
Spin-Related Phenomena in Mesoscopic Transport, NORDITA, Stockholm, Sept. 2012	


General Aspects of Mesoscopic Transport, Jonathan BIRD, University at Buffalo	


GENERAL ASPECTS OF 
MESOSCOPIC TRANSPORT: I	


Jonathan Bird 
Electrical Engineering, 
University at Buffalo, 

Buffalo NY, USA	




Spin-Related Phenomena in Mesoscopic Transport, NORDITA, Stockholm, Sept. 2012	


General Aspects of Mesoscopic Transport, Jonathan BIRD, University at Buffalo	


GENERAL ASPECTS OF 
MESOSCOPIC TRANSPORT I	


l  An Introduction to Mesoscopics 
l  Some Features of Mesoscopic Systems 
l  Some Common Mesoscopic Phenomena 
l  Realizing Mesoscopic Systems 
l  1-D Mesoscopic Systems 



Spin-Related Phenomena in Mesoscopic Transport, NORDITA, Stockholm, Sept. 2012	


General Aspects of Mesoscopic Transport, Jonathan BIRD, University at Buffalo	


What does “MESOSCOPIC” mean?	




Spin-Related Phenomena in Mesoscopic Transport, NORDITA, Stockholm, Sept. 2012	


General Aspects of Mesoscopic Transport, Jonathan BIRD, University at Buffalo	


MESOSCOPIC PHYSICS  –  concerns 
the physical description of systems 
that are INTERMEDIATE between the 
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What are the GENERAL 
FEATURES of Mesoscopic Systems?	


Typically (not always) contain LARGE numbers of 
particles – reminiscent of classical systems … 
 
… But, the QUANTUM character of these particles 
is strongly apparent 
 
 èExhibit pronounced effects due to QUANTUM  
     INTERFERENCE & ENERGY QUANTIZATION 
	

èMANY-BODY effects …	
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Semiconductor devices:	

ARCHETYPAL mesoscopic system	


FEW THOUSAND 
ELECTRONS 
IN ACTIVE REGION 
OF DEVICE	
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Device current calculated 
  in a TRANSMISSION approach – 

the LANDAUER formula	


DEVICE	
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QUANTUM INTERFERENCE 
Due to COHERENT wave transport 	
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ENERGY QUANTIZATION 
due to spatial confinement of carriers	
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Carbon nanotubes can be thought of as graphitic sheets with a
hexagonal lattice that have been wrapped up into a seamless
cylinder. Since their discovery in 19911, the peculiar electronic
properties of these structures have attracted much attention.
Their electronic conductivity, for example, has been predicted2–4

to depend sensitively on tube diameter and wrapping angle (a
measure of the helicity of the tube lattice), with only slight
differences in these parameters causing a shift from a metallic
to a semiconducting state. In other words, similarly shaped
molecules consisting of only one element (carbon) may have
very different electronic behaviour. Although the electronic prop-
erties of multi-walled and single-walled nanotubes5–12 have been
probed experimentally, it has not yet been possible to relate these
observations to the corresponding structure. Here we present the
results of scanning tunnelling microscopy and spectroscopy on
individual single-walled nanotubes from which atomically
resolved images allow us to examine electronic properties as
a function of tube diameter and wrapping angle. We observe
both metallic and semiconducting carbon nanotubes and find
that the electronic properties indeed depend sensitively on
the wrapping angle. The bandgaps of both tube types are con-
sistent with theoretical predictions. We also observe van Hove
singularities at the onset of one-dimensional energy bands, con-
firming the strongly one-dimensional nature of conduction
within nanotubes.

