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Simulation of scanning tunneling spectroscopy of supported carbon nanotubes
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The angle and energy dependent transmission of wave packets was calculated through a jellium potential
model of a scanning tunneling microscope~STM! junction containing different arrangements of carbon nano-
tubes. The total tunnel current as a function of STM bias was calculated by statistical averaging over a
distribution of wave packets in the allowed energy window. Three tunneling situations were studied:~i! a STM
tunnel junction with no nanotube present,~ii ! one single wall nanotube in the STM junction, and~iii ! a
nanotube ‘‘raft.’’ The effects of point contacts at the STM tip/nanotube, at the nanotube/substrate, and at both
interfaces were also investigated. The theory allowed us to identify components of pure geometrical origin
responsible for the asymmetry in the scanning tunneling spectroscopy~STS! spectrum of the carbon nanotubes
with respect to bias voltage polarity. The calculations show that for tip negative bias the angular dependence
of the transmission is determined by the tip shape. The particular tip shape introduces an asymmetry on the
negative side of the STS spectrum. For tip positive bias the angular dependence of the transmission depends
strongly on the nature of the nanosystem in the STM gap. While the transmission of the STM tunnel junction
with no nanotube present can be well represented by a one dimensional model, all other geometries cause a
large normal-transverse momentum mixing of the wave packet. A diffraction-grating-like behavior is seen in
the angular dependence of the transmission of the nanotube raft. Point contacts between the nanotube and the
substrate cause an asymmetry in the positive side of the STS spectrum. Calculated STS spectra are compared
to experimental ones.
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I. INTRODUCTION

Single wall carbon nanotubes~SWCNTs! are objects
composed of carbon with typical diameters of the order o
nm. The structure of a SWCNT is like that resulting aft
rolling a single sheet of graphene into a cylinder. The el
tronic properties of a SWCNT in the first approximation a
determined by how this rolling is done.1 Calculations based
on a tight-binding Hamiltonian show that the gap value fo
given SWCNT depends only on the value of its diamete2

which is unambiguously determined by the rolling vectorTW

5naW 11maW 2, whereaW 1 andaW 2 are the lattice vectors of th
graphene sheet.3 A multiwall carbon nanotube~MWCNT! is
built by placing smaller diameter SWCNTs in larger diam
eter ones concentrically in such a way that the graphene
inders are separated by a distance of 0.34 nm. Another r
lar, multishell structure frequently found experimentally
the ‘‘rope’’4 or ‘‘raft’’ 5 of CNTs, which is built by placing
the CNTs side by side in such a way that their axes
parallel to each other with intertube spacing 0.32 nm cha
teristic of van der Waals inter-SWCNT bonding.4

Because of to its ability to image objects with typic
dimensions in the nanometer range, the scanning tunne
microsocpe~STM! is very well suited to investigate CNT
~see Ref. 6 for a recent review!. In addition to topographic
images, the electronic structure of CNTs can be probed
scanning tunneling spectroscopy~STS!.7–11 In order to be
investigated by STM the CNTs have to be supported on
atomically flat conducting substrate, most frequently Au
PRB 620163-1829/2000/62~4!/2797~9!/$15.00
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highly oriented pyrolitic graphite~HOPG!. In the interpreta-
tion of the STS data, one should take into account the co
plex structure of the system12,13 through which the tunneling
takes place. The simplest formalism used in interpretation
the STS data of single crystalline surfaces14 is valid for de-
scribing the process of tunneling through a one dimensio
potential barrier. On the other hand, no tractable formalism
available for analytically calculating the tunneling curre
from the STM tip to the support through a CNT. Therefo
the simulation of the tunneling process using a recently
veloped computer code13 is helpful in the interpretation of
experimental data.

