
insrtdicie~-it, sugge~tlnq that c i ~ l l e c t ~ ~ - e  et- 
frcts. such as \.eli)iit\- correlations bet\veen 
particle5 ( 16) or \l~>\\.ly c l e c a ~ - i ~ ~ ?  \-elocity 
ar~t~>cnrrcl,itiona. may lie important. 

.\I1 ot the  teatlure? in Fly. 3 reter t o  
inorion< a t  t i ~ n e >  lea> tIla11 T . t1111eq 
1~)l-ijier t11~i1-i P ~ .  t he  relati'ie d;?plaiement 
c>t grains i, characterireil b\ ~ubilit 't 'us~\-e 
mot ion,  \vl-i~cl-i p r e > r ~ r n , i l ~ l ~  iorrespnncls to 
t(railr~cll rrarr,ingements ot  nei~hbor l~- i ,a  
graln,q, over se\-era1 orders o t  n l a q n i t ~ ~ d e  111 

r11ne (Fly. 2 ,  E and C). \X1e il~il 1 - i ~ ) ~  ~ > b t a ~ 1 1  
the  iliifusi\.e 111nit (.LT'(P)) 7 .  e\.eln at  tlle 
enii o t  tlle range av,~ilable to  L>\Y-S. Llea- 
~ u r e m e n t ~  by long-ral-ige 1-icien 111ic1-oacnp\- 
(soll;l c~ rc l e s  ill Fig. 1C) ihi>\v that  re1,itiye 
i1lotii)ils o t  sallil grain.; in t l lr  d i r e i t ~ o n  
tr,~naver;e ti, I., ( T )  <111c1 in the  ylal-ie i)i t he  
clla~-inel \yere dift l~\lr ,e ( 1  7 ) .  T h e  time for 
rearrclllgelllellt ot  11ecire5t 11elgllbc3rq \\-<I5 

2.1 tl> 16 3 .  5 0  tllcit l t  ~e l~ i t l1 -?  11lC>tlOl-i l ?  

c i i t i~~>lve,  it 1s ,I conseque~-ice of cc3n1plex 
ci)llecti.i-e beha\-lor. H u n t  and otht.1-s 0 

sinlilar e x p e r i ~ l ~ e n t \  11~11 e 1~ee1-i p e r t o r ~ n e ~ l  
011 vll-ratzd granrllar ivstenls (9). O u r  clata 
i1-i,11c,ite thCir the  p:rrameter< o t  colli.ii31-i~il 
i l ~ n ~ i m i c ~  c a n ~ ~ o t  I-e i le i l~~i i ' i l  f r ~ > ~ i l  s11ch 
nle,iduremellt' ui1lly col~\ .ent ional  pre- 

illi)tio~-i ,r~-id long-time L 1 i f t ~ ~ s i o ~ ~ :  tor ex,i111- 
pie, the  illtiusion coefficii'nt ot t he  ol.ai~-is 
in o111- esper lment  \vas m11c11 l e >  than  s6L'. 

T h e  I\ icle sep;lrati~)n oi tinle sealei be- 
I n re11 collisio11,rl i i ~  11;i111ii, and the lona- 
tiille il1ff~si'i.i' limit sugyeqt th,it ci)mples 
cL)llecti\-e i l ~ n , ~ m i c s  i)ccur e\.en in the  ab- 

t \ \ .ee~l <I 11iolecu1~1r tluicl. \\ here \ - I ~ C O L I ~  loss 
c)ccIIra 0111y in >hear prailient.. ancl s,~ncl, 
\\heri' a r9101-i oi u n i h r m  flon. L1i~s~ycitec 
energy bec,ir~se. ,I, our r e r ~ l t a  ~I-ion.. \-elc>cit\ 
tluctr1~t1011s ex15t e\-eln in the ~ I ? S C ' I I C ~  of 
nlacro5cc)ylc gradient.;. 
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Single-Electron Transpart in Ropes of 
carbon Nanotubes 

Marc Bockrath, David W .  Cobden, Paul b. McEuen," 
Nasreen G. Chspra, A. Eettl, Andreas Thess, R. E. Smalley 

The electrical properties of individual bundles, or "ropes," of single-walled carbon nano- 
tubes have been measured. Below about 10 kelvin, the low-bias conductance was 
suppressed for voltages less than a few millivolts. In addition, dramatic peaks were 
observed in the conductance as a function of a gate voltage that modulated the number 
of electrons in the rope. These results are interpreted in terms of single-electron charging 
and resonant tunneling through the quantized energy levels of the nanotubes composing 
the rope. 