As shown in Fig. 1A, a carbon nanotube can be constructed by
wrapping up a single sheet of graphite such that two equivalent sites

of the hexagonal lattice coincide. The wrapping vector C, which
defines the relative location of the two sites, is specified by a pair of
integers (n,m) that relate C to the two unit vectors a1 and a2

(C ¼ na1 þ ma2). A tube is called ‘armchair’ if n equals m, and
‘zigzag’ in the case m ¼ 0. All other tubes are of the ‘chiral’ type and
have a finite wrapping angle f with 08 , f , 308 (ref. 13). To be

Figure 1 Relation between the hexagonal carbon lattice and the chirality of

carbon nanotubes. A, the construction of a carbon nanotube from a single

graphene sheet. By rolling up the sheet along the wrapping vector C, that is, such

that the origin (0,0) coincides with point C, a nanotube indicated by indices (11,7) is

formed. Wrapping vectors along the dotted lines lead to tubes that are zigzag or

armchair. All other wrapping angles lead to chiral tubes whose wrapping angle is

specified relative to either the zigzag direction (v) or to the armchair direction

(f ¼ 308 2 v). Dashed lines are perpendicular to C and run in the direction of the

tube axis indicated by vector T. The solid vector H is perpendicular to the

armchair direction and specifies the direction of nearest-neighbour hexagon

rows indicated by the black dots. The angle between Tand H is the chiral angle f.

B, Atomically resolvedSTM imagesof individual single-walledcarbonnanotubes.

The lattice on the surface of the cylinders allows a clear identification of the tube

chirality. Dashed arrows represent the tube axis T and the solid arrows indicate

the direction of nearest-neighbour hexagon rows H. Tubes no. 10, 11 and 1 are

chiral, whereas tubes no. 7 and 8 have a zigzag and armchair structure,

respectively. Tube no. 10 has a chiral angle f ¼ 78 and a diameter d ¼ 1:3nm,

which corresponds to the (11,7) type of panel A. A hexagonal lattice is plotted on

top of image no. 8 to clarify the non-chiral armchair structure. Carbon nanotubes

were synthesized as described in ref. 14. TEM studies14 have shown that the

material consists mainly of ,1.4-nm-thick single-walled nanotubes. These were

deposited from a dispersion in 1,2 dichloroethane on single-crystalline Au(111)

facets. Topographic images were obtained by recording the tip height at constant

tunnel current in a home-built STM25 operated at 4K. The Pt/Ir tips were cut in

ambient air by scissors. Typical bias parameters are those of image no.10, that is,

a tunnel current I ¼ 60 pA, and a bias voltage Vbias ¼ 500mV.
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tube axis. This enables us to distinguish chiral tubes (such as shown
in images nos 1, 10 and 11 in Fig. 1B) from zigzag (no. 7) and
armchair (no. 8) tubes. A wide variety of chiral angles is observed
(see Table 1), in contrast to earlier electron-diffraction studies on
ropes of single-walled nanotubes15.

The vacuum barrier between the STM tip and the sample forms a
convenient junction for scanning tunnelling spectroscopy (STS) as
it allows tunnel currents at large bias voltages. In STS, scanning and
feedback are switched off, and current I is recorded as a function of
the bias voltage V applied to the sample. The differential conduc-
tance (dI/dV) can then be considered to be proportional to the
density of states (DOS) of the tube examined. Before and after
taking STS measurements on a tube, reference measurements were
performed on the gold substrate. Only when the curves on gold were
approximately linear, and did not show kinks or steps, were data on
a tube recorded. I–V traces were only taken far from the ends of the
tube and when tubes were isolated from each other. On all the tubes
reported here, STS curves taken at different positions (typically over
,40 nm) showed consistent features.

Figure 2a shows a selection of I–V curves obtained by STS on
different tubes. Most curves show a low conductance at low bias,
followed by several kinks at larger bias voltages. From all the chiral
tubes that we have investigated, we can clearly distinguish two
categories: the one has a well defined gap value around 0.5–0.6 eV,
the other has significantly larger gap values of ,1.7–2.0 eV (see
Table 1 and Fig. 2b). The gap values of the first category coincide
very well with the expected gap values for semiconducting tubes. As
illustrated in Fig. 2c, which displays gap versus tube diameter, the
measurement agrees well with theoretical gap values obtained for an
overlap energy g0 ¼ 2:7 6 0:1 eV, which is close to the value
g0 ¼ 2:5 eV suggested for a single graphene sheet13,17,18. The very
large gaps that we observe for the second category of tubes, 1.7–
2.0 eV, are in good agreement with the values 1.6–1.9 eV that we
obtain from one-dimensional dispersion relations13 for a number of

metallic tubes (n 2 m ¼ 3l) of ,1.4 nm diameter. Metallic nano-
tubes are expected to have a small but finite DOS near the Fermi
energy (EF) and the apparent ‘gap’ is associated with DOS peaks at
the band edges of the next one-dimensional modes.