A further effect that must be taken into account in t
interpretation of STS data is the value of the tunneling g
between the tip and the imaged object. Early work on
dependence of STS spectra on the width of the tunneling
showed that the STS results are influenced by this value.15,16

This gap can be an important parameter in understanding
STS data and the topographic STM images of CNTs. Atom
resolution images of CNTs do not exclude the possibility
point contact imaging.15 Recent results, based on comput
modeling of atomic resolution STM images17 compared to
experimentally measured atomic resolution images, and
diameter values inferred from STS measurements, indic
anomalously small gap values between the SWCNT and
STM tip.18

Exploring the way that the current tunnels between
sharp tip and a CNT is not an easy task because of the c
plicated shape of the potential barrier.19 This question is ad-
dressed in the present paper. The basic ideas and restric
2797 ©2000 The American Physical Society
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of the method developed here are as follows.~i! The tunnel-
ing problem is regarded as a problem in potential scatte
theory.20–22The current density is determined by calculati
the scattering of wave packets~WPs! incident on the barrier
potential. ~ii ! The method applies to localized barriers. B
localized, we mean situations in which nonperiodic spa
variations of the potential occur only over a finiteinterface
region of nanoscopic size.~iii ! The initial WPs are con-
structed from the stationary states of the reservoir fr
which the WPs are arriving. The initial WP is formed in
such a way that its envelope function will have a const
plateau of larger size than the spatial dimension of the in
face region.~iv! The total tunnel current at a given STM bia
is a statistical average of the tunnel currents for WPs
different allowed incident energies and directions (kW vectors!
weighted according to the band structure of the two res
voirs.

In this calculation focusing on geometric, point conta
and bias effects we used a simple jellium potential wh
does not take into account the atomic structure. As sho
recently,23 the self-consistent electronic structure of CN
represented by the jellium background model compares
vorably with parametrized linear combination of atomic o
bitals calculations that take atomic structure into accou
The absence of atomic structure in the jellium tubes
equivalent to averaging over all chiral angles. At this level
approximation, all CNTs are metallic. This means that o
approach is unable to deal with semiconducting CNTs at
bias potential.

The calculations were done for a two dimensional~2D!
barrier model. While this neglects some important effec
e.g., the spread of the charge along the tube, which ma
important for metallic tubes, a 2D calculation with read
available computer resources makes it possible to explore
essential phenomena governing the incident angle de
dence of transmission through supported nanostructu
Such phenomena cannot be studied in the framework of
models. In the detailed discussion below we always n
when 3D effects are expected to modify a particular feat
qualitatively.

In the present paper the effects arising from tip geome
and tip polarity are investigated. Furthermore, the poss
effects of point contact at the STM tip/CNT, at the CN
substrate, and at both interfaces are modeled. The effect
duced by placing regular arrangements~rafts! of CNTs under
the STM tip are simulated. The raft geometry is used
mimic an ordered two dimensional array of nanotubes o
flat substrate. It is assumed that the intertube interactio
CNT rafts is similar to that found in nanotube ropes.

The organization of the paper is as follows. In Sec. II t
tunnel barrier is constructed for an STM junction containi
the different arrangements of CNTs and point contacts. S
tion III gives an outline of the wave packet dynamic
method of calculating the tunnel current. In Sec. IV nume
cal results are presented for the angle and energy depend
of the transmission probability and for the tunnel current a
function of STM bias. Section V is devoted to discussion
the results.

Hartree atomic units are used in all formulas unless wh
explicit units are given. SI units are used, however, in all
figures and numerical data.
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II. BARRIER MODEL

The model system is shown in Fig. 1. It is infinitely lon
in the y direction. The geometrical and material paramet
of the CNT and the tip are the same as in Ref. 13. The C
is modeled by a cylinder of 0.5 nm radius floating above
support at a distance of 0.335 nm. The STM tip is taken a
hyperbolic cylinder of 0.5 nm apex radius and 15° apert
angle. The effective surface of these objects is assumed t
0.071 nm outside their geometric surface~defined as a
smooth surface matching the nuclear skeleton of the sur
atoms!. The tip-CNT and CNT-support point contacts whe
considered are represented by 0.2 nm wide conducting c
nels. The potential barrierV(rW) is composed of a jellium
potentialVjell(rW) which models the binding of the electron
in the objects and of the electrostatic potentialVelstat(rW) aris-
ing from applied STM bias. The jellium potential is zer
outside the effective surfaces of the electrodes a
29.81 eV inside.13 The electrostatic potential is calculate
by the capacitance matrix method.24,25Although this method
is capable of handling the contact potential also, in
present calculation the contact potential is zero because
objects are assumed to have the same material paramet

III. WAVE PACKET DYNAMICAL CALCULATION
OF TUNNEL CURRENT

The quantum mechanical tunneling probability
calculated13 from the time dependent scattering26 of a WP on
the potential barrierV(rW).

