
technology can be considered cotnmercially 
viable, such as the low operating temperature 
currently used,, ,whlclx will require further ef- 
forts in the development of high-temperature 
storage materials. 
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Nanotu be Nanodevice 
Philip G. Collins, A. Zettl,* Hiroshi Bando, Andreas Thess, 

R. E. Smalley 

A scanning tunneling microscope (STM) was used to explore the local electrical char- 
acteristics of single-wall carbon nanotubes. As the STM tip was moved along the length 
of the nanotubes, well-defined positions were found wherethe transport current changes 
abruptly from a graphitic-like response to one that is highly nonlinear and asymmetrical, 
including near-perfect rectification. The observations are consistent with the existence 
of localized, on-tube nanodevices of a type proposed theoretically. 

Carbon  nanotubes ( I )  constitute a fasci- high thermal conductivity of nanotubes, 
natine new class of materials with a broad ooint toward several future electrical. tne- " 

range of potential applications. Electroni- chanical, and electromechanical applica- 
cally, nanotubes are expected to behave as tions, including those on size scales inacces- 
ideal one-d~tnensional ( ID)  "quantum sible by current lithographic methods. 
wires" with either semiconducting or metal- The SWNTs used in this studv were 
lic behaviors, depending on kotnetrical synthesized through a laser-assisted process 
tube parameters (2-4). The joining of dis- described previously (10). The nanotubes 
similar tubes could result in nonlinear junc- were purified in oxygen at 750°C to remove 
tion devices formed from onlv a handful of undesirable atnorohous and eranhitic mate- 
carbon atotns. It has been suggested that 
localized defects, such as pentagon-heptagon 
pairs, can be the basis of nanoscale nanotube 
devlces (5-8). We used an STM to explore 
the local electrical character~stics of carbon 
single-wall nanotubes (SWNTs). By tnoving 
the STM tip along the length of the nano- 
tubes, we found well-defined positions where 
the transport current changes abruptly from 
a graphitic-like response to one that is highly 
nonlinear and asvmmetr~cal, lncludine near- 
perfect rectificaLion. The AbservatioYns are 
consistent wlth the existence of localized. 

- 
rial. X-ray and electron diffraction studies 
on nanotubes from the same preparation 
batch indicated that a large proportion of 
the SWNTs thus produced have 1.36 nm 
diameters and zero chirality (so-called 
"armchair" tubes); the tube diameters are 
presumed unifortn over microtneter-length 
scales. 

Crystalline "ropes" of close-packed paral- 
lel-aligned tubes tend to form with average 
diatneters of 20 nm. Previous fixed, large- 
contact electrical conductivity measurements 
on such nanotube rones have shown a metal- 

on-tube nanodevices of the type that have lic-like behavior at room tetnperature and 
been exolored theoreticallv. Such device activated or localized behavior at low tetnoer- 

when combined' with the high 
mechanical strength (9) and anticipated 
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atures, as expected from quantum ID wires 
(1 1-13). 

We  prepared samples suitable for STM 
characterization by pressing the purif~ed 
S W N T  material onto a gold-coated glass 
substrate, which left behind a thick film or 
mat of randomly aligned nanotubes. T o  
eliminate extrinsic sources of datnage to 
the SWNTs, we performed no  other pro- 
cessing of the surface. The  local electronic 
structure of the nanotubes was determined 
wlth a specially constructed STM with in 
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I A Tunnel I B Contact and adhesion I 

Fig. 1. Schematic of the procedure for measuring 
nanotube characteristics with a single STM tip. 

situ current-voltage (I-V) spectroscopic 
analysis. The STM had cryogenic capabil- 
ity but was operated only at rootn temper- 
ature. It was fitted with cotnmercially pre- 
pared platinum tips (14) ,  which were ul- 
trasonically cleaned just before use. 

The inherent high flexibility and surface 
"stickiness" of high-purity SWNTs (leading 
to the abundant formation of "roues" in the 
growth process) was exploited in our posi- 
tion-dependent conductivity experiments, 
in which the STM tip was used as a sliding 
local probe contact along rhe length of the 
nanotube. Figure 1 schematically depicts 
the STM operation sequence and probable 
nanotube orientation at different stages of 
the experiment. Unlike conventional STM 
operation, the STM tip was used as a 3D 
samnle maninulator in addition to deter- 
mining local electronic structure. Frotn a 
position of stable tunneling (Fig. 1A),  the 
STM tip was initially driven forward -100 
llm into the nanotube film (Fig. 1B). After . u 

retraction of the tip well beyond the normal 
tunneling range, nanotube material re- 
mained in electrical contact with the tip 
(Fig. 1C). This adhesion of the nanotubes 
to a bare metal STM tip was not observed 
for tubes that do not bind together into 
ropes, namely, multiwalled nanotubes, con- 
tatninated SWNTs, or tubes with a broader 
distribution of geometries. Presumably, the 
satne van der Waals forces that so effective- 
ly bind the SWNTs together into ropes also 
bind the nanotubes to the STM tip, even as 
the tip is withdrawn frotn the film. A t  a 
height 200 to 300 ntn above the original 
surface, electrical contact from the  ti^ to 
the nanotube mat was maintained for -5% 
of the samples prepared. 