The gaps seen in Fig. 2 are not symmetrically positioned around
zero bias voltage. This shows that the tubes are doped by charge
transfer from the Au(111) substrate. The latter has a work function
of ,5.3 eV which is much higher than that of the nanotubes (which
presumably is similar to the 4.5-eV work function of graphite). This
shifts the Fermi energy towards the valence band of the tube. In the
semiconducting tubes, the Fermi energy seems to have shifted from
the centre of the gap to the valence band edge. In the metallic tubes it
is shifted by ,0.3 eV, which is much lower than half of the ‘gap’. This
provides experimental evidence that these tubes indeed have a finite
DOS within the ‘gap’, in contrast to the zero DOS for semiconduct-
ing tubes.

The chiral tubes thus seem to be either semiconducting or
metallic, with gap values as predicted. The data provide a striking
verification of the band-structure calculations of nanotube electro-
nic properties. Our electronic spectra for armchair and zigzag tubes
are also consistent with the calculations, but the small number of
such tubes in our experiments prevent a more general statement.
For chiral metallic tubes, it has been suggested19 that a small
(,0.01 eV) gap will open up owing to the tube curvature. We did
not observe such a small gap at the centre of the large ‘gap’ of chiral
metallic tubes. This may be attributed to hybridization between
wavefunctions of the tube and the gold substrate20 which causes
smoothening of small-energy features.

Sharp Van Hove singularities in the DOS are predicted at the
onsets of the subsequent energy bands, reflecting the one-dimen-
sional character of carbon nanotubes. The derivative spectra
indeed show a number of peak structures (Fig. 2b). The peaks we
observe differ in height depending on the configuration of the STM
tip. On semiconductors, (dI/dV)/(I/V) has been argued to give a
better representation of the DOS than the direct derivative dI/dV,
partly because the normalization accounts for the voltage depen-
dence of the tunnel barrier at high bias21–24. In Fig. 3 we show (dI/
dV)/(I/V) on the ordinate. Sharp peaks are observed with a shape
that resembles that predicted for Van Hove singularities (see
right inset of Fig. 3): with increasing |V |, (dI/dV)/(I/V) rises
steeply, followed by a slow decrease. The latter should be ~ 1 jV j
according to the theory for the DOS near a one-dimensional band
edge. The experimental peaks have a finite height and are broa-
dened, which again can be attributed to hybridization of wave
functions.

Our results constitute, to the best of our knowledge, the first
experimental test of the vast amount of band-structure calculations
that have appeared in recent years. The central theoretical predic-
tion, that chiral tubes are either semiconducting or metallic
depending on minor variations of wrapping angle or diameter,
has been verified. M
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inset displays the rawdI/dV data. The right inset is the calculated density of states

(DOS) for a (16,0) tube, which displaysa typical example of the peak-like DOS for a

semiconducting tube (a.u., arbitrary units). The experimental peaks have a finite
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wavefunctions of the tube and the gold substrate. The overall shape of the
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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A single-atom transistor
Martin Fuechsle1, Jill A. Miwa1, Suddhasatta Mahapatra1, Hoon Ryu2, Sunhee Lee3,
Oliver Warschkow4, Lloyd C. L. Hollenberg5, Gerhard Klimeck3 and Michelle Y. Simmons1*

The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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in the free charge and has previously been observed in resonant
tunnelling diodes26.

Having established the electrostatic potential of the device, we
then calculated the donor electronic states using a tight-binding
approach14. The position of the resulting one-electron ground
state D0 for the solitary phosphorus dopant is depicted in Fig. 2c
(blue line). As expected, due to the electrostatic environment, the
energy levels of our device are raised significantly from the bulk
case (dashed grey line), where the unperturbed Coulombic donor
potential asymptotically approaches the silicon conduction band
minimum Ecb (red dashed line) and D0 has a binding energy10

of EB ≈ –45.6 meV. In contrast, D0 in the effective donor potential
of our transport device resides much closer to the top of the
barrier (solid line) along the S–D transport direction. However, it
is important to note that—in contrast to the bulk case—the
binding energy in our device is not simply given by the separation
between the donor levels and the top of the barrier along S–D.
This is because the donor resides in an anisotropic potential, as
shown in Fig. 2b, with stronger confinement along the transverse
(G1–G2) direction. Because the binding energies are not accessible
in our device (as a result of the limited gate range), we therefore
calculated the charging energy, that is, the energy difference
between D0 and the two-electron D2 state, which can be directly
determined from the transport data.

