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Chapter 1

Introduction

Metallic wires as used in standard microelectronic devicewowadays allow to be
fabricated with widths and heights of several tens of nanortes. Despite these
small dimensions, their electronic transport propertiesan be understood to a large
extent in terms of classical di usive motion.

Recently, metallic contacts could be attached also to sirgimolecules [1]. In contrast
to diusive metal wires, molecules are well de ned systemdyoth with respect to
their atomic structure and their electronic conduction preerties: all molecules of
a given structure are identical on atomic scale, and electnx transport through a
single molecule is determined solely by it's overall, colest wavefunction.

Since their discovery in 1991, multiwall carbon nanotubesMWNTSs) take an in-
termediate position between the world of identical molecat and disordered solids.
[2]. On one hand, they can be considered as a set of seamlessllgd up graphene
sheets (referred to as 'shells’), which are put one into anwoér. With this respect,
they have to be classi ed as perfect molecules.

On the other hand, their typical length of several micrometes and diameters up to
50 nm exceed by far the dimensions of most other molecular ®ms. Their large
size allows the occurrence of imperfections of the atomigwstture, without turning
the molecule into a completely di erent one, what would be th case for smaller
systems. Such imperfections are for example introduced byomic displacements
and adsorbates on the outermost nanotube shell. In this sen8MWNTs represent
a disordered molecular system, in which electronic transgds in uenced both by
the molecular wavefunctions and the imperfections of the ainic structure.

In the last years, large e ort has been made in order to clagifand characterize the
transport properties of MWNTSs (for an overview see Ref. [3])One main reason for
that is the fundamental interest in electronic transport ona molecular scale, which
Is most easily accessed with MWNTSs. Furthermore, also a vaty of microelectronic



2 Chapter 1. Introduction

devices bear the perspective of being assembled by nanotsibeither completely or
by using the tubes as connection wires [4, 5].

Despite the large e orts, the electronic properties of MWNTFE could not be clari ed
to a satisfying extent. For example, the interaction of adjeent nanotube shells is
not clear, since in the measurement only the outermost shé&ll contacted. Here, the
guestion arises, to which extent electric current is carriealso by the inner shells
[6].

Thus, the main goal of this thesis is to shed some more light transport in MWNTS.
Especially the question of a possible interplay between thmolecular structure and
the disorder is addressed, as well as the resulting conseaees for the electronic
transport.

Experimentally, the main investigation tool in this work are conductance measure-
ments on single MWNTSs at low temperatures and high magneticelds. A very
e cient gate is used for a considerable variation of the narntabe's Fermi level. The
results are compared to numerical tight-binding calculatins, as performed by our
collaborators S. Roche and F. Triozon [7].

The thesis is organized as follows: A review of the electronbandstructure within
the tight binding approach is given in Chapter 2. The tight-bnding method repre-
sents a very e cient and successful tool for a basic understding of the conduction
properties of carbon nanotubes. Furthermore, it allows a ogparatively easy inclu-
sion of magnetic elds and disorder.

Subsequently, several mesoscopic transport e ects are delsed, which are observed
in MWNTSs (Chapter 3). Here only those e ects are consideredwhich are crucial
for the interpretation of the measurements in this work.

After an overview on the sample-fabrication methods and theneasurement setup
(Chapter 4), the rst experimental results are presented (Gapter 5). These results
serve as a motivation for more extensive investigations, wh are presented and
discussed in the following sections.

In Chapter 6, the intricate interplay between the electrorg bandstructure and the
disorder of the system is addressed. This is done by means @&fgnetoconductance
measurements, where the Fermi level in the nanotube is chaathwithin a large range
by means of a highly e cient backgate. The latter o ers the passibility of tuning
the Fermi level across several nanotube subbands, which bt strongly a ects the
conduction properties.

Finally, Chapter 7 is concerned with the conduction properés of MWNTs with
large diameters of about 30 nm. If for such tubes the magnetield is aligned with
the tube axis, it's cylindrical shape is predicted to cause wariety of e ects in the
conductance. All of these e ects are closely related to theiidamental Aharonov-
Bohm e ect [8], which predicts conductance oscillations & ring-shaped conductor



as a function of the magnetic ux through the surface enclogeby the ring. The
predictions are investigated again by magnetotransport nasurements.

For nanotubes of large diameter in perpendicular elds, thre exist several contradic-
tory theoretical models, predicting the occurence of Landalevels and conductance
oscillations. Thus, in the last section of Chapter 7 corregmding measurements are
reported and compared to numerical calculations.
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Chapter 2

Electronic Bandstructure of
Carbon Nanotubes

The electronic bandstructure of perfect, i.e. defect-freand in nitely long single

wall carbon nanotube can be derived from that of a single layef graphite, or a
graphene. Therefore, rst the electronic structure of gralpene will be reviewed,
which will be specialized afterwards to carbon nanotubes & magnetic eld. This

section is mainly inspired by the book of R. Saitet al. [9].

2.1 Graphene

The carbon atoms in a graphene sheet form a planar hexagoredtice. In real space,
the unit vectors of the sheet are given by
p. ! P

a a
a5 1&@= L& 5 (2.1)

a; =

with a lattice constant of a = ja;j = jap] = 2:46A. The corresponding reciprocal
lattice is spanned by the vectors

2 2 2 2
b, = —— = by= — — 2.2
1 pgla 2 pgl a (2.2)

Each unit cell contains two carbon atoms and can hence accodate two valence
electrons. It has the shape of a rhomb, while the rst Brilloin zone forms a hexagon,
as shown in Fig. 2.1.

For each carbon atom, three bonds hybridize in asp? con guration. The fourth
valence electron remains in an atomip, state , perpendicular to the sheet, and hy-
bridizes with all other p,-orbitals to form a delocalized -band. Only this, covalent,
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Figure 2.1: (A) Direct graphene lattice with primitive vectors a; and a,.The
rhomb-shaped primitive cell contains two carbon atoms, dewted A and B. (B)
Corresponding reciprocal lattice (spanned byb; and by). The grey shaded
region marks the rst Brillouin zone. The positions of some hgh-symmetry
points (, K, M) are depicted. (Figure adapted from Ref. [9]).

-band is considered for the bandstructure calculation, ste it turned out to be
most important for determining the solid state properties bgraphite.

2.2 Tight Binding Method for Graphene

The tight-binding scheme allows to calculate the -electron bands of graphene. As
an ansatz, Bloch functions serve, as given by

1 X .
,-(k;r)=pﬁ kR ir R)j=1mn =AB (2.3)
R
where n denotes the number of atomic eigenfunctions per unit celR are the
positions of the inequivalent carbon atom# and B in the unitcelland ' j(r R )

is the 2p-wavefunction of the atom atR . N denotes the number of unit cells.
From the Bloch functions, an eigenfunction (k;r) of the sheet is expressed by

X
(kir)= Go(k) ( kir); (2.4)
j%=1

jo=
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where G; o are the coe cients to be determined. Minimizing the energy dnctional

hiHj i
(k)=

where H is the Hamiltonian of the graphene sheet, leads to the secukaquation

(2.5)

detH ES]=0: (2.6)

Here, Hjj o and S;; o are called the transfer integral matrix and the overlap intgral
matrix, respectively:

Hjjo=H jjHj" jo; Sjo=H j jo; j;j °=1::n: (2.7)
For graphene,n=2. In the nearest-neighbor approximation,H and S are given by
tf (k) : 1 sf (k)

_ 2p . .
w0 s 1 29
where
) P . P~
f (k) = €92 3+2e k@2 3cogk,a=2); (2.9)
t="Hha(r RajHj" s(r Rg)i; (2.10)
s=Hh A(r RAj' B(r RB)l (211)

s and t are called the transfer integral and the overlap integral liereen nearest
neighborsA and B, respectively. Finally, the eigenvalueg (k) are given by

2p tW(k)

Egoo (K) = 1 swk)

(2.12)

wherew(k) = jf (k)j. The positive/negative sign renders the bonding/antibonahg
= -band, respectively. For convenience,,, is set to zero. Ifs is also set to
zero, which is referred to as the Slater-Koster-scheme, theand -bands become
symmetric to each other with respect tce = 0. In this case, Eq.2.12 reads
( p_ !
Ego(kik)= t 1+4cos —o@ kya

) 1=2
kya

+ 7
cos? 5

5 cos - (2.13)
[10], wheret = 3:033 eV is chosen in order to reproduce the rst principles caila-
tions for the graphite energy bands[11]. The bonding-band is always energetically
below the antibonding -band, except at the degeneracy pointK(-points), where

the band splitting vanishes. Near theK -points, 2.13 is well approximated by
E(k) = ~Vij Kk pointj; (2-14)

with v 0:8 10Pm/s, which is referred to as the \light cone approximation". The
dispersion relation for graphene is depicted in Fig. 2.2



8 Chapter 2. Electronic Bandstructure of Carbon Nanotubes

ky [nfa]

Figure 2.2: Left: Energy dispersion of the tight binding - and -band of
graphene in units ofE(=3.033 eV. Right: Contour-plot of the bonding -band.
Lines denote the set of allowedk-vectors for a metallic (3,0) zigzag nanotube.
Dots correspond to theK -points in the rst Brillouin zone.

