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Covalently Bridging Gaps in
Single-Walled Carbon Nanotubes
with Conducting Molecules
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Molecular electronics is often limited by the poorly defined nature of the contact between the
molecules and the metal surface. We describe a method to wire molecules into gaps in single-
walled carbon nanotubes (SWNTs). Precise oxidative cutting of a SWNT produces carboxylic acid—
terminated electrodes separated by gaps of <10 nanometers. These point contacts react with
molecules derivatized with amines to form molecular bridges held in place by amide linkages.
These chemical contacts are robust and allow a wide variety of molecules to be tested electrically.
In addition to testing molecular wires, we show how to install functionality in the molecular
backbone that allows the conductance of the single-molecule bridges to switch with pH.

ne of the greatest challenges in mo-
Olecular electronics is the ill-defined

bonding between molecules and metal
electrodes. For even the most well-studied
system, thiolated molecules on Au contacts
(1-8), there are no methods to control the type
of metal-molecule bonding (9), although the
contact itself is thought to dominate the transport
properties (10). Even if more conductive contact
chemistry is used, such as carbenes on transi-
tion metals (//) and on metal carbides (/2),
molecular-scale metal electrodes are extremely
difficult to fabricate and lack specific chemistry
for molecular attachment at their ends.

An improved strategy would create a well-
defined covalent bond between the electrode and
the molecule with a limited number of molecular
bonding sites and would be intrinsically molec-
ular in scale. Here we describe such a system,
in which cut single-walled carbon nanotubes
(SWNTs) (13, 14) are covalently attached to mol-
ecules through amide linkages. All of the ele-

Fig. 1. (A) Precise cutting of A
SWNTs with an oxygen plasma

PMMA

ments in the resulting molecular circuits are
naturally at small dimensions because the SWNTSs
are one-dimensional (1D) conductors or semi-
conductors (/5—17) that are intrinsically the same
size as the molecules being probed. We have
tested a number of different types of molecules,
including species with chemical functionality that
allows the molecular conductance to be switched.

The strategy for attaching molecular wires to
SWNT electrodes is to cut them by local oxi-
dation, leaving two ends that are capped with the
product of this oxidation and separated by a
molecular-scale gap. Given the strongly oxidizing
conditions used here, we expect a prevalence of
carboxylic acid groups on the cut ends of these
SWNTs (18). A molecular bridge with amine
end groups is then chemically attached to the
carboxylic acid ends by a dehydration reaction
to form the amide linkage (/8—21). The amine-
containing aromatics used here are common, easily
prepared, and stable under the reaction conditions.
The amine functions avoid one of the serious

oxygen plasma B

PMMA

drawbacks of thiol chemistry, the oxidative
oligomerization of dithiols. The amine-attachment
chemistry is well developed in peptide synthesis,
and the amide bonds that are formed are extremely
stable. Moreover, much of the detrimental
stochastic switching (9) and lateral surface mobil-
ity of metal grains (22) that plague thiols on gold
are absent in these covalently bonded junctions.

We grew the individual SWNTs by chemical
vapor deposition on degenerately doped silicon
wafers with 300 nm of thermally grown SiO, on
their surface (23). The SWNTs grown in this
way are ~1 to 2 nm in diameter (23). Metallic
electrodes (5 nm of Cr overlaid by 50 nm of
Au) separated by 20 pm were deposited through
a shadow mask onto the SWNTs. The nanotube
devices were electrically tested using the metal
pads as source (S) and drain (D) contacts and
the silicon substrate as a back gate (G).