Figure 3a presents the measured stability diagram of the single
donor, in which we can easily identify three charge states of the
donor: the ionized Dþ state, the neutral D0 state and the negatively
charged D2 state. The diamond below VG ≈ 0.45 V does not close,

as expected14 for the ionized Dþ state, because a donor cannot
lose more than its one valence electron. The conductance remains
high (on the order of microsiemens) down to the lower end of the
gating range, making the possibility of additional charge transitions
unlikely. Importantly, the Dþ↔ D0 charge transition occurs
reproducibly at VG¼ 0.45+0.03 V for multiple cool-downs of the
device. This consistent behaviour is a testament to the high
stability of the device and the inherent influence of the nearby
electrodes on the position of the donor eigenstates relative to the
Fermi level of the leads. The detuning of these states as a function
of gate voltage (with both gates at the same potential) is
calculated self-consistently for the potential landscape of our
device (Fig. 3c), and we find that the D0 level (blue line) shifts
downwards linearly as a function of gate voltage. We note that the
Fermi level (EF) in the leads is pulled #80 meV below the
conduction band minimum of bulk silicon due to the extremely
high doping density. The first charge transition within our model,
when one electron occupies the donor, occurs when the D0 level
aligns with the Fermi level, at VG¼ 0.45 V. The agreement with
the experimental value is striking, in particular as no fitting
parameters for our device were used in our calculations—only the
actual device dimensions. At this gate bias (VG¼ 0.45 V), the
barrier height is significantly reduced along the transport
direction (Fig. 3d) compared to the equilibrium case (Fig. 2c).
This results from the non-proximal coupling of the gates; the
applied gate voltage shifts the electrochemical potential of the
donor states and also modulates the potential landscape between
the donor and the leads.
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Figure 3 | Electronic spectrum of a single-atom transistor. a, Stability diagram showing the drain current ISD (on a logarithmic scale) as a function of source–
drain bias VSD and gate voltage VG (applied to both gates in parallel). The Dþ$ D0 and D0 $ D2 transitions occur reproducibly at VG ≈ 0.45 V and 0.82 V,
respectively. b, Differential conductance dISD/dVSD (on a linear scale) as a function of VSD and VG in the region of the D0 diamond shown in a. From this we
determine the charging energy Ec to be #47+3 meV. c, Calculated energies of the D0 and D2 ground states (GS) as a function of VG. The difference in the
energy of these two ground states gives a charging energy of Ec ≈ 46.5 meV, which is in excellent agreement with experiment. Charge transitions occur
when a ground state crosses the Fermi level (EF) in the leads. d–g, Potential profiles between source and drain electrodes calculated for VG¼0.45 V (d) and
0.72 V (f). The effective barrier height is lower for the higher value of VG. The calculated orbital probability density of the ground state for the D0 potential
(e) is more localized around the donor than for the D2 potential (g), which is screened by the bound electron.
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Carbon nanotubes can be thought of as graphitic sheets with a
hexagonal lattice that have been wrapped up into a seamless
cylinder. Since their discovery in 19911, the peculiar electronic
properties of these structures have attracted much attention.
Their electronic conductivity, for example, has been predicted2–4

to depend sensitively on tube diameter and wrapping angle (a
measure of the helicity of the tube lattice), with only slight
differences in these parameters causing a shift from a metallic
to a semiconducting state. In other words, similarly shaped
molecules consisting of only one element (carbon) may have
very different electronic behaviour. Although the electronic prop-
erties of multi-walled and single-walled nanotubes5–12 have been
probed experimentally, it has not yet been possible to relate these
observations to the corresponding structure. Here we present the
results of scanning tunnelling microscopy and spectroscopy on
individual single-walled nanotubes from which atomically
resolved images allow us to examine electronic properties as
a function of tube diameter and wrapping angle. We observe
both metallic and semiconducting carbon nanotubes and find
that the electronic properties indeed depend sensitively on
the wrapping angle. The bandgaps of both tube types are con-
sistent with theoretical predictions. We also observe van Hove
singularities at the onset of one-dimensional energy bands, con-
firming the strongly one-dimensional nature of conduction
within nanotubes.