A. Choice of initial wave packet shape

To eliminate the effect of the particular WP shape on
resulting tunneling probability, the WP should have a co
stant plateau when arriving at the interface region. Us

FIG. 1. Model system. The lower half plane, middle ring, a
hyperbolic protrusion on the upper half plane show the verti
cross sections of the support, nanotube, and tip, respectively.
effective surface~broken line! is 0.071 nm outside the geometri
surface~full line!. The arrow labeledk0 shows the incidence direc

tion of the incoming wave packet.jWprob is measured along the dot
ted line in the tip bulk. The particular wave packet and measur
line position is for a tip positive situation. In the tip negative ca
the wave packet is approaching the tunnel junction from the tip b

and jWprob is measured in the support bulk. All dimensions are
nomometers.
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conventional Gaussian WPs this could be achieved with
desired accuracy by using a lateral spreadDx@WT where
hWT is the largest full width at half maximum of the tunne
ing channel. This approximation was used in Ref. 13 wh
we modeled a STM measurement havinghWT around 0.1–
0.2 nm, a typical minimum achievable value with sha
tips.20 In the case of CNT rafts, however, the characteris
size of the tunneling region is much larger, which wou
require the use of a Gaussian WP with fairly largeDx that
would subsequently require a fairly large spatial mesh.
avoid this difficulty in the present work, the WP was atrun-
cated plane wave, which has a plateau of constant probab
ity density larger than the interface region. Such a WP can
constructed as a convolution of a Gaussian with a squ
window function. To compensate for the effect of the dist
tion of the plateau during the time development of the WP
backward time propagator is used to construct the ini
state:

c0~x,z!5N~a,d1 ,d2!P̂t0

3F E
d1

d2
expS 2

~x82x!2

a2 1 ikxxDdx8G
3expS 2

~z2z0!2

a2 1 ikzzD , ~1!

where d1521.52 nm,d251.52 nm,a50.529 nm, andN

is a normalization constant. By the free space propagatorP̂t0
the truncated plane wave is backward propagated in time
an amountt05(z02zinter f)/vz wherez0 is the initialz posi-
tion of the center of the WP,zinter f is the z position of the
first tunneling interface, andvz5kz is thez component of the
group velocity. The initial positionz0 was chosen to make
the probability density of the initial WP negligible in th
interface region.

B. Tunneling probability

The tunneling probability for a given initial WP is dete
mined in the same way as described earlier.13 Hence only a
brief summary of the method is given below. Thec(x,z,t)
time dependent wave function is computed from the ti
dependent 2D Schro¨dinger equation by thesplit operator
Fourier transform method.27–29 The probability current den
sity jWprob(x,z,t) is calculated along a horizontal line~see
Fig. 1! inside the tip~support! bulk for tip positive~negative!
bias for each time step. Line integration ofjWprob(x,z,t) along
this line of constantz gives the probability currentI prob(t)
and the tunneling probability isPWP(kW )5*0

tmaxI prob(t)dt.
Calculation is performed until the subsequent change ofPWP
becomes negligible.

IV. RESULTS

A. Angle dependent transmission for zero bias

Figure 2 shows angle dependent transmission proba
ties P(u) as a function of the incidence angleu, which is
defined as the angle of the wave vectorkW05(kx0 ,kz0) of the
initial WP @cf. Eq. ~1!# measured relative to the normal d
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rection ~see Fig. 1!. Calculations were performed for differ
ent number of CNTs:~a! for a STM tunnel junction with no
CNT present,~b! for one CNT, and~c! for three CNTs~mod-
eling a CNT raft!. In addition we studied the effect of th
point contacts in the tip-CNT and CNT-support tunnel jun
tions. For each barrier the angle dependent transmission
calculated for WPs incident from the support@P1(u), tip
positive, solid curves# and for those incident from the tip
@P2(u), tip negative, dashed curves#. For these vanishingly
small bias calculations the incident WP energy was fixed
E5EF55 eV. To check the consistency of the results t
angular integral of the transmission probability was calc
lated for each curve. The integral values for tip positive a
tip negative infinitesimal biases were found to agree wit
5%, as they should. Because theP(u) curves were calculated
for only 13 equidistant angle values, we should not expe
better consistency.