The method used to create molecular-scale
gaps with carboxylic acid end-group function-
ality is illustrated in Fig. 1, A and B. First, a win-
dow that is less than 10 nm in size was opened
in a spin-cast layer of polymethylmethacrylate
(PMMA) by using ultrahigh-resolution electron-
beam lithography (fig. S1) (24). The nanotubes
were then locally cut through the open window via
oxygen plasma ion etching (250 mTorr, 50 W RF
power, 10 s exposure) (24). This gap is too small to
be imaged in the scanning electron microscope
(Fig. 1C), but it can be located and directly
imaged with atomic force microscopy (AFM)
(Fig. 1D). The relatively large size of the AFM
tip makes it difficult to determine with preci-
sion how small these gaps are. For the AFM
micrographs in Fig. 1D, we take the imaging
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functionalized point contacts

introduced through an opening
in a window of PMMA defined
with e-beam lithography. (B)
Oxidative opening of a tube
produces two point-contacts
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Si wafer

functionalized on their ends
with carboxylic acids and sep- C
arated by as little as 2 nm. (C)
Scanning electron micrograph
of a SWNT with Au on Cr leads

that had been cut using e-beam Auon Cr Auon Cr
lithography and an oxygen ;

plasma. (D) AFM image of the 8

gap cut into the SWNT. (Inset) -
Height profile of the isolated SWCNT after cutting

tubes. The diameter of the SWNT
is 1.6 nm, estimated from the
height profile.
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convolution of the AFM tip size into account
and set an upper bound on the size of a typical
gap opened in the SWNTs of ~10 nm for the
processing conditions described above.

The statistical variability of the plasma etch
process creates ensembles of SWNT devices with
gaps of less than 10 nm. We speculate, on the
basis of previous oxidation studies of SWNTs
(18, 25, 26), that the oxidation creates or nucle-
ates at a defect on the side wall (either present
before etching or induced by the plasma) and
continues to oxidatively erode the tube. We mea-
sure the electrical transport properties of the
SWNT before and after oxidative etching to de-
termine the yield of completely cut tubes. Longer
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Fig. 2. Molecular bridges (1 to 4) spanning car-
bon nanotube leads. Oligoaniline 4 provides a
redox- and pH-sensitive molecular bridge.

etch times give higher yields of the cutting but
lower the yields of the chemical connection re-
actions discussed below. We intentionally short-
en the etch time so that the average gap can be
narrower than the window in the PMMA. Under
optimized conditions, ~20 to 25% of the tubes
are completely cut among ~2500 devices tested.

We synthesized the corresponding molecular
wires (1 to 4) that were terminated with the req-
uisite amine functionality according to the pro-
cedures outlined in (24). We attached the wires
to the cut nanotube ends by immersing the
diamines and the SWNT devices into a pyridine
solution containing the well-known carbodiimide
dehydrating/activating agent EDCI (24, 27). Af-
ter reaction, the devices were removed from
the solution, rinsed with fresh solvent, dried,
and then tested electrically. Some of the devices
that were previously open showed a finite and
measurable conductance after reaction.

The various molecular bridges that we have
incorporated into the nanotube electrodes with
this technique are shown in Fig. 2. The cruciform
n-systems (1) (28) and the longer oligothio-
phenylethynylene (2) (29) have a path of through
conjugation for electrical conduction and lateral
side chains that make them highly soluble. These
side chains also provide considerable width to
these molecules. For example, the width of 1
with its aryldodecyloxy side chains fully ex-
tended would be ~4.3 nm. This value is substan-
tially greater than the diameter of typical SWNTs
used in this experiment (~1 to 2 nm). Similarly,
the terpyridyl-containing molecules (3) have a
substantial width compared to the diameter of a
SWNT. Given the volume occupied by 1, 2, and
3, it is difficult to bridge this gap with more than
one molecule and certainly not more than two.
The oligoaniline (4) is thinner, and we estimate,
on the basis of its molecular volume, that a
maximum of seven oligoanilines could bridge an
orthogonally cut SWNT gap. The number of
reactive sites is reduced further if we assume that
the gaps are unevenly cut.