111 the pci,t decade, tr,insport ine,i\llreillrnt\ 
I-ia1.e emerqeL1 as ,I yrimarv tool h r  esplL)r- 
111a the  yropertles ot nanameter-scale strlli- 
ruse;. For example, qtrtdles o t  ilil,inrum clots 
1-ia1.i' illustr;iteci that s ~ n ~ l e - e l e c t r o n  charg- 
il-ig and resona~-it t ru~ lne l ln~  tl- iro~~gh cju~in- 
tired ei-itrgv lei-el> regulate transport 
through slllall structures ( I ) .  Recently, 
n1~1ch , i t t tntinn hCis 1-eel1 tl>cuse,l on carbon 
1-ianotube. ( 2 ) .  T1-ie11- co~-iiluctinq prnpel-tle< 
,Ire p r e d i c t ~ ~ l  to cieye~-id i)11 the di,imeter 
anLl Ilel~cit \  of the tube, par,imeterlzed b\- a 
roll-ul3 vector ( i l ,  i71). Cine tyl-e of tuhe, the 
so-c,illeJ (TI, n) or arlnchair tuhe, 1: expect- 
eci to he ,I one-ilimen.;io~lal (lL3) con,lucto~- 
n-it11 crlrrent carried by a pair of l D  sub- 
ba~-iii\ ( 3 )  (Fie. 1,  riFht inset) .  A recent 

i,i. Eoclirati- U H Cozdel- = L, i,icEl-en N. Ci Clop la  
.S. Lett . I\ lolec~ la1 3esgl- 11-stlt11te La;:ren:e Ee~kele; 
Natcna Lai:orato- al-ti Cepa~i~i-61-t  of =i-yslcs Un ,er-  
s1;y c i  Calisrl-a, Be1 keley C.4 24720 US.4 
A Tiess ai i r  R E S i i a  1% Cel-ter fc Nal-csczle Sc 
er-ce al-c~ TecI'~-eIzg~, Rce 13.1ait1-1fi'  is:^:^:? at-CI D?- 
[;~lt~-"~eits cf C/'EI~IS:I', PIICI '~I,.SICS ivipl S:CI: i Z e  Rce  

I~reakthro~1~1-i has nlade it possible to obta111 
l a r ~ e  qrlal-itit~ei ot the (10, 10)  si~-i~le-~valleil  
nanotulx  (YWNT) ,  n~hic1-i 1s -1.4 n m  111 

~1iametc.r (4). This  aclvance, in cnmbi~- ia t~on 
\\it11 recent quictisei i n  performing electri- 
cal meaqr~rernents o n  incliv~Ju,il multi- 
\\.ailed nanotul3ea (MK.NTs! (5-7) n11d 
n,~~-iotrtbe h u ~ ~ i l l e i  (S), make5 yosqil3le the  
stuily o t  the  electrical propertic. of thi. 1L> 
s\-.;tern. 

Lyre haye measrlred transport throrlqh 
I i~~ni l les ,  c.1- ropes, o i  nanot1113es briilging 
col-itactq qeparatcd 20C to 500 nm.  A qap 
(suppressed condr~ctance at low hlCii) 1. oh- 
aer\~ecl in the current-voltage (I-V) curves 
at  low temaer,i t~~rea.  Further, cira~natlc 
peaks are nl3ierveci in the conductance as a 
iunctlon of ,I crate volt,ii.e L7, tha t  mc,iiulates . - 
the charge pel- unit length of the tubes. 
These observations are cons~stent  ~ v i t h  s ~ n -  
gle-electron tra11syi)rt t l lrougl~ a seginellt of 
a ~~i-qlc.  tube \vith a typical aciil~tlon energy 
o i  - 19 me\' and an  average level spacmg of 
. .. 