1. Tunneling vs point contact

Figure 2~a! shows theP1
tunnel(u) andP2

tunnel(u) functions
for a STM tunnel junction with no CNT present.P1

tunnel(u)
will be our reference curve in the following discussion. A
we will see in Sec. IV B this curve is very similar to th
angular dependence of the tunneling probability for a pla
plane barrier. For increasing angle the tunneling probabi
decreases because of the decreasing normal momentu
the WP. By contrast,P2

tunnel(u) shows a plateau with a sha
low minimum around normal incidence. This plateau
caused by the vortices of the probability current density
waves incident from the bulk of the tip.21,22The vortices also
strongly influence the probability density as shown in Fig.
Figure 2~b! shows the influence of a point contact~0.2 nm
wide conducting channel! which connects the tip apex to th
support. The most obvious effect is the increase of the tra
mission probability by a factor of about 40. TheP1(u) an-
gular dependence is also modified. This is the conseque

FIG. 2. Transmission probability for the~a! STM tunnel junc-
tion with no nanotube present and~b! STM junction shortcut by a
point contact. Full~broken! line is for tip positive~negative! case.
Model barrier geometry~effective surfaces! is shown in the inset.
Note that the vertical scale of the two graphs is different by a fac
of 40.
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of switching from tunneling to ballistic flow through the na
row conducting channel. The angular dependence
P2

point contact(u), however, is very similar to the tunnelin
case apart from the overall increased magnitude. There
drop of the tunneling probability at around 25° which can
attributed to the narrow aperture angle of the tip. This
simply because WPs incident at large angles from the
bulk cannot enter the apex. This wave guide effect can
even more pronounced in real experimental situations wh
the end of the tip has a needlelike shape on the nanom

FIG. 3. Influence of probability current vortices inside the
bulk on the time averaged probability density. The solid dark lin
show the effective surfaces of the objects. Width of the presenta
window is 5.76 nm. Darker gray shades correspond to larger p
ability density. A nonlinear gray scale was chosen to facilit
clearer presentation of both the vortices inside the tip and the s
density in the support region due to the tunneled-through part of
wave packet.
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scale. The functional form of the plateau inP2
point contact(u)

is still influenced by the probability vortices inside the t
apex. For smallu values P2

point contact.P1
point contact be-

cause the tip apex collects the probability waves like a f
nel. In the tunneling case this effect is suppressed beca
these collected waves have a wide angular distribution du
the multiple internal reflections inside the tip apex, and
tunnel effect strongly selects only the normal moment
components in contrast to the point contact where no s
self-selection occurs@cf. the P1(u) curves for the two
cases#.

2. Nanotubes in the tunnel gap

In Fig. 4 angle resolved transmission probabilities a
shown for one CNT~left graphs! and a CNT raft~right
graphs! placed in the STM gap. The raft is modeled by thr
tubes. In the upper row there is no point contact, in
middle row there is a point contact between the tip and
tube~s! and the lower row shows a situation with point co
tacts between both the tip and tube~s!, and between the
tube~s! and its support. The main functional form ofP2(u)
is similar in each case. This is so becauseP2 is mainly
determined by the details of the tip apex shape. We have
performed calculations for a point contact only between
tube~s! and the support, a situation not likely to be foun
experimentally but needed in separating the effects in
case of two point contacts. These results are not shown
because it was found that the shape ofP1(u) is similar to
the two point contact case and only the absolute magnitud
smaller. The functional forms of the upper~no point contact!
and middle~tip-tube point contact! P1 graphs are also simi
lar apart from a multiplicative factor. This is because the W
travels through two constrictions and the angular depende
of the transmission is mainly determined by the first it pas
through. Indeed, the CNT through which the WP propaga

s
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all
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-
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-
.
s,
FIG. 4. Transmission probabilities for differ
ent numbers of nanotubes and different po
contact configurations. Full~broken! line is for
tip positive~negative! case. Model barrier geom
etries~effective surfaces! are shown in the insets
Note the different vertical scale of the graph
facilitating clearer presentation.
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widens the angular wave vector distribution of the WP. W
can say that the wave barely remembers its original in
dence angle by the time it reaches the second junction.
reasoning explains why the point contact specific angu
dependence~cf. Sec. IV A 1! shows up only in the case o
tube~s!-support point contact but not for the tip-tube~s! point
contact, where a tunneling specific angular dependence
mains even though one of the constrictions is actually a p
contact.