These amidation reactions allowed us to
calibrate the etch process itself because the
different species can be used as molecular rulers.
For example, under optimized conditions, the
yield for connection of 1 for more than 200
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reactions is ~10%. Using longer etch times,
which give the larger gaps, reduces the yield of
the coupling reaction with 1. Moreover, mole-
cules of length similar to that of 1 give similar
yields in these reactions, implying that the yield
is dominated by the statistics of having two func-
tional groups appropriately spaced for bridging.
Under identical conditions, the longer molecules
(2 and 3) gave lower yields in their connection
reactions (~5%). To determine whether the
greater length of the molecule was limiting the
yield of successful contacts, we prepared a mixture
of three oligomers based on 2 that ranged in length
from 2 to 6 nm. The yield increased to ~20% for
the connection reaction with this mixture.

Electrical measurements on devices before
cutting, when cut, and after connection with 1 are
shown in Fig. 3. The black curves show the
source-drain current (/) plotted against the gate
voltage (V,) at constant S-D bias voltage (V, =
50 mV) for two devices before cutting. The device
in Fig. 3, A and B, before cutting shows metallic
behavior, and the one in Fig. 3C shows typical
p-type semiconducting behavior. The red traces,
taken after cutting, show no conductance down to
the noise limit of the measurement (<2.0 pA).
The green traces show the devices after molecular
connection of the SWNT leads. Similar -V
curves (figs. S2 and S3) are shown for connection
with the other molecular bridges (2 to 4) (24). In
all cases, the reconnected devices recovered
their original metallic or semiconducting be-
havior at reduced values of Z, indicating that the
gate modulates the nanotube conductance more
strongly than that of the molecules.

The resistance, and thus the molecular con-
ductance, can be estimated from the drop in current
after molecular connection. For example, the
resistance of the metallic tube connected in Fig.
3, A and B, with the cruciform molecule (1)
increases from ~1 megohm before cutting to ~5
megohm after connection with the Vg, = 50 mV
in the linear response regime. The molecular
conductance for 1 in this device is calculated to
be 6.4 x 1073 ¢?/h. Table 1 displays similar data
for 2 to 4 in SWNT gaps. In some cases, the
conductance is greater than 102 ¢?/h. Moreover,
the /-V curves at low temperature (down to
1.6 K; figs. S4 and S5) have a wealth of structure
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described in (A).
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Table 1. SWNT device properties before cutting and after molecular connection.

Before cutting

After molecular connection

Tube type R Molecule R* Molecular
P (megohm) (megohm) conductance (e?/h)
Metallic 1.0 1 5.0 6.4 x 1073
Semiconducting 3.6 1 10.0 4.0 x 1073
Semiconducting 1.1 2 5.0 6.6 x 1073
Metallic 0.2 3 0.6 6.4 x 1072
Semiconducting 0.6 3 125 2.0 x 104
Semiconducting 13 4 50.0 5.2 x 1074

*R is the total resistance for the device. For the semiconducting tubes this refers to ON-state resistance with Vg
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Fig. 4. Oligoaniline 4 connected to SWNT elec-
trodes. (A) Drain current (/,) in the device as a
function of the gate voltage (V) at V, = 50 mV for
a semiconducting tube connected with 4. Electrical
measurements were made before cutting (black
curve), after cutting with oxygen plasma (red curve),
and after connection (green curve). Inset is a
magnified y scale showing the /- curves after cutting
and connection. (B) Protonation and deprotonation
to give high- and low-conductance forms of oligoani-
line 4. (C) Green circles show the ON-state resistance
for 4 when alternately immersed in solutions of low
and high pH. The blue triangles show small changes
in ON-state resistance for 2 when alternately
immersed in solutions of low and high pH.

and features that gradually broaden and eventual-
ly disappear with increasing temperature (30).
Being able to match the electronic levels of the
molecule to a nanotube of a specific diameter and
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=50 mV.