2.3 Zone Folding

From a graphene sheet, a nanotube is obtained by wrapping ihto a seamless
cylinder. Topologically, the wrapping is determined unigaly by the identi cation
of two unit cells, which are connected by the so-called chirgector

Ch (m;n)= ma; + nay; (2.15)

with positive integers m and n. The nomenclature is \armchair tube" for m=n,
\zigzag tube" for n=0, and \chiral tube" otherwise. The names re ect the shape b
the cross-section of the tube, which is shown in Fig. 2.3.

The wrapping is equivalent to the imposing of periodic bouraty conditions on the
electronic wavefunction in the direction ofCy. This leads to a quantization of the
electron wave vectork along the circumference of the tube:

k Ch=2n; (2.16)

wheren is an integer. For the component ok, which is parallel to the tube axis,
continuous valuesk, are allowed. This results in a backfolding of the graphene
dispersion and thus the set-up of quasi-one dimensional &a#mnds with index n.
These 1D dispersion relations are given by substituting Eq2.16 into Eq.2.13. In
reciprocal space, the set of allowel-vectors corresponds to parallel lines in the
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Figure 2.3: Classi cation of singlewall carbon nanotubes, corresponihg to
the shape of the -bonds along the tube circumference. (A) An (m,m) arm-
chair nanotube, (B) an (m,0) zigzag nanotube and (C) an (m,n) chiral nan-
otube. (Figure adapted from Ref. [9]

direction of the tube axis. In Fig. 2.2, the procedure is degied for a (metallic)
(3,0) zigzag nanotube. The 1D bands show a gap, if the-points are not contained
in the set of k-vectors. This is the case if (B + m) is a multiple of 3. Otherwise
the tube behaves like a 1D metal, or, more exact, as a zero-gapmiconductor.
For example, all armchair tubes are metallic, while one thif of all zigzag tubes is
metallic. In Fig. 2.4, the dispersion of the one-dimensiohaubbands with positive
energy (with respect to the graphene Fermi level) are showorfa metallic (12,0)
zigzag nanotube. The (-orbital-)bands with negative energies are symmetric to #
positive bands with respect to the graphene Fermi level. Thienergy level is referred
to as the \charge neutrality point” in the following, since rere the bands originating
from the graphene -band are completely lled, while the corresponding -bands
are empty.

2.4 Density of States

The one-dimensional dispersion relation allows to calcutathe density of states
(DoS). The result for a (12,0) nanotube is shown also in Fig..£2 The DoS shows
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(©))

W

Energy (eV)

N\

02 00 0.2 10 1 2 3
k, (2n/a) DOS (a.u.) Magnetic Flux®,)

Figure 2.4: Left: Dispersion of the one-dimensional subbands of a (12)0
nanotube. Middle: Corresponding density of states. Right: Corresponding
dispersion fork,=0 as a function of the magnetic ux through the tube cross
section in units of = h=e

sharp van-Hove singularities, which are typical for one-giensional systems. They
arise at the energies of the onset of the (one-dimensionalibbands.
In the light-cone approximation (Eq. 2.14), the dispersionf the n-th one-dimensional

subband for a tube with diameterdy,e is given by
S

2 2
Enk= Eo oo+ e

(2.17)

where Eqg = (2~Vg)=(dwve) and =0 for metallic and = 1 for semiconducting
tubes, respectively.k denotes the component of th&-vector in the direction of the
tube axis. Each band contributes to the density of states via

(E) = 1 dE, ‘. 4 5 _
" dk dtubeEOI E 2 2’
Eo n

(2.18)

giving rise to van-Hove singularities at the subband bottomat E = nEgy. Thus,
the subband spacing is given b¥,. For a given energyE, the number of electrons
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N, (E) in the band n is obtained by integration,

Z E 2
2L E
Nn(E)=4L A(E9dE®=4 — n% (2.19)
nE o tube E0

wherelL is the length of the tube. Here, the prefactor 4 takes into aocint a fourfold
band degeneracy, which originates from the spin degeneraayd from two K -points.
The total number of electrons is then given by the sum over allands between zero
energy and the Fermi energy.

These approximations are valid in the limit of both large tule diameters and Fermi
levels close tcE = 0, since here only states near th& -points are occupied.

2.5 Magnetic Field

The tight-binding calculation for the electronic bandstricture of carbon nanotubes
also allows for the inclusion of a static magnetic eld. It ha been shown that the
Bloch functions in a static magnetic eld can be expressed as
1 X . e |
(k;r)= pﬁ exp(ik R+i-Ggr)' (r R); (2.20)
R

whereR is a lattice vector and the phase factoGr accounts for the Aharonov-Bohm
phase of the electrons in the magnetic eld [12]:

Z g Z,

Gr()= A() = ( R) AR+ [r R]d: (2.21)
0 0

Here, A (r) is the vector potential associated to the magnetic eldB, A =r B.
The operation of the eld dependent Hamiltonian

— 1 2
H = %(p eA) + V (2.22)

on the Bloch function 2.21 yields ( nally)

1 X . e p2 ,
H ( k,r) = pﬁ exp(lk R + |:GR) ﬁ-l- V (r R) (223)
R

This means that the Hamiltonian matrix element in a magneticeld is obtained by
multiplying the corresponding matrix element in zero eld ly a phase factor.
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2.5.1 Parallel Field: Aharonov-Bohm e ect

For a magnetic eld pointing in the direction of the tube axis the tight-binding
calculation gives a transparent result. An electron can gaian Aharonov-Bohm
phase only by propagation around the tube. Thus, the wave vier component ki
parallel to the tube axis remains unchanged, while the quamition condition for
the transverse componenk, becomes magnetic- eld dependent:

ke ! K (2.24)

ko 1 ko + ——; (2.25)
L o

where is the magnetic ux, o= h=eis the ux quantum and L is the nanotube
circumference.

This leads to the important result that for both metallic and semiconducting tubes,
a gap opens and closes as a function of magnetic ux throughedhtube with a
period of . The position of the subband onsets as a function of the magie
eld is depicted in Fig. 2.4. At zero energy, a gap opens andades periodically.
Hence, a parallel magnetic eld is predicted to periodicallturn a metallic tube into

a semiconducting one and back.

2.5.2 Perpendicular Field: Quantum Oscillations

If the magnetic eld is perpendicular to the tube axis, the tght binding calculation
is no more straight-forward. In the limit of large elds, whee the magnetic length
r_

m= o5 (2.26)
becomes much smaller than the tube diameter, the tight bindg calculation predicts
a decreasing dispersion of the subbandsi.e. dE,/d k is decreasing for all values of
k. The positions of the bands are predicted to oscillate as theld is increased. The
amplitude of the oscillations is getting smaller, but neveranishes completely (see
[9]). This results in a considerable variation of the dengitof states as a function of
the magnetic eld.

In the framework ofk p-perturbation theory, the formation of Landau levels with
a vanishing dispersion is predicted. The energy of the Landdevels is predicted to
converge to the energies of the graphene Landau levels [13].



Chapter 3

Transport Properties of Carbon
Nanotubes

In this section a few e ects concerning electronic transpbin mesoscopic systems
are described. Since in carbon nanotubes a huge amount of Fsucects seem to

be present, a comprehensive review is beyond the scope obtthiesis. Therefore
only those have been selected, which are substantially nesary to understand the

results of the measurements, which are presented in the safjgent sections.