As shown in Fig. 1A, a carbon nanotube can be constructed by
wrapping up a single sheet of graphite such that two equivalent sites

of the hexagonal lattice coincide. The wrapping vector C, which
defines the relative location of the two sites, is specified by a pair of
integers (n,m) that relate C to the two unit vectors a1 and a2

(C ¼ na1 þ ma2). A tube is called ‘armchair’ if n equals m, and
‘zigzag’ in the case m ¼ 0. All other tubes are of the ‘chiral’ type and
have a finite wrapping angle f with 08 , f , 308 (ref. 13). To be

Figure 1 Relation between the hexagonal carbon lattice and the chirality of

carbon nanotubes. A, the construction of a carbon nanotube from a single

graphene sheet. By rolling up the sheet along the wrapping vector C, that is, such

that the origin (0,0) coincides with point C, a nanotube indicated by indices (11,7) is

formed. Wrapping vectors along the dotted lines lead to tubes that are zigzag or

armchair. All other wrapping angles lead to chiral tubes whose wrapping angle is

specified relative to either the zigzag direction (v) or to the armchair direction

(f ¼ 308 2 v). Dashed lines are perpendicular to C and run in the direction of the

tube axis indicated by vector T. The solid vector H is perpendicular to the

armchair direction and specifies the direction of nearest-neighbour hexagon

rows indicated by the black dots. The angle between Tand H is the chiral angle f.

B, Atomically resolvedSTM imagesof individual single-walledcarbonnanotubes.

The lattice on the surface of the cylinders allows a clear identification of the tube

chirality. Dashed arrows represent the tube axis T and the solid arrows indicate

the direction of nearest-neighbour hexagon rows H. Tubes no. 10, 11 and 1 are

chiral, whereas tubes no. 7 and 8 have a zigzag and armchair structure,

respectively. Tube no. 10 has a chiral angle f ¼ 78 and a diameter d ¼ 1:3nm,

which corresponds to the (11,7) type of panel A. A hexagonal lattice is plotted on

top of image no. 8 to clarify the non-chiral armchair structure. Carbon nanotubes

were synthesized as described in ref. 14. TEM studies14 have shown that the

material consists mainly of ,1.4-nm-thick single-walled nanotubes. These were

deposited from a dispersion in 1,2 dichloroethane on single-crystalline Au(111)

facets. Topographic images were obtained by recording the tip height at constant

tunnel current in a home-built STM25 operated at 4K. The Pt/Ir tips were cut in

ambient air by scissors. Typical bias parameters are those of image no.10, that is,

a tunnel current I ¼ 60 pA, and a bias voltage Vbias ¼ 500mV.
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Carbon nanotubes can be thought of as graphitic sheets with a
hexagonal lattice that have been wrapped up into a seamless
cylinder. Since their discovery in 19911, the peculiar electronic
properties of these structures have attracted much attention.
Their electronic conductivity, for example, has been predicted2–4

to depend sensitively on tube diameter and wrapping angle (a
measure of the helicity of the tube lattice), with only slight
differences in these parameters causing a shift from a metallic
to a semiconducting state. In other words, similarly shaped
molecules consisting of only one element (carbon) may have
very different electronic behaviour. Although the electronic prop-
erties of multi-walled and single-walled nanotubes5–12 have been
probed experimentally, it has not yet been possible to relate these
observations to the corresponding structure. Here we present the
results of scanning tunnelling microscopy and spectroscopy on
individual single-walled nanotubes from which atomically
resolved images allow us to examine electronic properties as
a function of tube diameter and wrapping angle. We observe
both metallic and semiconducting carbon nanotubes and find
that the electronic properties indeed depend sensitively on
the wrapping angle. The bandgaps of both tube types are con-
sistent with theoretical predictions. We also observe van Hove
singularities at the onset of one-dimensional energy bands, con-
firming the strongly one-dimensional nature of conduction
within nanotubes.