chirality, in principle, offers the opportunity to
optimize the conductance. One factor that hampers
our ability to extract more quantitative information
is that these values vary for any given molecule.
Variations in the conformation of the molecules on
the substrate within the SWNT gap, the possibility
of a second molecular bridge, and the lack of
atomic-level precision in the cutting procedure are
challenges for future studies to overcome.
Control experiments were performed to rule
out artifacts from the connection reaction. Gaps
placed in a pyridine solution of the coupling agent
without the conjugated diamines did not show any
connected devices. Furthermore, when we im-
mersed these same gaps in a solution that contains
the cruciform diamine (1) along with an aliquot of
fresh coupling reagent, some of the devices then
became connected. In another experiment, we
used 1,12-diaminododecane because it is about the
same length as the cruciform molecule but lacks
the conjugated backbone. Again, all of the devices
showed no detectable current and remained so
when a conjugated diamine was added, presum-
ably because the carboxylic acid sites were blocked
by the alkyl amine. To determine if molecular
aggregates were responsible for the conduction, we
tested a monoamine of the cruciform or a
cruciform that completely lacked the amine groups,
and only open circuits resulted. All of these control
experiments were performed on ~50 devices in
order to yield a statistically significant null result.
The covalent linkages are quite robust and
tolerate broad changes in environment, and we
explored how these devices responded to external
stimuli such as changes in temperature and pH. The
response to changes in pH for the oligoaniline dia-
mine 4 is shown in Fig. 4. The electrical charac-
teristics for this device before cutting, after cutting,
and after joining with the oligoaniline diamine are
similar to those detailed for 1 to 3. We expected
that the oligoaniline would be oxidized to the em-
eraldine form (shown in Fig. 2) during the reaction
and become pH sensitive, because the protonated
form is more conductive (Fig. 4B) (37). We per-
formed a series of protonations (pH = 3) and
deprotonations (pH = 11) while monitoring the
current changes at saturation for devices that
were rinsed, dried, and tested. The molecular
conductance changed by nearly an order of
magnitude, from ~5.2 x 10~ ¢*h at low pH
to ~5.0 x 1073 e%h at high pH over many

switching cycles (Fig. 4C). These devices pro-
vide a local probe for monitoring pH on the
basis of one or only a few molecules.

We also performed the same experiment on
devices connected with 2, which lacks basic
nitrogens and thus should not switch with pH.
The blue trace in Fig. 4C shows that the con-
ductance of 2 changed only slightly with pH, and
the change was in the opposite direction to that
for the device connected with the pH- and redox-
active oligoaniline 4. Another possible cause of
the pH switching in the oligoaniline devices could
be charge transfer from a polyaniline that was
attached but not necessarily spanning the SWNT
gap (32). Amines (16), particularly polyanilines
(32), can associate with the SWNT surface and
might cause pH sensitivity that is unrelated to
molecular conduction. We therefore immersed an
uncut device in a solution of the polyaniline
diamine (4) (24). The relative change upon
protonation/deprotonation was small for these
devices and in the opposite direction to that for
the device connected with oligoaniline (fig. S6).

In conclusion, we present experiments that
overcome the difficulty of creating covalent con-
tact to individual molecules and reveal a way to
harness the diversity and functionality inherent to
molecules in electrical devices. In addition to their
potential use as molecules in circuits, sensors, and
switches, these devices promise a deeper under-
standing of electron transfer at the molecular scale.
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Real-Space Observation
of Helical Spin Order

Masaya Uchida,™ Yoshinori Onose,t Yoshio Matsui,? Yoshinori Tokura'>*

Helical spin order in magnetic materials has been investigated only in reciprocal space.