3.1 Quantum Interference

In di usive mesoscopic samples, where electronic transpgds coherent, quantum

interference e ects contribute signi cantly to the condudcance. We report brie 'y

the conductance changes introduced by the closely relatetigmomena of weak lo-
calization, the Aharonov-Bohm e ect and universal condu@nce uctuations. The

following subsections are adapted mainly from the articleybBeenakker and van
Houten [14].

3.1.1 Weak localization

Being developed in 1979 by Andersoat al. [15] and Gorkovet al. [16], the the-
ory of weak localization gives an explanation for the negat magnetoresistance of
disordered conductors. In addition, it represents an elegaand direct measure of
the phase coherence length of the electrons. The latter is ded as the length on
which the electron can interfere with itself or, in other wads, the length on which

13
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the electron motion can be described by a single particle Sstlinger equation.

In the Feynman path description [17] of di usive transport,the basic idea of weak
localization is given as follows: The probabilityP (r;r%t) for motion from point r
to r' during the time t is given by

X % X X
P(rS = A = JAPP+H AA (3.1)
i i i6]

where A; are the probabilities for each single trajectory connectingr and r'. As-
suming that the Fermi wavelength is small compared to the sepation between the
scattering events, the sum can be restricted to classicaltha. If r 6 r© the right
hand term in 3.1 averages out and(r;r%t) equals the classical value. If begin-
ning and end point coincide, the contributions to the sum in A can be grouped
in time-reversed pairsA* and A . Time reversal implies that the amplitudes of
the two paths are identical, A* = A = A. Therefore, the probability of coherent
backscattering

P(rir;t)= A"+ A °=4jAj (3.2)
is twice the classical value, which reduces the diusion cetant and hence the
conductivity. This is the basic principle of weak localizabn.
The number of paths participating in coherent backscatteng is limited by the phase
coherence lengti.. = D ., whereD is the di usion constant and - is the phase
coherence time. For a rectangular conductor of widthNV one speaks of 2D or 1D
weak localization ifL. >W or L. <W . For this work, only 1D weak localization
will be of interest. The conductance change Gy, due to weak localization is given
by Gw. = (€=h)(L. =L) [18], whereL is the length of the conductor.
Application of a magnetic eld perpendicular to the closed lectron orbits breaks the
time reversal invariance and hence reduces the enhanced Usmattering. In their
way around the loop the electrons gain tlhe Aharonov Bohm phas

1
AB = — P dl ; (33)

wherep = mv €A is the canonical momentum andA is the vector potential of
the magnetic eld. For a pair of time reversed loops this lealto a phase di erence

w = S prd I op od (3.4)
2
2

N 4o 2eBS _ 2

= —=4 — 3.5
where S is the loop area,L,, = (~=eB)'? is the magnetic length, is the mag-
netic ux and ( = h=eis the ux quantum for normal conductors. In a mag-

netic eld, loops enclosing area$ > L 2, do no longer contribute, since on average
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the counterpropagating loop does not interfere construetely. Therefore the mag-
netic length enters into the full expression for the 1D wealotalization correction
(L;Lm W L)

" #

1 1=2
D—B )
(3.6)
where g = (3L#)=(W?2D), 5o is the spin-orbit scattering time andD is the di usion
constant [18]. Note that the theory of weak localization wasleveloped for planar
metal Ims. In the case of a (cylindrical) nanotube in a magnic eld perpendicular
to the tube axis, this expression is, strictly speaking, notorrect. Since no theory
of weak localization for this geometry exists, the above esgssion is used as an
approximation, which turns out to work rather good.

1 4 1 ¥

+ + _1+
D . 3D so Dg 2 D.

€

1D —
c;WL -

NI W

1
L

3.1.2 Aharonov-Bohm e ect

If we consider a ring-shaped conductor, only Feynman pathsoag the two arms of
the ring are allowed. Assume that the magnetic ux through tle ring is changed by

= S B = h=e whereS is the area enclosed by the ring. Thereby the phase
di erence between the two paths changes by 2 This means that the conductance
of the ring is periodically modulated by with a period h=e

_ h
GO= G +n - (3.7)

which is referred to as theh=e Aharonov-Bohm e ect [8]. The second harmonic
with a period of = h=2e is caused by the interference between trajectories
which interfere after one revolution around the ring. This scillation contains a
contribution from time-reversed trajectories which alsoause the weak localization
e ect. Hence, theh=2e-oscillation can be seen as a periodic modulation of the weak
localization e ect.

An important point is that, the coherent backscattering by pairs of time-reversed
trajectories, the h=2e oscillation results always in a conductance minimum & =0
and thus a sample independent phase. This must be contrastedth the h=e
oscillations, whose phase varies randomly for di erent impity con gurations. For
cylinder-shaped conductors, which can be regarded as manggs in parallel, the
h=eoscillations are thus predicted to average out, while the=2e-oscillations remain.
An exact theoretical treatment of theh=2e-oscillations in cylinders was performed by
Altshuler, Aronov and Spivak in 1981 [19]. The calculationlao takes into account a
non-vanishing magnetic ux inside the cylinder walls, whic corresponds to a nite
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wall thickness. The result for the conductance changeGy(B) is

n #
2R L ®B) R 2R 2
G(B) = In +2 Ko n cos 2n — ; (3.8
whereK g is the McDonald function and
1 1 1 2aB °?
= — 4+ — ’ 39
L2(B) L? 3 0 (3.9)

where a is the cylinder wall thickness. If the cylinder is tilted by asmall angle
with respect to the magnetic eld, a is rescaled to an e ective wall thicknesa by

P
a = a2co® +6 R2sin® (3.10)

For a > 0, Eq. 3.8 predicts that the oscillation amplitude of G(B) decreases
with increasing magnetic eld. In addition, a monotonic conponent appears in the
magnetic eld dependence of the conductance, which origites from conjugated
paths which do not enclose the cylinder axis. For phase cokece lengths smaller
than the cylinder circumference, the amplitude of the osddltions is exponentially
damped.

3.1.3 Universal Conductance Fluctuations

In a classical di usive conductor, sample-to-sample uctations in the conductance
can be neglected. If one assumes a narrow wire of lendgth which consists of in-
dependently uctuating segments of the elastic mean free ffa L, then the root
mean square (rms)G of the conductance uctuations is given byhGi (L ¢=L)*2.
Therefore, the uctuations are suppressed with an increasj number of segments.
Quantum interference on the other hand leads to signi cantample-to-sample uc-
tuations, if the sample size is of the order of the phase cokece lengthL. . Then
the conductance depends crucially on the exact impurity caguration. Altshuler,
Lee and Stone derived that for a phase coherent conductor ehgth L and width
W the rms conductance uctuations are given by

G =0:73 % : (3.11)

if L. >W;L andL W [20, 21] . The magnitude of the uctuations is indepen-
dent of both the sample size and the degree of disorder. Herthey are referred to
as \universal conductance uctuations"”.
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In the experimental situation conductance uctuations caralso be induced by chang-
ing the Fermi energyEfr or the magnetic eld B. In order to achieve an equivalent
to the complete change of the impurity con guration, the chage inEr and B must
be larger than the correlation energy Eg or the correlation eld B. Note that
the correlation eld/energy must be small enough not to chage the statistical prop-
erties of the ensemble.

At nonzero temperatures, the amplitude of the uctuations § reduced for two rea-
sons. On one hand, the phase coherence length becomes sharvith increasing
temperature. On the other hand, thermal averaging occurs, hch is expressed by
the thermal length L1 = (~D=kg T)*2. An exact calculation gives the magnitude

of the uctuations at nite temperatures for two di erent re gimes. IfL. L;Lt,
the thermal length does not enter and
P22 L %7
Gms = 12— T : (3.12)

If Lt L. L, then

8 oL, L
Gims = 3 — [3=2 (3.13)
[22, 23] . Note thatL: enters these relations with a di erent exponent. Hence, fro
the experimental results forL. one can decide which transport regime is actually

present in the sample.