As shown in Fig. 1A, a carbon nanotube can be constructed by
wrapping up a single sheet of graphite such that two equivalent sites

of the hexagonal lattice coincide. The wrapping vector C, which
defines the relative location of the two sites, is specified by a pair of
integers (n,m) that relate C to the two unit vectors a1 and a2

(C ¼ na1 þ ma2). A tube is called ‘armchair’ if n equals m, and
‘zigzag’ in the case m ¼ 0. All other tubes are of the ‘chiral’ type and
have a finite wrapping angle f with 08 , f , 308 (ref. 13). To be

Figure 1 Relation between the hexagonal carbon lattice and the chirality of

carbon nanotubes. A, the construction of a carbon nanotube from a single

graphene sheet. By rolling up the sheet along the wrapping vector C, that is, such

that the origin (0,0) coincides with point C, a nanotube indicated by indices (11,7) is

formed. Wrapping vectors along the dotted lines lead to tubes that are zigzag or

armchair. All other wrapping angles lead to chiral tubes whose wrapping angle is

specified relative to either the zigzag direction (v) or to the armchair direction

(f ¼ 308 2 v). Dashed lines are perpendicular to C and run in the direction of the

tube axis indicated by vector T. The solid vector H is perpendicular to the

armchair direction and specifies the direction of nearest-neighbour hexagon

rows indicated by the black dots. The angle between Tand H is the chiral angle f.

B, Atomically resolvedSTM imagesof individual single-walledcarbonnanotubes.

The lattice on the surface of the cylinders allows a clear identification of the tube

chirality. Dashed arrows represent the tube axis T and the solid arrows indicate

the direction of nearest-neighbour hexagon rows H. Tubes no. 10, 11 and 1 are

chiral, whereas tubes no. 7 and 8 have a zigzag and armchair structure,

respectively. Tube no. 10 has a chiral angle f ¼ 78 and a diameter d ¼ 1:3nm,

which corresponds to the (11,7) type of panel A. A hexagonal lattice is plotted on

top of image no. 8 to clarify the non-chiral armchair structure. Carbon nanotubes

were synthesized as described in ref. 14. TEM studies14 have shown that the

material consists mainly of ,1.4-nm-thick single-walled nanotubes. These were

deposited from a dispersion in 1,2 dichloroethane on single-crystalline Au(111)

facets. Topographic images were obtained by recording the tip height at constant

tunnel current in a home-built STM25 operated at 4K. The Pt/Ir tips were cut in

ambient air by scissors. Typical bias parameters are those of image no.10, that is,

a tunnel current I ¼ 60 pA, and a bias voltage Vbias ¼ 500mV.
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tube axis. This enables us to distinguish chiral tubes (such as shown
in images nos 1, 10 and 11 in Fig. 1B) from zigzag (no. 7) and
armchair (no. 8) tubes. A wide variety of chiral angles is observed
(see Table 1), in contrast to earlier electron-diffraction studies on
ropes of single-walled nanotubes15.

The vacuum barrier between the STM tip and the sample forms a
convenient junction for scanning tunnelling spectroscopy (STS) as
it allows tunnel currents at large bias voltages. In STS, scanning and
feedback are switched off, and current I is recorded as a function of
the bias voltage V applied to the sample. The differential conduc-
tance (dI/dV) can then be considered to be proportional to the
density of states (DOS) of the tube examined. Before and after
taking STS measurements on a tube, reference measurements were
performed on the gold substrate. Only when the curves on gold were
approximately linear, and did not show kinks or steps, were data on
a tube recorded. I–V traces were only taken far from the ends of the
tube and when tubes were isolated from each other. On all the tubes
reported here, STS curves taken at different positions (typically over
,40 nm) showed consistent features.