TheP1(u) functions for the raft model~Fig. 4, right pan-
els! have a diffraction-grating-like characteristic shape for
point contact arrangements. We can observe a strong
around the normal incidence and smaller shoulders aro
30° –40°. This diffraction-grating-like behavior is caused
interference between the resonant states of the individ
tubes. In a real 3D case this behavior is probably less
nificant for metallic CNTs, than for semiconducting CNT
because the charge can spread along the metallic CNT e
and this reduces the resonant character of the states o
CNT.

B. Effective tunnel distances

To gain better insight into the results presented in
previous subsections, it is instructive to compare our
transmission probabilities with those for a simple plan
plane~1D! case. With the help of the plane-plane model
effective tunnel distance de f f will be defined.

The plane-plane tunneling can be solved as a
problem.30 The tunneling probability for a 1D WP withk0
.0 is

P1D5E
0

`

uw0~k,k0 ,a!T~k!u2dk, ~2!

wherek0 anda are the mean wave number and width of t
initial WP, w0(k,k0 ,a) is the momentum representation
the initial WP andT(k) is the transmission coefficient of th
1D barrier. A step potential~cf. Sec. II! is defined by its
height V0 and width d. This means thatP1D is uniquely
characterized by the variable set$k0 ,a,V0 ,d% for this type of
barrier.

If the WP is incident on a plane-plane barrier not from t
normal but from an oblique direction then its transmiss
probability is determined by the normal componentkz0 of its
wave vectorkW05(kx0 ,kz0)5(k0sinu,k0cosu). Due to the
constant potential in the region from which the WP
launched, we may write the translational kinetic energy
the WP asE05ukW0u2/25kx0

2 /21kz0
2 /2. So we can define its

transverse and normal translational kinetic energy com
nents by

E05Ex01Ez05E0sin2u1E0cos2u. ~3!

The transmission probability of the plane-plane barr
depends only on theEz0 normal energy component of th
WP:

Pplane-plane~E0 ,u,a,V0 ,d!5P1D~Ez0 ,a,V0 ,d!. ~4!
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Using this formulation we can associate with any transm
sion functionP2D(E0 ,u) a ~generally energy and angle de
pendent! effective tunnel distancede f f(E0 ,u) by the equa-
tion

P2D~E0 ,u!5P1D~E0cos2u,a,V0 ,de f f!. ~5!

Figure 5 shows thede f f(u) functions for different STM
situations.de f f is a nearly constant 0.52 nm for the STM
tunnel junction with no CNT present at an infinitesimal t
positive bias. This tells us that the barrier consisting o
plane and a hyperbolic tip with 0.5 nm radius at 0.409 n
distance is approximately equivalent for WPs defined in S
III A to a plane-plane barrier withde f f50.52 nm. This con-
stant value of the effective tunnel distance is a justificat
for using a 1D model for describing the functioning of th
STM in front of a flat surface. The reason behind this is t
negligible mixing of the normal and transverse moment
components. This separability of the momentum compone
is further demonstrated in the inset of Fig. 5. The points
the calculatedP1(u) values for different angles@the same
curve as on Fig. 2~a!#. The solid line is the transmission fo
a WP incident from the normal direction with E0
55 cos2u eV energy. The good match of these two curv
shows that tunneling through this barrier is only negligib
influenced by the transversal momentum.

All other de f f curves of Fig. 5 show a considerable ang
dependence, which is the effect of the larger norm
transverse momentum mixing. In the case of theP2(u)
curves this mixing is largely dominated by the vortices ins
the tip apex. Hence functional forms ofP2(u) curves are
very similar to each other independently of the presence

FIG. 5. Effective tunnel distances for different number of nan
tubes and for~a! tip positive and~b! tip negative cases. Inset: th
points are the calculatedP1(u) values for different angles@same
curve as on Fig. 2~a!#. The solid line is the transmission for a wav
packet incident from thenormal direction with E055 cos2u eV
energy. See the text for details.
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number of CNTs in the junction. The presence of CNT~s!
introduces only a constant shift inde f f of about 0.027 nm,
although the tip-support distance is increased by 1.335
by inserting the CNTs. For tip positive infinitesimal bia
however, the transmission of the raft is markedly differe
from that of the single tube: the diffraction-grating-like b
havior that was already discussed in Sec. IV A 2 is clea
visible.