3.2 Coulomb Interaction

The electron-interference mechanisms described in the peeling sections only ac-
count for single particle e ects. If Coulomb interaction béwveen electrons is con-
sidered, additional transport features arise. Three, coaptually di erent approaches

are mentioned here: Nyquist dephasing describes the phagedking due to weak
electron-electron interactions in a perturbative way. Zer bias anomalies of the con-
ductance occur at tunneling into a gas of interacting eleabns, while the Coulomb

blockade describes the interaction via the electrostaticergy of an additional charge
on a small conducting island. The introduction into Coulombblockade follows the
lines of L. Kouwenhoven [24] and H. Graberé¢t al. [25].

3.2.1 Nyquist Dephasing

If one has measured the phase coherence length, the questmises, which phase
breaking mechanism dominates. In carbon nanotubes, podsiltandidates are the
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electron-phonon scattering, scattering from magnetic impities, which are left from
the nanotube growth process, and electron-electron scatigg. The latter has turned
out to be the most appropriate mechanism for di usive metal Ims and also for nan-
otubes at low temperatures. Thus, we will summarize the casponding theoretical
predictions as given by Altshuler, Aronov and Khmelnitskii[26].
The calculation rst takes into account the action of an extenal high frequency
electric eld on quantum corrections to conductivity. The result is then generalized
to thermal electromagnetic uctuations of the electron gas
Consider a closed electron path and let the motion start at the t and be ac-
complished att. An alternating electric eld E(t) induces a phase di erence '
between the clockwise and counterclockwise propagatingtpawhich equals
zZ, Z

d d °[ECIv(Y) ECIHVC O ; (3.14)

t

e
wherev( ) is the electron velocity at time .

Application of diagrammatic perturbation theory on the eletron motion in the
electric eld uctuations of the sample yields a charactestic phase breaking time
. of the order of

2pl2 g2
% ; (3.15)
and a characteristic length
2p2g2 8
L =B — a ; (3.16)

where D is the di usion constant and is the density of states at the Fermi level.
The result is valid if a L., wherea is both the sample width and height (1D
case). Introducing the conductance = €’D a2 yields, nally

2 D 1=3

eT

(3.17)
Note that T enters with a characteristic exponent of 1=3, which is a hallmark of

electron-electron scattering as the dominating dephasingechanism in the experi-
ment.

3.2.2 Zero Bias Anomalies

In single wall carbon nanotubes, the electron transport isrpdicted to be one-
dimensional and ballistic, even in the presence of weak dider [27, 28], which
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gives rise to a strong e ect of electron-electron interaatins, resulting in the estab-
lishment of a Luttinger liquid. A Luttinger liquid is predicted to emerge in 1D
systems, where Coulomb interaction between the electrorsalds to the breakdown
of the Fermi liquid state. The excitations of the system areather of bosonic nature
(charge/spin-density waves) with a linear dispersion reteon. This leads to a power
law behavior of the system's tunneling density of states (TDS),

(E)! E ; (3.18)

with a positive exponent , which re ects the interaction strength as well as the
tunneling geometry [29]. For metallic tunneling contactspne also obtains power
laws for the tunneling conductance from the TDOS:

G(Mm/!I T ; (3.19)
G\V)! V ; (3.20)

whereT is the temperature andV is the bias voltage of the tunnel junction. Zero
bias anomalies are typical for Luttinger liquid behavior hee been indeed been ob-
served for singlewall nanotubes [30].

The subband spacing of multiwall tubes is by a factor of the der 10 smaller than
that of singlewall tubes, and a strong doping is reported [31Hence, transport is
likely to occur through more than one channel and the 1D LL ptare is probably
not applicable. Both the nature of the excitations and the pwer law scaling are re-
produced also by the unconventional Coulomb blockade thgof32], which describes
an interacting, disordered conductor coupled to high-imgance transmission lines
by a single tunnel junction. Here the quasiparticle tunnetig into the conductor
is suppressed at bias voltageg¥ < e=2C, where C is the total capacitance of the
conductor, and charge is transferred by 1D plasmon modes. A&rp-bias anomaly
similar to that in Luttinger liquids is also predicted with an exponent

log(1+ oU) ; 3.21
hp . 109+ oUo) (3.:21)
where D is the diusion constant, o = M=(hvg) is the noninteracting density of
states, andM is the number of transport channels. Uy is an e ective short 1D
interaction and R denotes the tube radius. For weak interactions, the logahimic
term is of order unity and with D  vgL¢ one obtains

R
MLel

(3.22)

and represents a measure of the elastic mean free path.
This model seems more appropriate for (multichannel) multrall tubes, since it
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additionally predicts a transition from a power law to Ohmicbehavior at high bias
voltages. This has been observed experimentally [33]. Inditlon, Kanda et al.

reported a strong variation of the tunneling exponent with Ermi energy [34], which
also favors Coulomb blockade beyond the orthodox theory.

3.2.3 Coulomb Blockade

For a carbon nanotube, which is only weakly coupled to the lda, static Coulomb
interactions may a ect the electronic transport propertiss. The energy scale for
adding an extra electron to the tube is given by
3
Ech = — 2

ch= 50 (3.23)
where C is the total capacitance of the system. Coulomb blockade a#s ifEcp
exceeds the thermal energigT.
A nanotube with weak coupling to the leads can be modeled by #ngle electron
transistor (SET). A SET consists of a metallic island with two tunnel contacts (L/R)
and a gate electrode (See Fig. 3.1). Neglecting the discréézels in the tube, the

"1

CL CR
— CG
VL VR
R

Figure 3.1: Single electron transistor. A metallic island containing n excess
electrons is coupled to source/drain voltagesV, -r via tunnel junctions with
capacitancesC, -g. A gate voltage Vg is applied by a capacitor Cg.

charging energy is given by
£, = (1e_Qo)
2C
whereC = C_ + Cr + Cg is the total capacitance of the tube, consisting of the
capacitancesC, - of the left and right tunnel junction and the gate capacitane Cg

[24]. In the case of a quantum dot with discrete electron lelg this is modi ed to

(3.24)

ESY = Een+ E; (3.25)
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where E is the level spacing. Accounting for spin, one level can acoodate two
electrons and henceE equals zero for the second electron in the level. For carbon
nanotubes one expects even four lectrons per level, due tans@nd band-degeneracy
(see Chap. 2).

If an additional electron (h + 1) tunnels into the tube, Ec, changes by

Qs €

- = . 2
2eC(36)

=

Ecn(n+1;Q6) = Ecn(N+1;Qs) Ecn(N;Qs)= n+

The energy di erences are equally spaced and are tuned by tigate voltage, as
depicted in Fig. 3.2. An electron can enter/leave the tube ithe chemical potential

DE¢(n+1,Q;)
DEcn(n, Qo)

DE(n-1,Q)
DE4(n-2,Q)

eVg

eV,

eVg

Figure 3.2: Addition energies Ecnh(n;Qg) for n excess electrons on an
island, which is coupled by tunneling barriers to metallic leads with chemical
potentials eV —r. Vi is the gate voltage.

L=r Of the left/right lead is larger/smaller than Ecn(n +1;Qg). Hence current
can ow through the transistor only if

eM > Ecn(n+1;Qc) >eVr (3.27)

is satis ed. Thus, by variation of the gate voltageUg, periodic current oscillations
are produced (Coulomb oscillations). Alternatively, tragsport can be established by
applying a su cient bias voltage di erence Vgias = Vi Vr. Otherwise, the current
ow will be suppressed (Coulomb blockade). Quantitatively the regions in the
(Us; Veias)-plane, where current is suppressed, have a diamond-likeape (Coulomb
diamonds), whose edges are given by the conditions

1 1 1
en 3)<Cols+(CL+ 5Co)lVams <e(n ) (3.28)

1 1 1
e(n 5) <CgUs (Cr+ ECG)VBias <e(n E) (3.29)
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CsVi/e

Figure 3.3: Coulomb diamonds: regions of current suppression of a SET in
the (Ugate, Vbias)-plane for n excess electrons on the islandC and Cg are the
gate capacitance and the total capacitance, respectively.

[25]. This is also shown in Fig. 3.3. From 3.28 and 3.29 we derithat the gate
capacitanceCg is given by Cg = e=l,, where Up is the width of the Coulomb
diamonds, while the total capacitance is given by their helg Vp by C = e=\f.
From the slope of the edges, the junction capacitances cas@be extracted. Hence,
Coulomb blockade is an e ective tool to investigate the elé®static quantities of a
given sample.