U-1) EI.S~\.. %st O t c e  ECX 1922 t z j s t c 1  TX 77251, -j l l l ~ \ l .  
USA T h e  d e v ~ c e  geometry (Flg. 1, leit ~ n s e t )  
' TC  .+!i-zii c c l l es~cn3e i ce  shz-lo ij? ario~esseci collsists of a s~ng le  llanotuhe rope to x h l c h  



lithographically defined leads have been 
attached. The tubes are fabricated as de- 
scribed in (4) and consist of ropes made up 
of - 1.4-nm-diameter SWNTs. Diffraction 
studies (9) indicate that -30 to 40% of 
these are (10, 10) tubes. Contacts were 
made to individual ropes as follows. First, 
the nanotube material was ultrasonicallv 
dispersed in acetone and then dried onto 
an oxidized Si wafer on which alienment 
marks had previously been defined. An 
atomic force microscope (AFM) operating 
in the tapping mode was used to image the 
nanotubes. Once a suitable rope was 
found, its position was noted relative to 
the alignment marks. Resist was then spun 
over the sample, and electron beam li- 
thography was used to define the lead 
geometry. Metal evaporation of 3 nm of 
Cr then 50 nm of Au followed by lift-off 
formed the leads. This device has four 
contacts and allows different segments of 
the roDe to be measured and four-terminal 
measurements to be performed. The de- 
vice was mounted on a standard  chi^ car- 
rier, contacts were wire bonded, and the 
device was loaded into a 4He cryostat. A 
dc bias could be applied to the chip carrier 
base to which the sample was attached. 
This gate voltage V, modified the charge 
density along the length of the rope. Four 
samples were studied at liquid helium tem- 
peratures. All of the data presented here, 
however, were obtained from a single 12- 
nm-diameter rope containing -60 
SWNTs. 

Figure 1 shows the I-V characteristics of 
the nanotube roDe section between con- 
tacts 2 and 3 as a function of temperature T. 
The conductance is strongly suppressed 
near V = 0 for T < 10 K. Gaps of a similar 
magnitude were obtained for other nano- 
tube ropes with diameters varying from 7 to 
12 nm and lengths from 200 to 500 nm. 
There was no clear trend in the size of the 

gap or the high-bias conductance with the 
rope length or diameter. We note that mea- 
surements of MWNTs by ourselves and oth- 
ers (5, 7) displayed no such gap in their I-V 
curves. These results are in rough agree- 
ment, however, with those reported previ- 
ously by Fischer et al. (8) on similar, but 
longer, ropes of SWNTs. In their experi- 
ments, the linear-response conductance 
also decreased at low temperatures. 

Remarkably, the linear-response con- 
ductance G of the rope segment as a func- 
tion of V, (Fig. 2A) consists of a series of 
sharp peaks separated by regions of very 
low conductance. The peak spacing varies 
significantly but is typically -1.5 V. The 
peaks also vary widely in height, with the 
maximum amplitude of isolated peaks ap- 
proaching e2/h, where -e is the electronic 
charge and h is Planck's constant. The 
peaks are reproducible, although sudden 
changes ("switchingn) in their positions 
sometimes occur, particularly at larger 
voltages. The peak width increases linear- 
ly with T (Fig. 2C), whereas the peak 
amplitude decreases (Fig. 2B). The most 
isolated peaks remain discernible even at 
T = 50 K. 

The differential conductance dI/dV of a 
rope (Fig. 3) is reminiscent of previous mea- 
surements of Coulomb blockade (CB) 
transport in metal and semiconductor wires 
and dots ( I ) .  In these systems, transport 
occurs by tunneling through an isolated 
segment of the conductor or dot that is 
defined either by lithographic patterning or 
disorder. Tunneling on or off this dot is 
governed by the single-electron addition 
and excitation energies for this small sys- 
tem. The period of the peaks in gate volt- 
age, AV,, is determined by the energy for 
adding an additional electron to the dot. In 
the simplest model that takes into account 
both Coulomb interactions and energy-lev- 
el quantization, which we refer to as the CB 

Fig. 1. The I-V characteristics at a 
series of different temperatures for 40 
the rope segment between con- 
tacts 2 and 3. (Left inset) AFM im- 
age of a completed device. The 20 
bright regions are the lithographi- 
cally defined metallic contacts, la- 
beled 1 to 4. The rope is clearly vis- $ o 
ible as a brighter stripe underneath - 
the metallic contacts. Between the 
contacts (dark region), it is difficult -20 

to see the rope because of the im- 
age contrast. Note that the width of 
the rope in the AFM image reflects 
the convolution of its actual width 
with the AFM tip radius of curvature. - 6 - 5 - 4 - 3 - 2 - 1  0  1 2  3 4  5  6 

