition to the rapid Fermi-wavelength
oscillations discussed above. The wavelength of this slow oscillation
increases markedly with increasing energy, as can be seen from the
plot of the LDOS shown in Fig. 3c.
These energy-dependent features allow us to verify some key
features of the band structure of carbon nanotubes. The theoretical
dispersion relation of a metallic SWNT is sketched in Fig. 3a; two
linear one-dimensional bands cross at the charge-neutrality point
E0. These two bands are orthogonal in a SWNTof in®nite length, but
in our ®nite-sized tubes they mix because the atomic structure at the
tube ends generally has low symmetry (A. A. Maarouf, N. R. Wilson
and C. L. Kane, manuscript in preparation). Each individual
wavefunction wj(r) is thus a linear combination of two left- and
two right-moving Bloch waves with wavevectors 6 k00 6 dkj ,
where dkj is related to the energy ej by:
dkj  E0 2 ej =~vF

3

Here vF is the Fermi velocity. Superposing waves with slightly
different wavevectors k00 6 dkj results in a beating patternÐthat
is, a rapid oscillation with wavevector k00 modulated by an envelope
function with wavevector dkj. The rapid oscillation with wavevector
k00 is responsible for the primary structure in our wavefunctions
(Figs 1 and 2). The additional slow modulation corresponds to the
beating pattern envelope. The oscillations observed here are thus the
result of quantum-mechanical interference at the level of individual
electronic wavefunctions. They are fundamentally different from
those reported near step edges of metallic surfaces11,12, where the
interference pattern instead originates from a continuum of states
with a ®xed phase relation at the step edge.
Measuring dkj as a function of ej provides us with the means to
directly extract the dispersion relation near the Fermi level for this
individual SWNT. The result is shown in Fig. 3d. The dispersion
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relation is linear, as predicted by equation (3). This measurement is,
to our knowledge, the ®rst direct experimental veri®cation of this
important propertyÐon which (among other things) the application of Luttinger-liquid theory to carbon nanotubes is based13,14.
Fitting the measured dispersion relation to equation (3)
yields the value of the Fermi velocity in nanotubes, vF 
8:2 6 0:7 3 105 m s21 . In a tight-binding description, vF is
related to the p±p overlap energy g0 by vF  31=2 g0 a0 =2~, where
a0 is the atomic lattice spacing. Our measurement thus corresponds to a value of g0  2:6 6 0:2 eV. For comparison, determinations of g0 based on the energies of van Hove singularities in
STS and Raman spectroscopy measurements yield 2.5±2.9 and
2.6±3.0 eV, respectively15. Our determination of g0 based on a
direct measurement of E(k) performed near the Fermi level is
therefore in agreement with those based on higher-energy structures. The ®t also yields E0 ±EF  0:34 6 0:03 eV for the energy of
the charge-neutrality point (dk  0), in agreement with previous
estimates4,16.
Analysis of the variation of the energy-level spacing ej 1 2 ej and
of the energy-dependence of the coef®cients fj,n of our wavefunctions reveals departures from recent theoretical predictions (A. A.
Maarouf, N. R. Wilson and C. L. Kane, manuscript in preparation),
suggesting that the electronic boundary conditions at the tube ends
are energy-dependent. Interference effects have recently been
invoked to explain transport measurements on SWNTs17, but
irregularities were observed that could also not be explained by
assuming energy-independent boundary conditions. It is likely that
harnessing these quantum-mechanical interference effects for practical devices will ultimately require the control of the atomic
structureÐand hence the electronic boundary conditionsÐat the
nanotube ends.
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Many superconductors do not entirely expel magnetic ¯uxÐ
rather, magnetic ¯ux can penetrate the superconducting state
in the form of vortices. Moving vortices create resistance, so
they must be `pinned' to permit dissipationless current ¯ow.
This is a particularly important issue for the high-transitiontemperature superconductors, in which the vortices move very
easily1. Irradiation of superconducting samples by heavy ions
produces columnar defects, which are considered2 to be the
optimal pinning traps when the orientation of the column coincides with that of the vortex line. Although columnar defect
pinning has been investigated using macroscopic techniques3,4,
it has hitherto been impossible to resolve individual vortices
intersecting with individual defects. Here we achieve the resolution required to image vortex lines and columnar defects in
Bi2Sr2CaCu2O8+d (Bi-2212) thin ®lms, using a 1-MV ®eld-emission electron microscope5. For our thin ®lms, we ®nd that the
vortex lines at higher temperatures are trapped and oriented
along tilted columnar defects, irrespective of the orientation of
the applied magnetic ®eld. At lower temperatures, however,
vortex penetration always takes place perpendicular to the ®lm
plane, suggesting that intrinsic `background' pinning in the
material now dominates.
There are several methods of directly observing vortices, but none
of them can determine the behaviour of individual vortex lines
inside superconductors. This is because these methods detect
vortices at the superconductor surfaces, even though an attempt
has been made to obtain evidence of wandering vortex lines near
material defects by using a two-sided Bitter decoration technique to
detect the vortex positions on both sides of the ®lm6. At present, the
only methods which enable the observation of individual vortices
and defects inside superconducting thin ®lms are Lorentz
microscopy7 and interference microscopy8, where the vortex magnetic ®elds are detected using a penetrating electron beam. However, owing to the low penetration power of the existing 300-kV
®eld-emission electron beam, only a ®lm thinner than the diameter
of the vortex magnetic ¯ux (that is, twice the magnetic penetration
depth) has been observed. Vortex lines oriented in different directions cannot be distinguished in such a thin ®lm, because the vortex
magnetic ®elds inside it do not change very much.
To obtain clear images of vortices inside thicker ®lms, we have
developed a large electron microscope5. This 40-ton microscope
has a 1-MV ®eld-emission electron beam that has more than twice
the penetration power of a 300-kV beam and also the highest
brightness (2 3 1010 A cm22 sr21 ) ever attained. These features of
the electron beam have allowed us not only to observe vortices
in Bi-2212 ®lms 400 nm thick with high contrast, but also to
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