Chapter 4

Sample Preparation and
Measurement Setup

4.1 Nanotube Material

All nanotubes used in this work are multiwall carbon nanotubs (MWNTS), which
consist of several concentric singlewall shells. The MWNTiaieters range from 3
nm to 50 nm, while the lengths are a few 100 nm up to 10m.

The tubes were grown by arc-discharge [2]. This method hasettadvantage that
no ferromagnetic catalyst particles are required, which oéd contaminate the tubes
with magnetic impurities. The material was produced by the gup of L. Foro
at the EPFL (Lausanne). After the growth, the material was pui ed for a large
nanotube yield, with respect to the remaining amorphous chon particles [35].

4.2 Device Fabrication by Random Dispersion

The devices required for this work consisted of a single MWNwWith ohmic contacts
and a gate electrode. The basic design of the samples is mgimspired by Refs.
[36, 37].

As a starting point, an oxidized Si wafer with an oxide thickess of 600 nm was
coated with Cr/Au alignment marks. Afterwards, Al strips of width 10 m, length
100 m, thickness 40 nm and bonding pads were evaporated on the ghiBy ex-
posure to air, these strips have been covered by an electiigansulating, native
oxide layer (Al,O3). Thus, the Al strips served as gate electrodes for the MWNTs
which were deposited in the next step. Therefore, the tubesatl been dispersed in

23
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chloroform by the aid of supersonic vibration. The suspermi was brought on the
chip and removed immediately by nitrogen ow. As a result, idividual MWNTs
are deposited randomly on the chip. Afterwards the chip wadeaned in propanol,
in order to remove unwanted deposits like amorphous carbon.

Next, isolated MWNTs were detected in a scanning electron proscope and the
tube's coordinates with respect to the alignment marks weneoti ed. Subsequently,
the chip was spin-coated with a layer of PMMA (polymethylmehacrylate), in which
the structure of the source and drain contacts was patternday electron beam lithog-
raphy. The exposed PMMA was then removed by a mixture of MIBK rfiethyl-
isobutylketone) and propanol (1:3) and rinsing in pure prognol. In order to remove
the residual developed resist, a short (3 s) oxygen plasma&atment was performed.
Then, 80 nm of Au were evaporated thermally in vacuum ( 10 ® mbar) and a
lift-o was done in acetone. The chip was then glued into a comercially available
chip-carier and wired by ultrasonic bonding. A typical samfe obtained this way is
shown in Fig. 4.1.

Au
Al 203

Al
Sio, — L
si— +

Figure 4.1: Left: Scanning-electron microscopy image of a sample as pro
duced by random nanotube dispersion. Single multiwall carlon nanotubes
were deposited on an Al strip and contacted with 300 nm spacedAu n-
gers from above. The Al strip under the tube serves as a backga. Right:
Schematic view of the sample. A constant bias voltageJ is applied and the
current | is measured. A gate voltageUgqaee is applied to the Al backgate.

4.3 Device Fabrication by Electrostatic Trapping

For a controlled placement of MWNTSs on top of a gate electrodan ac electric eld
was used. The procedure performed in this work is similar tdat of Krupke [38],
and uses the fact that a nanotube is dragged into the directioof the gradient of an
external electric eld by the induced (electric) dipole monentum.
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For our samples, a narrow Al strip of width 2 m was produced, which is located
between two fan-shaped Al electrodes. The fan-shaped efectes were used to
create a strong \trapping"- eld in order to align nanotubes between them. The
medium strip serves as a backgate, similar to the Al backgate the preceding
section. At this stage, the chip was bonded into a chip carmieand connected in
series with a 350 M resistor. MWNTSs were suspended in propant, and a droplet
of the suspension was put on the chip. A voltage of,,s = 10 V at a frequency
of 3 MHz was applied to the fan-shaped electrodes for 3 min. t&fwards, the
suspension was removed and the voltage was turned o. As a uéts nanotubes
are trapped between the electrodes and spanned across théegalhe suspension
was then removed from the chip carrier and the nanotube was @gped with Au
contacts as described above.

The trapping appears to be self-stopping, i.e. usually onlgne tube at maximum is
trapped at one pair of electrodes. We assume that the tube cses a capacitative
shortcut, which leads to the breakdown of the trapping eld ad thus prevents
other tubes from attaching. Note that no current can ow through the tube, since
the electrodes are covered with insulating AD3; native oxide. A typical sample as
processed this way is presented in Fig. 4.2.

Figure 4.2. Left: Scanning-electron microscopy image of a sample as pro
duced by nanotube trapping. A single multiwall carbon nanotube is trapped
between two Al electrodes and contacted with 600 nm spaced Awngers from
above. The Al nger under the tube serves as a backgate. Right Sketched
trapping procedure. A high frequency voltageUy; is applied to the fan-shaped
trapping electrodes, which spans a nanotube across the cemt Al gate elec-
trode.
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4.4 Measurement Circuitry and Cryostats

The electronic transport measurements on multiwall carbonanotubes, as described
in this work, were carried out in two dilution refrigerators The dilution systems
were a toploading refrigerator from Oxford Cryogenics witla base temperature of
25 mK and a conventional refrigerator from Air Liquide, baséemperature 20 mK.
Both systems were equipped with radio-frequency (RF) Ites at room temperature
( - Iters). In order to keep the electron temperature close tdahe bath temperature,
the Air Liquide system was equipped additionally with two sages of copper powder
RF Iters. The rst stage was located at the still level (T 1K), while the second one
was mounted directly above the sample holder at base temptuee. These lters
provided a cuto frequency off 300 MHz. This was su cient to shield the 4.2 K
blackbody radiation of the helium bath, sincef ,ax(4:2K) = 2:82 (4:2K) kg=h
245 GHz according to Wien's law. The conductance of the nandie was measured

1 MW

V. — T Voltage Lock-In
(SR 830) 1100 W, 100 nF _|Amplifier Amplifier
- 1
Wt (Arstec LI-75A) | | | (SR 830)
1 = - T
Uge (] -
(Yokogawa7561) | "] 100 \A@ 17nF Current Lock-In
B T | — Amplifier Amplifier ]
U 2 kw (Ithaco 1211) 1 | (sr830)
Gat LT -
(Yok(?ggwa7561) ] %17 nF = %
= >
! )
o p Filters oM
Copper—] %
Powder
Filters Sa-m o Measurement -
Superconducting Magnet— P PC —
Too0mKk— |  T=42K - T

Figure 4.3: Measurement circuitry as used with the Air-Liquide refriger-
ator. \Voltage dividers and low-pass lIters, as well as currét and voltage
pre-ampli ers are used for noise reduction.

in a two-point geometry with a lock-in technique: a constanfow bias ac voltage
V,c was applied and the current through the sample was convertdd a voltage by
a current ampli er (Ithaco 1211 Current Ampli er), which in turn was read out by
a lock-in amplier (EG&G 7265 for the Oxford system, Stanfod Research 830 for
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the Air Liquide refrigerator).

Additionally, a dc bias voltage Vi was applied by a Yokogawa 7651 voltage source.
An identical device was used to apply a gate voltag8y.e. A detailled diagram
of the circuitry is presented in Fig. 4.3. Note that all voltage sources have been
equipped with voltage dividers and low-pass lters for nois reduction.

The construction of the sample holders including the wiringand RF Itering was
also done within this thesis. The sample holder for the Air lguide system was built
up in collaboration with J. Bentner.

Magnetic elds are applied with superconducting magnets ahOxford IPS 120 power
supplies. The maximum elds available were 8 T (Air Liquide)and 19 T (Oxford).
In addition, for the Oxford system a rotatable sample holdehas been used, which
allows in-situ change of the angle of the magnetic eld withespect to the tube axis.
The collection of the large amount of data in this thesis reqred the development of
a fast data-acquisition scheme. Eventually, it turned outhat slow charge relaxation
processes, most probably in the oxide layer, limited the spé of the data acquisition
to 5 samples/sec. At higher rates, the sweeps of the gate \ae Uy, resulted in a
poor reproducibility of the G vs. Ugae-traces.
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Chapter 5

Motivation and Preliminary
Measurements

In this section, motivations for the measurements done with this work are given.