Conductivity measurements were begun 
onlv on nanotubes that remained electrical- 
ly donnected after retracting the STM tip 
by -300 nm. With the feedback disabled, a 
fine stepper tnotor was used to further with- 
draw the tip from the surface in steps aver- 
aging 2 ntn. Under computer control, I-V 
characteristics were obtained between each 
tnotor step until electrical contact between 

Fig. 2. D~fferentlal conductivity dl/dVof the carbon 
nanotubes for a contact with high conductiv~ty; 
the shape near V = 0 is shown at hlgher resolution 
in the inset. The shape is reminiscent of dl/dVfor 
bulk graphite. 

the STM tip and the nanotube was ulti- 
mately and irreparably broken. A t  any giv- 
en height, the tnechanical tnovetnent could 
be interrupted to check the reproducibility 
of the observed I-V curves. For sotne nano- 
tube samples, retraction of more than 2 Ftn 
occurred before electrical contact was lost, 
in agreetnent with the observed free length 
of the SWNTs in transmission electron mi- 
croscopy (TEM) studies. Although repeat- 
ing the experiment on the same exact 
nanotube was not nossible after losing con- - 
tact, f~ l r t l~er  measuretnents on different 
nanotubes by the same technique showed 
qualitatively sitnilar behaviors. Here, we 
confine our attention to measurements with 
no less than 1 p m  of retraction, correspond- 
ing to a geometry where the nanotube un- 
ambiguously spans the distance from the 
tnat to the STM tip. 

The  continuous tnotion of the tip al- 
lowed electrical characterization of differ- 
ent lengths of the nanotube material (Fig. 
ID).  Gradual changes were observed in 
the I-V characteristics as the STM  ti^ was 
retracted, as expected from a sliding elec- 
trical contact alone the surface of the " 
nanotube. Most likely, the tip retraction 
cannot "unravel" the nanotube rone be- 
cause of the strong intertube binding; 
rather, it pulls on the rope until the point 
of electrical contact slides. In principle, 
two different locations for the sliding con- " 

tact are possible, one at the nanotube-to- 
STM tiu interface, and the other at the 
nanotube-to-conducting mat interface. 
Because of the exnected entangletnent of " 

the long nanotube within the mat, it is 
more liltelv that the sliding contact occurs 
at the naiotube-~O-STM ;ip interface. In 
either case, the technique results in a po- 
sition-dependent electrical transport mea- 
surement along extended lengths of select- 
ed nanotubes. 

Figure 2 shows a typical normalized dif- 
ferential conductance (dI/dV) curve ob- 

Fig. 3. Different types of current-voltage charac- 
teristics, obta~ned for contact points at different 
heights of (A) 1600, (B) 1850, (C) 1950, and (D) 
1980 nm along the carbon nanotube. Note the 
near-ldeal rectification behavior In (D). 

served for extended regions along the 
length of the nanotube. In a conventional 
tunneling experiment, this plot would mim- 
ic the local densitv of states N(E)  of the 
material being probkd. If so interpreted, the 
dI/dV data of Fig. 2 would suggest a local 
density of states with a tninimum at zero 
bias (the Ferlni energy EF), increasing al- 
most linearly with the magnitude of the 
applied bias. The dl/dV behavior close1 
follows the empirical fortn dI/dV = A I V I' 
(1  + bV). Although this expression cannot 
literally be taken as a density of states be- 
cause of the unknown nature of our contact, 
it still provides a useful paratneterization 
with typical experitnental coefficients of 
A = lo-' and b = 0.1 for currents on the 
order of I = 1 FA and biases V 5 1 volt. 