The actual thickness of the rope is v (mv) 

experimentally determined by measuring its height with the AFM and assuming that the rope is cylin- 
drical. (Right inset) Schematic energy-level diagram of the two 1 D subbands near one of the two Dirac 
points (3), with the quantized energy levels indicated. Here k points along the tube axis. 

model, the peak spacing is given by 

where U = eZ/C is the Coulomb charging 
energy for adding an electron to the dot, AE 
is the single-particle level spacing, and a = 
CJC is the rate at which the voltage ap- 
plied to the back gate changes the electro- 
static potential of the dot; here C is the 
total capacitance of the dot, and C, is the 
capacitance between the dot and the back 
gate. 

To understand the dependence on V and 
V, in more detail, consider the energy-level 
diagrams in Fig. 4. They show a dot filled 
with N electrons, followed by a gap U + AE 
for addine the (N + 1)th electron. Above 
this, addcional'levels separated by AE are 
shown, which correspond to adding the (N 
+ 1)th electron to one of the excited sin- 
gle-particle states of the dot. At a gate 
voltage corresponding to a CB peak, the 
energy of the lowest empty state aligns with 
the electrochemical potential in the leads, 

Fig. 2. (A) Conductance G versus gate voltage V, 
at T = 1.3 K for the rope segment between con- 
tacts 2 and 3. (B) Temperature dependence of a 
peak. Note that this peak was measured on a run 
different from that in (A) and does not directly 
correspond to any of the peaks there. (C) Width of 
the peak in (B) as a function of T. 
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and single electrons can tunnel on and off 
the dot at V = 0 (Fig. 4A). At gate voltages 
in between peaks (Fig. 4B), tunneling is 
suppressed because of the single-electron 
charging energy U. However, if V is in- 
creased so that the electrochemical poten- 
tial of the right lead is pulled below the 
energy of the highest filled state, an elec- 
tron can tunnel off the dot, resulting in a 
peak in dI/dV (Fig. 4C). Further increasing 
V allows tunneling out of additional states, 
giving additional peaks in dl/dV (Fig. 4D). 
Similar processes occur for negative bias, 
corresponding to tunneling through unoc- 
cupied states above the Coulomb gap. At its 
largest, the required threshold voltage for 
the onset of conduction of either type is 

To apply this model to our system, we must 
postulate that transport along the rope is 
dominated by single-electron charging of a 
small region of the rope, or perhaps a single 
tube within the rope. For now, we will use 
the CB model to infer the vroverties of this 

L L 

isolated region. We initially restrict our- 
selves to the data of Fies. 2 and 3. which " 
corresponds to the rope segment between 
the two central contacts. 

In the CB model, the temperature de- 
pendence can be used to deduce the parame- 
ters in Eq. 1. The width of a CB peak is given 
by d(AV,)/dT = 3.5kB/ae, where kB is Boltz- 
mann's constant. Comparison with the data 
in Fig. 2C gives a = 0.01. From this value and 
the measured spacing between peaks of 1 to 2 
V, we obtain a typical addition energy U + 

AE = 10 to 20 meV. The disappearance of 
the oscillations above -50 K yields a similar 
estimate for the addition energy. 

The amplitude of the conductance peak 
increases with decreasing temperature at low 
temperatures. Within the extended CB mod- 
el, this result indicates that AE >> kBT and 
that transport through the dot occurs by res- 
onant tunneling though a single quantum lev- 
el. The peak height decreases as T is increased 
up to -10 K. This sets a lower bound on the 
energy-level splitting of AE - 1 meV. In 
addition, for some peaks, such as those in the 
center of Fig. 2A, the intrinsic linewidths of 
the peaks are clearly observable. Fitting the 
peak shapes reveals that they are approxi- 
mately Lorentzian, as expected for resonant 
tunneling through a single quantum level (I ). 