One of them is the lack of comprehensive transport studies amultiwall carbon nan-

otubes in literature. In addition, the results of preliminay measurements indicate
the direction for the focus of the main investigations in ths thesis.

Apart from this work, the present section has been publisheth New Journal of
Physics[39].

5.1 Motivation

Quantum transport in multiwall carbon nanotubes has been tensely studied in re-
cent years [3, 40]. Despite some indications of ballisticansport even at room tem-
perature [41, 42], the majority of experiments revealed typal signatures of di usive
quantum transport in a magnetic eld B such as weak localization (WL), univer-
sal conductance uctuations (UCF) and theh=2e-periodic Altshuler-Aronov-Spivak
(AAS) oscillations [3, 43, 44, 45]. These phenomena are cad<y the Aharonov-
Bohm phase, either by coherent backscattering of pairs ofntie-reversed di usion
paths (WL and AAS) or by interference of di erent paths (UCF), see Chap. 3. In
addition, zero bias anomalies caused by electron-electrornteractions in the di er-

ential conductance have been observed [46]. In those expents, the multiwall

tubes seemed to behave as ordinary metallic quantum wires.n@he other hand,
bandstructure calculations for singlewall and doublewathanotubes predict strictly
one-dimensional transport channels, which give rise to vafiove singularities in the
density of states (see Chap. 2), even if inter-wall couping taken into account [47].

29
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Experimental evidence for this has been obtained mainly byeetron tunneling spec-
troscopy on single wall nanotubes [48]. In this picture of sttly one-dimensional
transport, a quasiclassical trajectory cannot enclose maetic ux and no low- eld
magnetoconductance is expected. Hence, the question asig®w the speci c band
structure is re ected in the conductance as well as in its quum corrections and
how those on rst glance contradictory approaches can be nggd into a consistent
picture of electronic transport.
From the experimental point of view, addressing these pradins is only possible, as
soon as the electronic Fermi level can be shifted over a catesiably large energy
range. This allows for studying the electronic transport pyperties in the vicinity
of the charge neutrality point, where bands with negative esrgy are completely
occupied, whereas those with positive energies are complgtempty. This regime
could not be accessed in most of the electronic transport sties up to now, due to
two reasons: on one hand, multiwall carbon nanotubes appearbe strongly doped,
which requires too high gate voltages for depletion. On thelger hand, conventional
backgate techniques using degenerately doped Si/SiCayers provide only a weak
capacitative coupling of the gate electrode to the tube dueotthe large distance of
100 nm. Thus, in this work the Si backgate has been replaced ayhighly e ective
Al/Al ,O3-layer. This provides a drastically larger coupling, sincéhe distance is
determined only by the thickness of the native oxide ( 3 nm). Additionally, the
oxide has a high dielectric constant 10, compared to SiQ (  2).

5.2 Preliminary Measurements

Electronic transport measurements at low temperatures havbeen performed for a
single multiwall nanotube with diameter 28 1 nm and a length of 2.1 0.1 m.
The sample has been produced by spanning the nanotube acrasél gate nger
by the use of high frequency electric elds, as described ire& 4.3. The spacing
between the Au contact electrodes was 400 nm. Fig. 5.1 showe tlinear response
resistanceR as a function of the Al backgate voltage for temperatures raing from
40 K down to 1.7 K in zero magnetic eld and gate voltages betwea -3 V and 2 V.

An aperiodic uctuation pattern in R arises with decreasing temperature. This pat-
tern has previously been interpreted as universal conductee uctuations (UCF)
[3], which are thermally averaged as temperature is increas The conductance
uctuations as a variation of gate voltage arise from the sfifi of the Fermi wave
length in a static scattering potential.

As described in Sec.3.1.3, the root-mean-square amplitud&,,s of uctuations al-
lows us to extract the phase coherence length . If L. is smaller than both the
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Figure 5.1: Two-terminal resistance of a single MWNT as a function of gae
voltage for temperatures of 1.7, 5, 10, 15, 20 and 40 K from topo bottom.
The curves are o set for clarity.

contact spacing and the thermal lengtl.t = ( D~=kgT)**2, whereD is the di usion
constant, then G,ms = 12(€?=h)(L. =L)3%, as given in Eq. 3.12. This way, one
obtains L. as a function of temperature. The result is shown in Fig. 5.2Note
that for the scenarioLt L. L, the temperature dependence ofs s IS given
by Eq. 3.13. From this,L. / G2T follows. Inserting the measured values for
G ms Would result in an (unphysical) increase of. with temperature, and hence
this regime can be ruled out.

These rst measurements allow the estimation of mesoscopiengthscales present
in the tube. Fig. 5.2 shows thatL. is smaller than 120 nm forT > 2 K. This
implies that W <L. <L, whereW andL is the tube width and the contact spac-
ing, respectively. Hence, phase coherence is preserved t¢ie tube width and the
electronic transport is e ectively quasi-one-dimensioria Note that above 3 K,L: is
smaller than the tube circumference, which is an importantict for Aharonov-Bohm
type experiments.

The temperature dependence of: gives insight into the dephasing mechanism.
For Nyquist dephasing,L. / T 2 is predicted (see Sec. 3.2.1). This behavior is
sketched in Fig. 5.2 as a line t. For temperatures above 5 K hie data agree fairly
well with theory. The exact functional form (Eq. 3.17) enal#s us to estimate the
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Figure 5.2: Temperature dependence of the phase coherence length dest/
from weak localization measurements (dots). Line:T 173 power law t to the
data points above 10 K.

di usion constant D 70 cn?/s and, using the Fermi velocity ve = 10° m/s, the
elastic mean free pathLe = 2D=vg 10 nm. The thermal wavelength turns out to
be of the order 180 nm at 2 K and 40 nm a 40 K. This leads to the cduasion that
electronic transport in MWNTSs is di usive or, at best, quasballistic.

Fig. 5.3 shows a gate sweep of the same sample under similarditions, but mea-
sured one day later. Thermal cycling to about 80 K results inigni cant changes
of the gate characteristics compared to 5.1, which is a ty@ct signature of UCF.
It indicates a partial scrambling of the interference patten by thermally activated
motion of scatterers between two cooldowns.

Magnetoresistance (MR) traces provide information on botlguantum interference
and the electronic bandstructure of MWNTS, since their shagp is predicted to de-
pend strongly on both the contribution of weak localizationsee section 3.1.1) and
the (eld dependent) density of states.

In order to obtain a rst impression, MR curves have been take for various xed
gate voltages and perpendicular elds from -10 to 10 T at a teperature of 1.7 K.
The values of the gate voltage are marked as arrows in the lgfanel of Fig. 5.3.
Note that the eld sweeps have been performed at gate voltageorresponding to
UCF peaks and dips as well as intermediate points. The resinly set of MR curves
is also plotted in Fig. 5.3. Each curve reveals a symmetric gle in the MR located
at B =0 T. This negative MR can be well explained in terms of weak [alization
(WL) [3, 43]. The characteristic eld for the suppression otWL has a value of about
1 T for all curves in Fig. 5.3. The peak amplitude is varying wh gate voltage. This
implies that the phase coherence length is not a constant, brather also depends
on the gate voltage and hence the Fermi energy.
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Figure 5.3: Left: Gate sweep after thermal cycling to 300 K of the same
MWNT as in Fig. 5.1. The temperature was T = 1:7 K. The arrows indicate
the positions of the magnetic eld sweeps shown in the right gure. Right,
upper panel: Magnetoresistance afl = 1:7 K. Di erent voltages were applied
to the Al backgate and the magnetic eld was applied perpendcular to the
tube axis. The curves are o set for clarity. Lower panel: Enemble average of
all magnetoresistance traces.

For higher elds aperiodic uctuations appear, which againresemble UCFs. A
closer look at these oscillations reveals that peaks in theRvprimarily appear that
correspond to enhanced backscattering, while comparablgsl are absent in the
investigated ranges of magnetic elds and gate voltages. E&a value of the gate
voltage, and hence the Fermi level of the tube, corresponde & di erent Fermi
wave length and thus a change of the phase shifts between thieetent scatterers.
Provided that the change in gate voltage, and hence iRg, is su ciently large, a
complete scrambling of the interference pattern can be aelved. The magneto n-
gerprints of adjacent peaks and dips sometimes show a simitaagneto ngerprint,
di ering mainly in the average resistance. The latter seem& be more sensitive to
small changes of the gate voltage than the pattern of the magto ngerprint itself.
Hence, the oscillations also might originate from the nanabe bandstructure. This
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behavior may be caused by the e ect of a transversal magnetield on the density
of states and hence the MR, as discussed in Ref. [9].