C. Tunneling with nonvanishing bias

To model the nonvanishing bias an electrostatic poten
calculated by the capacitance matrix method24,25 was added
to the jellium potential. The sign of the potential was alwa
set in agreement with the WP incidence direction, i.e.,
WP was always launched opposite to the electric fie
EW •kW0,0. For a positive~negative! tip the WP was always
launched from the support~tip!. Thus different potentials are
experienced by the WPs coming from the two directio
hence the angular integrals ofP1(u) and P2(u) need no
longer be equal and this causes an asymmetry in the ca
lated I (V) curves. All three objects@tip, CNT~s!, and sup-
port# are assumed to be perfect conductors for the elec
static field calculation. For metallic CNTs this is a plausib
assumption because of their small screening length.31,32 In
nonmetallic tubes the electrons cannot move freely along
tube axis. Thus our perfectly conducting ring model is va
for the semiconducting tubes if only the electrons can m
freely along the circumference of the tube. TheUsupport and
Utip potentials are fixed by the STM setup:Usupport
50,Utip5Ubias .

The Utube potential was determined by assuming cha
neutrality. This condition givesUtube50.376Ubias for the
single CNT andUtube50.288Ubias for the CNT raft.

1. Energy dependence of transmission

Figure 6 shows the incidence energy dependence of
transmission probability of WPs with normal inciden
through a STM tunnel junction with no CNT present a
through a CNT for tip positive and tip negative 1 V biase

FIG. 6. Energy dependent transmission of a wave packet i
dent from the normal direction for tip positive and tip negative 1
bias potential. Full~broken! lines are for one~zero! nanotube. The
zero of the energy scale is fixed at the band bottom of thelaunching
side of the wave packet. On this energy scale the states betw
E54 eV andE55 eV ~shaded region on the figure! always con-
tribute to the tunnel current at zero temperature.
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The zero of the energy scale is fixed at the bottom band
the launching sideof the WP for both polarities. On this
energy scale the states betweenE54 eV and E55 eV
~shaded region on the figure! contribute to the tunnel curren
at zero temperature. The transmission for the STM tun
junction with no CNT present follows an exponential-lik
energy dependence characteristic of plane-plane tunne
~cf. Sec. IV B!. The presence of a CNT, however, cause
plateau to appear between 3.8 and 5 eV. This plateau
sign of resonant tunneling13 caused by the two tunne
interfaces.12

2. Tunnel current calculation

To estimate the tunnel current flowing through a real
junction we have to make some assumptions about the
havior of the system in the direction perpendicular (y direc-
tion! to our 2D calculation plane (xz plane!. To this end, we
have used the following simple approximations.~i! The y
diameter of the tunneling channel at the tip apex is assum
to be a constant 0.2 nm.~ii ! The transmission is assumed
depend on the in-plane and perpendicular-to-the-plane an
independently.~iii ! The perpendicular-to-the-plane angle d
pendence is taken to be the same as that of a plane-p
system~see Sec. IV B!.

After calculating the total 3DP(Ubias ,kW ) transmission
probability in the above approximation, the tunnel curren

I ~Ubias!5
1

4p3
AWP

e f f E
allowed

P~Ubias ,kW !kzdkW ,

whereAWP
e f f is the effective lateral (xy) area of the WP de-

fined as

AWP
e f f 5

1

S E
2`

1`

rWP~x0 ,z,t50!dzD 2

andx0 is the initial x position of the center of the WP.
Assuming a free-electron-likeE(kW ) relation and density

of states~DOS!, the allowedkW space region is the regio
between the E5EF and E5EF2Ubias hemispheres.
I (Ubias) curves for the STM tunnel junction with no CNT
present, for one CNT, and for three CNTs are shown in F
7~a!.

The absolute value of the current is higher than tho
measured in typical STS experiments. This is partly an a
fact of the WP dynamical method attributed to the ampl
cation effect33 of the higher momentum components in th
tunneling process. Further, experimental aspects of
higher than usual tunnel current are given in Sec V belo

All I (Ubias) curves of Fig. 7~a! show some degree o
asymmetry. These asymmetries are better displayed in
I (Ubias)1I (2Ubias) graphs of Fig. 7~b!. Note that, while
the asymmetry of the STM tunnel junction with no CN
present shows a linearUbias dependence and its magnitude
only 2.5%, the asymmetry of the tunnel gaps with CN
increase withUbias and reach a value of more than 20%
1 V bias. It should be emphasized that these asymmetries
of pure geometrical origin because of the free-electron-l
DOS assumption.
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V. DISCUSSION