The  resnonse shown in Fig. 2 is not 
characteristic of the entire length of the 
nanotube. Rather, at certain extreme111 
well-defined longi;udinal positions on thk 
nanotube surface, there occur abrunt and 
substantial changes in the electrical proper- 
ties of the nanotube. A series of I-V curves 
were recorded at positions 1600, 1850, 
1950, and 2000 ntn along an SWNT rope 
(Fig. 3) .  The  first three curves are nonlinear 
but nearlv svmtnetric: each curve fits the , , 

empirical form described above with only 
gradual positional variations in the I-V 
characteristics. A t  a position of 2000 nm, 
the I-V characteristics abruptly changed to 
a marked rectifying behavior (Fig. 3D). 
This response (Fig. 3D) was entirely repro- 
ducible and persisted for positions up to 
2300 nm, shortly beyond which electrical 
contact with the nanotube was broken. 
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Similar abrupt changes in the electronic 
response were observed for different nano- 
tube specimens, extracted frotn the tnat sur- 
face. The  most common response was a 
transition from the nearly symmetric non- 
linear conductance to a highly nonlinear 
asytntnetric conductance state involving 
current jumps by two to four orders of mag- 
nitude. These transitions occurred in ap- 
proximately half of the samples investigated 
at different positions, leading to the satne 
"device-like" curves as depicted in Fig. 3. 

W e  argue that our position-dependent 
spectroscopic observations give strong evi- 
dence for the existence of localized, well- 
defined, on-tube "nanodevices" with re- 
sponse characteristics consistent with theo- 
retical predictions. The extensive regions of 
linear differential conductance are depicted 
in Fig. 2 and Fig. 3, A to C. The  conduc- 
tance curves indicate that a cotntnon tnate- 
rial density of states dominates the transport 
in these regions. In particular, the density of 
states for graphite exhibits a linear energy 
dependence, because the graphite EF falls at 
the crossing of two electronic bands. Because 
SWNTs are aligned in ropes with tube-tube 
interactions present, a correspondence be- 
tween the N(E) of the rope and that of 
graphite might he expected, at least qualita- 
tively. The inset to Fig. 2 emphasizes that at 
low bias, the nanotube differential conduc- 
tivity is nearly linear. Unfortunately, diffi- 
culties in defining the nanotube-to-STM tip 
contact precludes any quantitative corre- 
spondence between the transport conductiv- 
ity of the nanotube rope and the tunneling 
densitv of states N(E) for gra~hite .  

u .  

Because of the observation of linear dif- 
ferential conductivity at  the low bias levels 
used in these experiments, it is inaccurate 
to speak of the linear resistivity of the nano- 
tubes. Most transport measuretnents report- 
ed, however, quote resistance values for var- 
ious measurement configurations. A calcu- 
lation of the resistance is instructive as a 
comuarison and to determine how manv 
ropes span from the STM tip to the surface. 
Experimentally, the rope is known to span 
-1 Ftn from STM tip to the mat surface, 
and the roues have diameters of 10 to 30 
nm. The  conductivity closest to zero bias 
gives a measured resistance of 100 kilohtns, 
from which we may calculate a nanotube 
resistivitv of ohmacm. This resistivitv is 
consisteit with other reported values for 
carbon nanotubes, including SWNTs (1 I ,  
15-19), supporting the assiunption that 
only a single rope connects the STM tip to 
the matted surface. 

We now discuss the dramatic deviations 
awav from this dominant behavior. The 
changes in conductivity occur abruptly, for 
incremental tip movements of only 2 nm, but 
are observed on different nanotubes at widely 

varying distances above the substrate. Both 
aspects are in accord with a lorn>-density, ran- 
dom distribution of llanotube defects and rule 
out a gradually weakening tip-tube contact as 
the source of the behavior. Although they 
could cause a similar distribution. contami- 
nants or dlscollnected lnaterial between the 
STM tip and the nanotube rope are ruled out 
as a cause based on the rather substantial 
tin-to-tube contact interaction and the ab- 
sence of extraneous nanotube wall contarni- 
natlon as determined frotn TEM observations 
of the purified material. Electrostatic effects 
were ruled out by biasing the STM tip to -t 4 
V and recording no change in the observed 
conductance behavior. 

Other tip-related artifacts may be ruled 
out because of the infrequency of the dra- 
matic changes. In particular, slippage of the 
tip contact point from one nanotube to 
another within the same rope could pro- 
duce changes in the collductivity but 
should be as frequent as the overall twist of 
the nanot~tbe bundle. Experimentally, the 
symmetric conductance curves vary 
smoothlv over thousands of nanometers of 
tip motion, indicating that tube-to-tube 
slippage plays little or no role in the mea- 
s~ured transport. Evidence for minute slip- 
page, as well as for small changes in the 
contact resistance between the STM tip 
and the nanotubes, can be found in the 
small scaling variations measured through- 
out the experiment (Fig. 3 ,  A to C). These 
variations occur on  scales of tens of nano- 
meters, as expected for the assumed sliding 
contact. 