Figure 2a shows a selection of I–V curves obtained by STS on
different tubes. Most curves show a low conductance at low bias,
followed by several kinks at larger bias voltages. From all the chiral
tubes that we have investigated, we can clearly distinguish two
categories: the one has a well defined gap value around 0.5–0.6 eV,
the other has significantly larger gap values of ,1.7–2.0 eV (see
Table 1 and Fig. 2b). The gap values of the first category coincide
very well with the expected gap values for semiconducting tubes. As
illustrated in Fig. 2c, which displays gap versus tube diameter, the
measurement agrees well with theoretical gap values obtained for an
overlap energy g0 ¼ 2:7 6 0:1 eV, which is close to the value
g0 ¼ 2:5 eV suggested for a single graphene sheet13,17,18. The very
large gaps that we observe for the second category of tubes, 1.7–
2.0 eV, are in good agreement with the values 1.6–1.9 eV that we
obtain from one-dimensional dispersion relations13 for a number of

metallic tubes (n 2 m ¼ 3l) of ,1.4 nm diameter. Metallic nano-
tubes are expected to have a small but finite DOS near the Fermi
energy (EF) and the apparent ‘gap’ is associated with DOS peaks at
the band edges of the next one-dimensional modes.

The gaps seen in Fig. 2 are not symmetrically positioned around
zero bias voltage. This shows that the tubes are doped by charge
transfer from the Au(111) substrate. The latter has a work function
of ,5.3 eV which is much higher than that of the nanotubes (which
presumably is similar to the 4.5-eV work function of graphite). This
shifts the Fermi energy towards the valence band of the tube. In the
semiconducting tubes, the Fermi energy seems to have shifted from
the centre of the gap to the valence band edge. In the metallic tubes it
is shifted by ,0.3 eV, which is much lower than half of the ‘gap’. This
provides experimental evidence that these tubes indeed have a finite
DOS within the ‘gap’, in contrast to the zero DOS for semiconduct-
ing tubes.

The chiral tubes thus seem to be either semiconducting or
metallic, with gap values as predicted. The data provide a striking
verification of the band-structure calculations of nanotube electro-
nic properties. Our electronic spectra for armchair and zigzag tubes
are also consistent with the calculations, but the small number of
such tubes in our experiments prevent a more general statement.
For chiral metallic tubes, it has been suggested19 that a small
(,0.01 eV) gap will open up owing to the tube curvature. We did
not observe such a small gap at the centre of the large ‘gap’ of chiral
metallic tubes. This may be attributed to hybridization between
wavefunctions of the tube and the gold substrate20 which causes
smoothening of small-energy features.

Sharp Van Hove singularities in the DOS are predicted at the
onsets of the subsequent energy bands, reflecting the one-dimen-
sional character of carbon nanotubes. The derivative spectra
indeed show a number of peak structures (Fig. 2b). The peaks we
observe differ in height depending on the configuration of the STM
tip. On semiconductors, (dI/dV)/(I/V) has been argued to give a
better representation of the DOS than the direct derivative dI/dV,
partly because the normalization accounts for the voltage depen-
dence of the tunnel barrier at high bias21–24. In Fig. 3 we show (dI/
dV)/(I/V) on the ordinate. Sharp peaks are observed with a shape
that resembles that predicted for Van Hove singularities (see
right inset of Fig. 3): with increasing |V |, (dI/dV)/(I/V) rises
steeply, followed by a slow decrease. The latter should be ~ 1 jV j
according to the theory for the DOS near a one-dimensional band
edge. The experimental peaks have a finite height and are broa-
dened, which again can be attributed to hybridization of wave
functions.

Our results constitute, to the best of our knowledge, the first
experimental test of the vast amount of band-structure calculations
that have appeared in recent years. The central theoretical predic-
tion, that chiral tubes are either semiconducting or metallic
depending on minor variations of wrapping angle or diameter,
has been verified. M
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Figure 3 (dI/dV)/(I/V) which is a measure of the density of states versus V for

nanotube no. 9. The asymmetric peaks correspond to Van Hove singularities at

the onsets of one-dimensional energy bands of the carbon nanotube. The left

inset displays the rawdI/dV data. The right inset is the calculated density of states

(DOS) for a (16,0) tube, which displaysa typical example of the peak-like DOS for a

semiconducting tube (a.u., arbitrary units). The experimental peaks have a finite

height and are broadened, which we attribute to hybridization between the

wavefunctions of the tube and the gold substrate. The overall shape of the

experimental peaks however still resembles that predicted by theory.
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