The experimental STS curves7–11 of CNTs frequently
show some degree of asymmetry with respect to bias vol
polarity. In some cases this asymmetry has been attribute
charge transfer between the Au substrate and the CN7

Asymmetry was observed in STS measurements of CNT
HOPG,9,11 too, where charge transfer should be very limite
The degree of asymmetry is a variable quantity even
measurements reported within the same paper. Accordin
the simulation results presented above, two possible rea
for asymmetry in the STS data are as follows:~i! effects
arising from the particular tip geometry,~ii ! effects arising
from point contact during imaging and/or during STS me
surements. The very end of an STM tip may have a sh
that deviates drastically from the idealized geometry use
our model. However, a more complex tip may be genera
by considering the tip as being composed of several ideal
tips. This kind of approach was used earlier for analyz
multiple tip effects34,35 in atomic resolution STM images. In
the framework of our model it follows from this approac
that the particular tip shape will influence the structure of
vortices produced in the tip and by this can modify the p
ticular shape of theP2(u) function. This kind of effect is
expected to influence the negative side of the STS cu
when positive polarity means tunneling from sample to t
Due to the fact that the tip acts like a ‘‘waveguide,’’ th
width/length ratio of the active microtip, i.e., of the tip that
really responsible for the tunneling, may also have a role
deciding the characteristic vortex structure. The second k
of asymmetry source is the point contact between the C

FIG. 7. ~a! Tunnel current as a function of applied bias for
STM tunnel junction with no nanotube present, for one nanotu
and for a nanotube raft.~b! Tunnel current asymmetries for th
curves in~a!.
ge
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and its support; in fact, this means that there are two po
contacts: one at the STM tip/CNT interface—this will influ
ence the magnitude of the tunneling current—and the sec
one at the CNT/support interface. This latter one is produ
by pressure exerted by the STM tip on the top of the CN
Recent theoretical arguments suggest that differences in
electronic structure of the CNT and of the metal that
within tunneling distance may introduce an additional ene
barrier of 10 eV.36 This may lead to reduction of the tunne
ing gap over the CNT and to compression of the CNT b
tween the STM tip and the support. The second point con
~CNT/support! will introduce asymmetry in the STS spectr
In this case unusual features are expected on the positive
of the STS spectrum when tunneling takes place from sam
to tip, while the negative side will not differ in shape from
symmetric spectra but the magnitude of the tunneling curr
will increase significantly. These expectations are fulfilled
the experimental data reported in Ref. 11. This second k
of asymmetry is expected to show up in those STS meas
ments for which larger tunneling current values were us
while establishing the position of the STM tip before th
feedback loop was switched off. If the transmission throu
the system STM tip/CNT/support is low, then during th
constant current imaging operation~when the width of the
tunneling gap used during the STS measurement is also
termined! the tip can come into mechanical contact with t
topmost part of the CNT. When this occurs, the topograp
image will not be drastically altered. The compression
fects may be visible in transverse line cuts taken across
CNT like the one shown in Fig. 8. Although it may affect th
image quality, the point contact will not impede achievin
atomic resolution imaging, as in Fig. 9, taken at a sligh

e,

FIG. 8. Constant current topographic STM image of a MWCN
on HOPG,I t51.02 nA, Ug5100 mV. The line cut shown runs
along the black line in the image; the two crosses label the posit
of the markers shown in the line cut.
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smaller tunneling current as compared with Fig. 8. This is
agreement with earlier point contact atomic resolut
achieved on HOPG.15 These findings show that topograph
STM images and STS curves are best accompanied by
cuts taken across the CNT investigated. Frequently, cur
imaging tunneling spectroscopy~CITS! is used to acquire
spectroscopic data in several~or every! pixel points that
compose a STM image. When performing CITS the fe
back loop is switched on and off for every pixel, but, aga
the value of the STM gap is selected during the acquisit
of the topographic information. It may happen that for d
ferent points of the image the width of the tunneling gap w
be different, as in the case of rafts of CNTs.11 If this happens
symmetric and asymmetric STS curves may be meas
over the same CNT. Beyond the effects arising from po
contact, it follows from Fig. 5 that the particular arrangeme
of the CNTs in a raft or a bundle will leave its fingerprint o
the shape of the STS curves.