W e  argue that the extreme changes in 
conductivity are caused by contact with 
localized nanotube defects that greatly alter 
the local N(E).  Although the injected cur- 
rent predominantly indicates a graphitic he- 
havior for the nanotube rone, a nanot~tbe 

L ,  

defect a t  the contact point would obscure 
and dotninate the transoort characteristic. 
For example, the existence of a pentagon- 
heptagon defect in the otherwise perfectly 
hexagonal nanotube wall fabric can lead to 
sharn discontinuities in the electronic den- 
sity of states along the tube axis. It is pos- 
sible to have one nortion of the nanotube 
with metallic characteristics almost seam- 
lessly joined to another portion that is semi- 
conducting. The  "junction" constitutes a 
nure-carbon Schottkv barrier. This and re- 
iated nanotube structures have been treated 
theoretically (5, 6) ,  and they yield a rich 
spectrum of nanodevice characteristics, in- 
cluding highly nonlinear transport currents, 
asymmetries, and diode-like rectification. 
The  sliding STM probe indicates exactly 
these types of behaviors as its position is 
shifted along the length of a nanotube by 
only a few nanometers, indicating the pres- 
ence of what we identify as a localized 

nanotube nanodevice. 
Besides observing sharp transitions in the 

conductance behavior precisely at the nano- 
device location. tnore subtle siellatures of the - 
device would be expected at distant locations. 
This is because the llanotube roues are onlv 
quasi-lD conductors, whereas the highly con- 
ducting SVVNTs interact with neighboring 
nanotubes through a relatively weak but finite 
~ntercl~ain hopping integral. Indeed, such sec- 
ond-order collductance effects are observed 
experimentally. For example, when conduc- 
tance data sets collected by sliding the STM 
tin over an extended region are fit to the " 

elnpirical fltting f~mction introduced above, 
the parameter A smoothly decreases as the tip 
approaches the defect location. Quasi-ID 
conduction is i~nnortallt because it h e l ~ s  ex- 
plain why nanotube defects and llanodevices 
have not been detected in nrevious transnort 
measurements. Lithographically defined con- 
tact pads, as are commonly used, will always 
contact relatively large areas on a nanotube 
rope, effectively shorting parallel channels to- 
gether, thus providing at least one highly 
conducting pathway; furthermore, in nano- 
tubes with multiple collcentric walls, the iso- 
lation of a single defect-containing conduct- - - 
ing path may not be possible, even with a 
local probe contact (1 9). 

W e  measured distinct changes in the 
conductivity as the active length of the 
nanotube is increased, suggesting that dif- 
ferent segments of the nanotuhe exhibit 
different electronic properties. T h e  chang- 
es occur over very short lengths and are 
suggestive of on-tube nanodevices. Nano- 
tube nanodevices could prove to be in- 
valuable building blocks in  future minia- 
turized electronics. 
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Ste5 RING-H2 Domain: Role in Ste4-Promoted 
Oligomerization for Yeast Pheromone Signaling 

Carla Inouye," Namrita Dhillon,*t Jeremy Thornert 

Neither the ste5iCl77S) allele nor the 
ste5iC177A C180AJ allele was able to  
c o ~ n p l e ~ n e n t  the mating defect of an ste5A 
strain, when the lnutant genes were ex- 
pressed from a centromere-based plasmid, 
driven by either the STE5 promoter or the 
inducible GALl promoter (Table 1). Even 
high-level expression of the mutant pro- 
teins from the GALl promoter on a mul- 
ticopy plasmid caused only a small in- 
crease in  the mating proficiency of the 
ste5A cells (Table 1 ) .  Thus, an intact 
RING-H2 domain is essential for Ste5 
function. Consistent with this observa- 