The nonlinear I-V measurements con- 
firm the addition and excitation energies 
deduced above. The maximum size of the 
Coulomb gap V,,, in Fig. 3 is a direct 
measure of the addition energy: for the two 
peaks in the figure, it is -14 meV. Tunnel- 
ing through excited states was also visible 
above the Coulomb gap for some peaks, and 
the level spacing to the first excited state 
ranged from 1 to 5 meV (10). For example, 
in Fig. 4 the level spacing between states 
labeled by C and D is AE = 1 meV. 

These parameters compare well with ex- 
pectations. Consider a single (n, n) nano- 
tube. The tube is predicted to be metallic 
(3), with two 1D subbands occupied at the 
Fermi energy E,. The order of magnitude of 
the average level spacing should be related 
to the dispersion dE/dk (k is the wave vec- 

Fig. 3. Differential conductance dl/dV of the rope 
segment between contacts 2 and 3 as a function 
of V and V,. The data are plotted as an inverted 7 
gray scale, with dark corresponding to large dl/ 
dV. To enhance the image contrast, a smoothed 
version of the data was subtracted from the differ- -5.0i 
ential conductance. The points marked A through 6.5 7.0 7.5 8.0 8.5 9.0 9.5 
D correspond to the diagrams in Fig. 4. The linear- V, (V) 
response conductance peaks (such as point A) 
correspond to the centers of the crosses along the horizontal line at V = 0. The gap in dl/dVcorresponds 
to the white diamond-shaped regions between the crosses (such as the region containing point B). 
These crosses delineate the point of the onset of conduction at finite V(point C). Because the application 
of large biases led to significant switching of the device, our sweeps were limited to 28 mV, and only the 
center of the diamond regions is visible. Additional features (point D) are also observed above the gap. 

Fig. 4. Schematic energy-level diagrams within the CB model corresponding to the points marked on 
Fig. 3: (A) at a Coulomb peak, where linear-response (V = 0) transport is possible; (B) between peaks, 
where linear-response transport is blockaded (the addition energy U + AE and the level spacing AEare 
indicated here); (C and D) at two different applied voltages (V, and V,, the voitages at the respective 
points in Fig. 3), where transport occurs through the first and second occupied states, respectively. 

tor) at the Fermi level (3, 1 1 ) 

dE AK dE T 0.5 eV 
AE-------- 

dk 2 dk L L (nm) (3) 

where the 2 arises from nondegeneracy of the 
two 1D subbands (Fig. 1, right inset). The 
charging energy is more difficult to estimate 
accurately. The actual capacitance of the dot 
depends on the presence of the leads, the 
dielectric constant of the substrate, and the 
detailed dielectric response of the rope (1 2). 
For an order of magnitude estimate, however, 
we take the capacitance to be given by the size 
of the object, C = L. We then have 

e2 e2 14 eV U = - = - = -  
C L L (nm) (4) 

Note the remarkable result that in one di- 
mension, both AE and U (Eqs. 3 and 4) 
scale as 1/L, and hence the ratio of the 
charging energy to the level spacing is 
roughly independent of length. This inde- 
pendence means that the level spacing will 
be important even in fairly large dots, un- 
like in 3D systems. For a tube of length L - 
200 nm (the spacing between the leads), we 
obtain U = 7 meV and AE = 2.5 meV, 
consistent with the observed values. 

To relate these theoretical results for a 
single tube to the measurements of rope 
samples, we first note that current in the 
rope is likely to flow along a filamentary 
pathway (13) consisting of a limited num- 
ber of single tubes or segments of a few 
tubes each. This is because, first, 60 to 70% 
of the tubes are not (10, lo), and hence, the 
majority of the tubes in the rope will be 
insulating at low T (14). Second, the inter- 
tube conductance is small comvared to the 
conductance along the tube, inhibiting in- 
tertube transport. Finally, the metal proba- 
bly makes contact to only the metallic tubes 
on the surface of the rope, further limiting 
the number of tubes involved in transport. 

Disorder along a filamentary pathway will 
tend to break it up into weakly coupled local- 
ized regions. This disorder may result from 
defects (15), twists (16), or places where in- 
tertube hopping is necessary along the path- 
wav. Generallv. the conductance should then , , , 
be determined by single-electron charging 
and tunneline between a few such localized " 
regions. For other rope segments that we have 
measured, the characteristics were consistent 
with transport through a few segments in se- 
ries or parallel, each with different charging 
energies. For the particular rope segment we 
have focused on here, however, a single well- 
defined set of CB peaks was observed, indi- 
cating that transport was dominated by a sin- 
gle localized region. We believe that this re- 
gion is a section of a single tube or possibly a 
bundle of a few tubes. The measured charging 
energies and level spacing indicate that the 
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size of tliis region is rouglily the length be- 
tween the contacts. 