As we noted in Sec. IV C 2, the absolute values of o
calculated currents are higher than those in STS meas
ments. In STM experiments the tunneling gap is determi
in topographic mode. This means that a 1 nA current is ex-
pected at, say, 0.1 V bias at a gap of 0.4 nm. Now, wh
Ubias is increased without modifying the gap value—whi
does not happen during normal, topographic imaging,

FIG. 9. Atomic resolution, constant current, topographic ima
taken on the topmost region of the carbon nanotube shown in Fi
I t51.0 nA, Ug5100 mV. Note the three lines oriented along t
the directions in which theb sites~visible in the STM images of
graphite! are aligned. The line cut clearly shows the curvature of
nanotube and the atomic corrugation. Some blurring is presen
the image due to the mechanical contact of the tip with the na
tube.
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cause the feedback loop would correct it automatically—
results in a strong increase of the tunneling current. Thi
the reason, when doing spectroscopy, for choosing a ‘‘st
ing gap’’ large enough that at the edges of the voltage ra
the allowable current limit of the electronics is not exceed
Furthermore, if a certain energy density is exceeded in
tunneling channel, then permanent modifications of
sample and/or tip structure may occur, which will alter t
shape of the spectroscopic curve.

VI. CONCLUSION

We have calculated incidence angle and energy depen
wave packet transmission coefficients through a STM ju
tion model containing various configurations of carbon na
tubes. From the 2D scattering calculated from the time
pendent Schro¨dinger equation, 3D transmission coefficien
are derived by assuming no mixing of the wave packet m
mentum components along the tube axis and perpendic
to the tube axis. The total tunnel current at a given bias
calculated by the statistical average of probability curre
for all wave packets, assuming a free electron dispers
relation.

It was found that for tip negative bias~the wave packet
approaching the tunnel junction from the tip! the angular
dependence of the transmission is mainly determined by
tip shape. The particular tip shape determines the probab
current vortices inside the tip and this effect introduces
asymmetry on the negative side of the STS spectrum.

For tip positive bias~the wave packet approaching th
tunnel junction from the support!, however, the angular de
pendence of the transmission depends strongly on the na
of the nanosystem placed in the STM gap. The tip posit
transmission of a STM tunnel junction with no nanotu
present can be well represented by a plane-plane mo
while all other configurations studied show a considera
amount of normal-transverse momentum mixing. The an
lar dependence of the transmission of the nanotube
shows a diffraction-grating-like behavior.

Point contacts between the nanotube and its sup
caused by mechanical pressure exerted by the STM tip c
an asymmetry to appear on the positive side of the S
spectrum.

To our knowledge the present calculation is the first
yield tunnel current directly comparable to experimental d
for carbon nanotubes. While for a STM tunnel junction wi
no nanotube present the calculated STS spectrum shows
a small linear inUbias asymmetry, for nanotubes there a
considerable degrees of asymmetry present in theI (V)
curves. Because of the free electron DOS assumption th
asymmetries are of purely geometrical origin.

ACKNOWLEDGMENTS

This work was supported by the Belgian Federal OS
PAI-IUPAP P4/10 program and the Hungarian OTKA Gra
No. T 30435. G.I.M. and L.P.B. gratefully acknowledge
grant from the Belgian Federal OSTC and hospitality
FUNDP, Namur.

e
8.

e
in
o-



S.

,

u
ia,

a

d

re

A.

Y.

nd

.I
d

py

ys

h.

H.

A.

,

n,

l
nol-

,
oth

PRB 62 2805SIMULATION OF SCANNING TUNNELING . . .
*Email address: mark@sunserv.kfki.hu
1J.W. Mintmire, B.I. Dunlap, and C.T. White, Phys. Rev. Lett.68,

631 ~1992!; R. Saito, M. Fujita, G. Dresselhaus, and M.
Dresselhaus, Appl. Phys. Lett.60, 2204~1992!.

2J.-C. Charlier and Ph. Lambin, Phys. Rev. B57, R15 037~1998!.
3M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund,Science of

Fullerenes and Carbon Nanotubes~Academic Press, San Diego
1996!.

4A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, C. X
Y.H. Lee, S.G. Kim, A.G. Rinzler, D.T. Colbert, G.E. Scuser
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