Ste5 is a scaffold for the mitogen-activated protein kinase (MAPK) cascade components tion, ste5A cells containing the 
in a yeast pheromone response pathway. Ste5 also associates with Ste4, the p subunit steS(C177A C180A) allele were unable to 
of a heterotrimeric guanine nucleotide-binding protein, potentially linking receptor ac- activate transcription from a 
tivation to stimulation of the MAPK cascade. A RING-H2 motif at the Ste5 amino terminus inducible reporter gene (FUSl -1acZ) (1 0) 
is apparently essential for function because Ste5(C177S) and Ste5(C177A C180A) mu- in response to  the mating pheromone a- 
tants did not rescue the mating defect of a ste5A cell. In vitro Ste5(C177A C180A) bound factor (9).  Likewise, ste5A cells expressing 
each component of the MAPK cascade, but not Ste4. Unlike wild-type Ste5, the mutant the Ste5(C177A C180A) mutant were 
did not appear to oligomerize; however, when fused to a heterologous dimerization unable to  respond to a-factor (9), as 
domain (glutathione S-transferase), the chimeric protein restored mating in an ste5h cell judged by the halo bioassay for phero- 
and an ste4h ste5A double mutant. Thus, the RING-H2 domain mediates Ste4-Ste5 mone-induced growth arrest (1 1).  
interaction, which is a prerequisite for Ste5-Ste5 self-association and signaling. When Ste5(C177A C180A) was over- 

expressed from the GALl promoter on a 
multicopy plasmid in a STE5+ strain, the 
cells formed a halo in response to a-factor, 

M a t i n g  in the yeast Saccharomyces cereui- participate in diverse cellular processes, but the halo filled in much more rapidly 
siae is initiated by pheromone binding to but n o  specific function has yet been as- than did lawns of control cells lacking the 
heterotrimeric guanine nucleotide-bind- cribed to these domains (7). T h e  crystal plasmid (9), indicating an attenuated G1 
ing protein ( G  protein)-coupled receptors structures of two RING domains have arrest response in these cells. Such a dom- 
on  cells of opposite mating type, leading been solved ( B ) ,  and each is a globular inant-negative effect might result if the mu- 
to dissociation of the G P y  complex (Ste4 pseudosymmetric fold that coordinates tant protein competed with wild-type Ste5 
Stel8)  from the inhibitory Goi ( G p a l )  two Zn2+ atoms through a cross-bridging for the binding of one or more of the factors 
subunit ( 1 ) .  Subsequent signal propaga- element. T o  disrupt this structure as a required for signaling and sequestered them 
tion activates an evolutionarily conserved means to determine its importance to the in an inactive complex. T o  determine di- 
MAPK cascade (2) ,  ultimately causing ar- function of Ste5, we mutated [to serine (S)  rectly whether the Ste5(C177A C180A) 
rest of the cell cycle in the G, phase and or alanine ( A ) ,  as indicated] either the mutant protein remained competent to 
the production and activation of factors first, or both the first and second, con- interact with any of the known MAPK 
required for cell and nuclear fusion. Ste5 is served cysteine ( C ) ,  yielding C ~ S " ~  + cascade components, we immunoprecipi- 
an essential colnponent of this pathway Serl" (C177S) and C177A C180A mu- tated extracts from cells expressing deriv- 
(3, 4) and is thought to function as a tant proteins. T h e  expressed amount and atives of Ste5 and Ste5(C177A C180A),  
scaffold for the MAPK cascade compo- stability of both mutant proteins were tagged at  their NH,-terminal end with a 
nents (5 ) .  Ste5 also associates with Ste4 comparable to  those of wild-type Ste5 (9). c-Myc epitope, with an appropriate mono- 
(6) and thus may link release of G P y  to 
activation of the MAPK cascade. 

T h e  NH,-terminus of Ste5 (residues A Orcanism RWG-HZ Domain Seouence 

177 to 229) contains a cysteine-rich re- 177 229 

gion that is the prototype for the RING- 
I I 

Ste5 Yeast CTLCDEPISNRRKGEKIIELACGHLSHQECLIISFGTTSKADVRKLFPFCTKC 
HZ motif (Fig. 1A).  T h e  RING-H2 motif Deltex Drosophila CPMC~ELVIISAQNPAISLSRCQHLMHLQCLNGMIIAQQNE~KNLFIECPVC 
is a variant of the larger class of RING Far I yeast CLICEESISSTFTGEKVVESTCSHTSHYNCYLMLFETLYFQ GKFPECKIC 

domains (7) but contains a second histi- Rapsyn Hutnan CALCGESIGE ~~SRLQALPCSHIFHLRCLQN NGTRSCPNC 

dine in  place of the cysteine normally Neurodapl Rat CPICCSEYI KDDIATELPCHHFFHKPCVSIWL QKSGTCPVC 

found at positioll 5 (Fig. 1B). Proteins Pfp3 Yeast CDECGKFL QIKKFIVFPCGHCFHWniCIIRVILNSNDY(24)IVEKCGLC 

possessing RING and RING-HZ domains pep5 Yeast CFMCRLTL DIPVVFFKCGHIYHQHCLNEEEDTLESE RKLFKCPKC 
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