Each peak therefore corresponds to reso- 
nant tunneling though a coherent molecular 
state that extends for up to hundreds of nano- 
meters in a locallzed region within the nano- 
tube bundle. Furthermore, the amplitudes of 
some isolated peaks approacli the theoretical 
lnaxinlulli for single-electron transport of r2/h. 
This amplitude is only possible if the barriers 
that confine this state at either end are ap- 
proximately equal and there is no  other sig- 
nificant resistance in serles with the localized 
reg~on. Tliese reyuiremelits are consistent 
wit11 tlie barriers being at tlie contacts be- 
tween the metal leads artd tlie rope. It is also 
possible that the barriers are mithin the rope, 
in whicli case the metal-rope contacts must be 
almost ideal so as not to reduce the maximum 
cortductance from e2/h (17).  Variation in tlie 
cousline to each lead from level to level can 

L " 

account for the varying peak slzes apparent in 
Fig. 2. 

Althougli the above interpretation ac- 
counts for the major features in the data, 
many interesting aspects of this system remain 
to be explored. First, one would like to estab- 
lish absolutely that transport is indeed occur- 
rmg predomriantly along a single tube. Sec- 
ond, it should be determined whether all de- 
tails of rlie data can be ex~lained n.ithin tlie 
simple CB model discussed above, because 
Coulomb mteractlons may significantly mod- 
ify the lowenergy states from simple 1D non- 
interactmg levels (18). Of great Interest 
would be measurements of disorder-free tubes. 
where tlie intrinsic conducting properties of 
the tube can be nleasured without tlie com- 
plications of single-electron charging. T o  ad- 
dress tliese issues, experiments on ind~vidual 
single-walled tubes are hlghly desirable, and 
progress is being made in tliis directio~i (19).  
Yet another Imnortant exneriment would be 
to nieasure directly tlie Intertube coupling by 
making separate electrical contact to two ad- 
lacelit tubes. 
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Origin of the High-Frequency Doublet in the 
Vibrational Spectrum of Vitreous SiO, 

Johannes Sarnthein, Alfredo Pasquarello,* Roberto Car 

The vibrational properties of amorphous SiO, were studied within first-principles density 
functional theory. The calculated spectrum is in good agreement with neutron data, 
showing, in particular, a double peak in the high-frequency region. This doublet results 
from different local modes of the tetrahedral subunits and cannot be ascribed to a 
longitudinal-optic-transverse-optic (LO-TO) effect. This solves a long-standing contro- 
versy about the origin of the doublet in neutron spectra. A LO-TO splitting is recovered 
only when the long-wavelength limit is probed, as in optical experiments. These findings 
should be a general feature of tetrahedral AX, amorphous networks. 

T h e  high-frequency vibrations in amor- 
phous SiO, (a-SiO,), corresponding to Si-0 
stretcliing modes, are responsible for a dou- 
ble peak tliat is clearly distinguisliable in 
neutron sDectra (1 . 1). In the same freauen- , ,  , 

cy range, infrared (3-5) and Raman mea- 
surements (6-8) sliow a LO-TO s~ l i t t ing  - 
induced by the long-range nature of the 
Coulomb fields that are present In ~ o n i c  
materials (9 ,  1C). Because the spllttlngs in 
neutron and optical spectra are similar, two 
different explanations for their occurrence 

liave been invoked. The  splitting in the  
neutron spectrum has alternatively been at- 
tributed to two different vibrations of molec- 
ular subunits (3, 11-13), with one of thetn 
being optically Inactive, or interpreted as a 
LO-TO effect related to a single type of 
stretching tnode (14, 15). 

The explanatlo11 in terms of a separation 
between LO and TO lnodes arises naturally as 
an extensLon from crystalline SiO?. 111 a 
quartz, at the r poilit of the Brillouin zone, a 
splitting of about 2L1 me\/ between LO and 
TO phonon modes is illdisputable (1 6 ,  17).  
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