The ensemble average over all MR curves is plotted in the lokeanel of Fig. 5.3.
In this curve, all UCF contributions are expected to averageut. The zero eld
peak remains, as well as the high resistance region betweear®l 6 T. This leads
to the assumption that both weak localization and bandstruitire e ects have to be
considered.

In conclusion, the preliminary measurements revealed thecessity for a systematic
and detailed investigation of the (inter)action of the MWNT bandstructure and the
guantum interference. This has to be achieved by low tempédtae measurements
in magnetic elds both parallel and perpendicular to the nantube axis. Thereby,
the highly e cient gate can be used to cover a large fraction fothe electron energy
spectrum.



Chapter 6

Bandstructure E ects in Multiwall
Carbon Nanotubes

In this section conductance measurements on multiwall caobh nanotubes in a per-
pendicular magnetic eld are reported. An Al backgate with &rge capacitance is
used to considerably vary the nanotube Fermi level. This alvs to search for sig-
natures of the unique electronic band structure of the nanabes in the regime of
di usive quantum transport. We nd an unusual quenching of the magnetocon-
ductance and the zero bias anomaly in the di erential conddance at certain gate
voltages, which can be linked to the onset of quasi-one-dingonal subbands.

The present section has been submitted for publication iRhysical Review Letters

6.1 Gate E ciency and Transport Regimes

The samples, as used for the measurements in this sectione arepared by random
dispersion of multiwall carbon nanotubes on prepatterned IAgate ngers and sub-
sequent contacting with Au, as described in Section 4.2. Twerminal conductance
measurements were carried out for two samples, called ‘A" @rB' in the following.

The lengths of the samples are 5m and 2 m and their diameters are 19 nm and
14 nm, respectively. A scanning electron micrograph of samepB is presented in
Fig. 6.1. In order to characterize the dependence of the drential conductance of
sample A on the gate voltagdJsae, @ sSmall ac bias voltage of 2 V ke T was

applied and the current was measured at several temperatsr€. Fig. 6.1 shows the
conductanceG as a function ofUgae at 300 K, 10 K, 1 K and 30 mK. The conduc-
tance at room temperature exhibits a shallow minimum locateat Ugate 0.2 V.

The position of the conductance minimum can be attributed tahe charge neutral-
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Figure 6.1: (A) Scanning electron micrograph of sample B: an individual
multiwall nanotube is deposited on a prestructured Al gate dectrode and
contacted by four Au ngers, which are deposited on top of thetube. The
electrode spacing is 300 nm. For the measurements, only thevb inner elec-
trodes are used. The scalebar corresponds to 2m. Note that on the right
outermost electrode, a second tube has atached to the tube wler inspection.
(B) Conductance G of sample A as a function of the gate voltage in units
of the conductance quantum 2?=h for 300 K. The estimated position of the
charge neutrality point (CNP) corresponds to the minimum of conductance
and is indicated. (C) Same as in (B), but for 10 K, 1 K and 30 mK (top to
bottom). For the 10K curve, both the positions of the CNP (grey line) and
the regions of quenched magnetoconductance (black lineskabserved in Sec.
6.3 are indicated.

ity point (CNP), where bands with positive energy are unocquied while those with
negative energies are completely lled (see also the resulbf Knager et al. , Ref.
[31]). When the Fermi level is tuned away from the CNP, more ahmore subbands
can contribute to the transport and an increase of the condtemce is expected. This
matches well with the experimental observation and revealhe high e ciency of
the gate as well as an intrinsicn-doping of the tube. Note that apart from this
work no systematic transport studies for multiwall carbon anotubes in the vicinity
of the charge neutrality point could be performed, mainly de to the small capac-
itance between the nanotubes and the conventional Si backga The location of
the minimum varied from sample to sample. We observep- as well asn-doping
at Ugae = 0 V in several samples.

The G(Ugaee) curves in Fig. 6.1 show an increasing amplitude of the condiance
uctuations as the temperature is lowered, while the averagconductance decreases.
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At 30 mK, the current through the sample is completely suppresed for many values
of the gate voltage. This can be interpreted as a gradual traition from a coex-

istence of band structure e ects, universal conductance atuations and charging

e ects at 10 K and 1 K to the dominance of Coulomb blockade at 3thK. These

transport features do not show up independently of each otheNevertheless, the
variation of temperature enables us to study the samples imé dominant presence
of a single regime.

6.2 Irregular Coulomb Blockade

As described in Sec. 3.2.3, at the lowest temperatures a rsipproximation of a
single nanotube with two contacts and a gate electrode is gn by the model of a
single electron transistor (SET). Recording the di erental conductance as a function
of both the bias voltageVyas and the gate voltageUgy,e allows to extract information
on the charging energy and the capacitances of the system.cBunmeasurements were
performed for both samples, A and B. The result for sample A ia small interval
of gate voltage ranging from -40 to 100 mV and for dc bias voljg@s of 0.8 mV
are presented in Fig. 6.2. As already indicated by the lineaesponse conductance

25 0 25 50 75
Gate Woltage (mV)

Figure 6.2: Greyscale coded conductance as a function of gate voltage dn
dc bias voltage. Blue regions correspond to current suppreson, while red
regions indicate high current.

curve for a temperature of 30 mK (see Fig. 6.1), an irregulargttern of regions

occurs, where current is suppressed (\Coulomb diamonds").

The average density of transmission resonances along tg-axis is of the order

1000 per Volt, which demonstrates the high e ciency of the Albackgate (see also
Sec. 6.4).
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The height Vg of the diamonds varies between 0.2 mV and 1 mV. In the SET
model, V4 measures the charging enerdyc, and the level spacingE (see Section
3.2.3).

Ve +2 E: (6.1)

_ 4Ech
e

For a one-dimensional dot with lengthL and one linear electronic band with Fermi

velocity ve, E is given by
_ hve,

E = oL
Using ve=10° m/s (graphite) and the tube length of 5 m, we obtain E =0.4 meV.
Hence, at the largest diamonds, the level spacing originag from the nite length
of the nanotube may be involved, while the vast majority of tk features indicate a
high density of levels (i.e. E =0).
The width Uy, takes values between 1 mV and 4 mV. Within the SET model,
this corresponds to gate capacitanceSye=e=Uae ranging from 40 aF to 160 aF.
This is only a fraction of the sum capacitanc€&€ = Cgyae + Cieadgs, Which will turn
out to be of the order 1500 aF (see Sec. 6.4).
The irregularity of the pattern, as well as the small capacénces, show that trans-
port does not occur through a single quantum dot of constanize. It suggests that
the tube decomposes into a series of dots due to defects ardfiisorder. Such a
behavior has also been observed in singlewall tubes by otlwoups [49]. If only
single-electron tunneling is considered, the serial-dotodel predicts a vanishing
conductance near zero dc bias for all gate voltages, becatise dots cannot be si-
multaneously driven into transmission. This is indeed thease for the singlewall
tubes (see Ref. [49]), while in our measurement regions witligh zero-bias con-
ductance are present. Therefore, strongly coupled dot sesias well as transport by
higher order tunneling processes must be considered, in erdo explain the obser-
vations at least qualitatively.

In Fig. 6.3, the dierential conductance is plotted as a funtton of gate volt-
age Ugae and a magnetic eld B perpendicular to the tube axis. The gate region
matches the one depicted in Fig. 6.2. As can be seen from th@gi, some Coulomb
blockade peaks show a shift with increasing magnetic eldspecially in the region
Ugate = 0:::25 mV. This behavior has been attributed to the Zeeman splithg origi-
nating from even/odd lling of a quantum dot [50]. Again, the conductance pattern
is irregular. It includes eld dependent transitions from vell de ned transmission
resonances to large conducting regions and vice versa. ThEsanother indication
for the presence of strong disorder, which leads to a chanddlwe level structure by
the magnetic eld.