We visualized the helical spin order and dynamics in a metal silicide in real space by means of
Lorentz electron microscopy. The real space of the helical spin order proves to be much richer than
that expected from the averaged structure; it exhibits a variety of magnetic defects similar to
atomic dislocations in the crystal lattice. The application of magnetic fields allows us to directly
observe the deformation processes of the helical spin order accompanied by nucleation,
movement, and annihilation of the magnetic defects.

agnetic materials are generally char-
Macterized by spin moments on re-

spective atomic sites aligned all
parallel or site-alternately antiparallel. Howev-
er, many exceptions to this rule exist in which
the direction of spin moments varies in space. A
prototypical example is the gradual moment
variation (Bloch type or Néel type) within the
magnetic domain wall region in a ferromagnet
(1) or the somewhat long-period (over several
atomic sites) spin density wave as observed in
Cr metal (2). The helical spin order (Fig. 1A) is
another such example: Spins on some crystallo-
graphic planes are all parallel, but their direction
rotates by a constant angle in going from one
plane to a neighboring plane along the helical
axis. The helical spin order was first proposed as
a way to interpret neutron diffraction results for
MnO, crystal (3). Similar helical spin orders
have been observed in materials such as rare-
carth metals and alloys (4) as well as members
of the metal silicide family, including MnSi
(5, 6) and Fe, Co Si (0.05 <x < 0.8) (7, 8).
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The relative orientation of spin moments be-
tween magnetic planes affects the flow of electric
current. The control of the spin-dependent charge
transport in terms of the manipulation of the
local magnetic structure forms the basis of spin-
electronics or spintronics (9—12), as exemplified
by the magnetoresistive field sensor in computer
hard disks and the magnetic tunneling junction in
magnetic random access memory (MRAM). In
this context, the helical spin order can be viewed
as a regular array of the magnetic domain walls
every helical period. Therefore, the real-space
observation of the local modification or deforma-
tion of the helical order (as induced by tempera-
ture change, magnetic field, and current injection)
would provide a challenging arena to study the
nanometric magnetic domain structure as well as
to explore the possible spintronic application of
such a self-organized magnetic nanostructure.

The family of Fe,  Co Si with cubic but non-
centrosymmetric (B20) structure is known to

A

exhibit a helical spin order, with a relatively long
period (>30 nm) in a concentration range 0.05 <
x<0.8 (7,8, 11). The helical spin order is due
to the Dzyalosinsky-Moriya (DM) interaction
because of the lack of centrosymmetry of the
lattice (/3—-16). The helix period is governed by
the ratio of the DM interaction to the ferromagnetic
spin exchange interaction (75, 16). The Néel tem-
perature 7 and the helix period for the x = 0.5
crystal we investigated here are 38 K and 90 nm
along the [100] direction, respectively.

Figure 2 shows a typical image of the helical
spin order of Fe  .Co, ;Si as obtained by Lorentz
transmission electron microscopy (/7). Shown in
Fig. 2, A and B, are overfocused Lorentz images
taken near the [001] zone axis orientation at 40
and 20 K, respectively. The image at 20 K (< 7))
clearly shows periodic stripe patterns running
normal to the [100] axis. In the focused image the
patterns disappeared, confirming that the image is
magnetic in origin. The magnetization distribution
obtained by the transport of intensity equation
(TIE) analysis (18, 19) of the over- and under-
focused images is shown in Fig. 2C. The direction
and amplitude of the magnetization are rep-
resented by changes in color and brightness, re-
spectively. The green and violet stripe pairs in the
figure reflect the regions with opposite magnetic
orientation; the darker area indicates the smaller
amplitude of the local magnetization. The sinus-
oidal modulation in Fig. 2D (a profile of the
amplitude of the magnetization along the line
indicated in Fig. 2C) indicates that the spin
order is helical, with a period of 90 nm along
[100], in good agreement with the results de-
termined by neutron diffraction (7, 8).

Fig. 1. Illustration of helical spin
order. (A) Helical spin order with the
helical axis along the x axis in an
orthogonal xyz system. Spins are all
parallel at a yz plane, and their
direction rotates by a constant angle
from one plane to a neighboring
plane along the helical axis. (B)
Magnetization distribution projected
on the xy plane for this helical spin
order, which changes as a sinusoidal
wave.
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