At this point, one can ask for the origin of the disorder potetmal, which creates
a decomposition of the tube into strongly coupled segmentOne of the possible

(6.2)
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Figure 6.3: Greyscale coded conductance as a function of gate voltage dn
a perpendicular magnetic eld B = 2.7 T.

sources is the contact region of the tube and the gate dieléct The gate layer is
not grown epitactically, but rather has a granular surface.The average grain size
amounts 30 nm, which is of the same order as the estimated quantum dointen-
sions. These problems can be overcome by preparing freelgmended nanotubes, at
the cost of a decreased gate e ciency. Nevertheless, futuexperiments of this kind
are highly desirable, for a deeper insight into the quantumat behavior of multiwall
carbon nanotubes.

6.3 Magnetoconductance

In order to explore the interplay between the bandstructureof the nanotube and
quantum interference e ects, the di erential conductanceG has been measured as a
function of the gate voltageUy.. and a magnetic eld B perpendicular to the tube.
B was changed in steps, whil&Jg,,e was swept continuously. Fig. 6.4 shows the
results for sample A at temperatures of 1 K, 3 K and 10 K in a gregale representa-
tion. We have checked for several gate voltages th&t(B) is symmetric with respect
to magnetic eld reversal as required in a two point con guréion (not shown). In
addition, most of the curves show a conductance minimum at e magnetic eld.
A closer look at the data reveals that both the amplitude andhe width of the con-
ductance dip vary strongly with gate voltage. The \frequeng" of this modulation
with gate voltage increases with decreasing temperature.sAshown in the previous
section, the conductance uctuations at low temperaturesra caused to a large ex-
tent by Coulomb blockade. In addition, universal conductace uctuations are also
superimposed, whose amplitude also grows as temperaturdasered (see Section
3.1.3). Hence, the search for bandstructure e ects seems shoewarding at higher
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Figure 6.4: Greyscale representation of the di erential conductancedl=dV
of sample A as a function of the gate voltage and the magneticeld B at 1 K
(A), 3 K (B) and 10 K (C). Dark regions correspond to low conductance and
white regions to high conductance.

temperatures, i.e. 10 K or more, since there Coulomb blockads nearly lifted, while
bandstructure e ects should still be present.

In order to make the variation of the magnetoconductance wit gate voltage more
visible, we subtracted the curve at zero magnetic eld (seeid. 6.1) from all gate
traces at nite elds. The deviation from the zero- eld conductance at T=10 K
is presented as a greyscale plot in Fig. 6.5A. Fig. 6.5B showw result of this
procedure for sample B aff =17 K. The most striking observation is that the mag-
netoconductance (MC) nearly disappears at certain gate wabesU , as indicated
by arrows. These voltaged) are grouped symmetrically around the conductance
minimum at Ugae 0:2 V (sample A) in Fig. 6.1, which we have assigned to the
charge neutrality point (CNP). The position of the CNP, as wé as the gate volt-
ages of MC quenches have been indicated also in the linearp@sse conductance
curve (Fig. 6.1) by grey and black vertical lines, respectaly. The latter always
coincide with conductance maxima. Sample B shows an equizmal behavior: here
the MC quenches are also grouped symmetrically around the ®\which is located
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Figure 6.5: (A) Greyscale plot of the deviation of the conductance G of
sample A from the zero- eld conductance as a function of the gte voltage U
and the magnetic eld B: G(U;B) = G(U;B) G(U;0). Arrows indicate
the regions of quenched magnetoconductance. (B) Same forsale B.

at Ugae = +0 15 V.

These observations lead us to the conjecture that the quereth MC may occur at
the onset of subbands of the outermost nanotube shell, which believed to carry
the major part of the current at low temperatures [45]. This$ supported by the
argument that in the present experiment the tube is contacté by nger electrodes,
which are only in contact with the outermost shell.

6.4 Relation to Electronic Bandstructure

To conrm the idea of a quenched magnetoconductance at the Isband onsets, a
simple bandstructure model is applied. The black line in Fig6.6A shows the density
of states of a singlewall (140,140) armchair nanotube in thight-cone approximation
(see Sections 2.1, 2.4), which matches the diameter of sam@ (19 nm). Typical
van Hove singularities arise at the energies, where the sutal bottoms are located
[47]. By integration over energy one obtains the number N of excess electrons on
the tube, plotted as a grey line in Fig. 6.6 for the parametersf sample A. In this



42 Chapter 6. Bandstructure E ects in Multiwall Carbon Nanaubes

>
vy

I N
581 2000 .
\‘?., [ > Z 0
U) 4- ‘0 Z "‘D /£
O i < _ N
a L _2000

0 T T T T T T T T T -2. T T

-200 -100 0 100 200 -2000 2 2000
E (meV) AN

Figure 6.6: (A) Calculated -orbital density of states (DOS) for a (140,140)
armchair nanotube of diameter of 19 nm (grey line) as a funcion of energy.
Number of excess electrondl (E) (black line) as obtained from the integration
of the DOS from 0 to E. The subband spacing for this diameter is 66 meV. (B)
Measured gate voltage values U of nanotube subband onsets vs. calculated
numbers of electrons N at subband onsets for sample A (circles, diameter
19 nm) and B (triangles, diameter 14 nm). The lines correspod to linear ts
of the data. The slopes of the lines correspond to gate capdences per length
of 300 aF/ m and 330 aF/ m for sample A and B, respectively.

way, we can determine the number N of electrons at the onset of the nanotube
subbands. If we assume as usual a capacitative coupling beém the gate and the
tube, N can be converted into a gate voltage via

CUgae = € N: (6.3)

In Fig. 6.6 the measured gate voltagell of quenched magnetoconductance are
plotted versus the calculated N for both samples. Both data sets t very well
into straight lines, which demonstrates that most of the pasons U of the quenched
magnetoconductance agree very well with the expected sulblobonsets. In addition,
the gate capacitance€ are provided by the slope ofJ vs. N . The capacitances
per length are nearly identical, i.e. 300 aF/m and 330 aF/ m for samples A and
B, respectively. These values agree astonishingly well Wwisimple geometrical esti-
mates ofC, indicating the consistency of the interpretation. From the capacitance
C and the calculated dependence of the number of electroNson energy, one can
convert the gate voltage into an equivalent Fermi energy. Fsample A, the rst line

Modelling the system as a plate capacitor gives a capacitarcof C="0"a1,0,A=d. Inserting
"a,0s 9 A=14nm 1 m (tube diameter unit length) and d=3 nm (oxide thickness) results
in Cgate =370 aF/ m for sample B.
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of quenched magnetoconductance is equivalent to the subloaspacing of 66 meV
with respect to the CNP (see Sec. 2.4), the second line copesds to 2 66 meV,

and so on. For sample B, the subband spacing is 89 meV.

From the above discussion, the interpretation of the at regpns in the magnetocon-
ductance as a \ ngerprint" of the bandstructure of the outemost nanotube shell
seems reasonable. Nevertheless, many questions remair. éx@ample, one can ask
why the di erential conductance does not show steps, sinchis would be exactly the

behavior of a few-channel ballistic conductor, whose trapert channels are opened
one by one by means of a gate voltage. Such anomalies could edrom the disor-

der in the system. Hence, questions of this kind represent aotivation for a closer

look at the quantum interference properties of the tube, wih will be done in the

following sections.

6.5 Contribution of Weak Localization

The typical dip in the magnetoconductance aB =0 in Fig. 6.4 has been observed
earlier and can be explained in terms of quasi one-dimensabrweak localization
in absence of spin-orbit scattering [3, 44, 33]. The weak kization correction

Gw. to conductance provides information on the phase coherentangth L. of
the electrons. With W being the measured diameter andl the electrode spacing
of the nanotube L = 300 nm for both samples), Gy, is given in the quasi-one-
dimensional casel(: > W) by

Gy = — —+ — : (6.4)

where ", = (~=eB)¥? is the magnetic length (see Sec. 3.1.1 and Ref. [18]). In Fig.
6.4 each row displays a dip around zero magnetic eld, whereoth the amplitude
and the width of the dip vary strongly with gate voltage. Herethe question arises,
to which extent the properties of the conductance dip can beedcribed by weak
localization. Thus, we have used the weak localization exgssion above to t the
low eld magnetoconductance withL: and G(B = 0) as free parameters. The
conductance Gy, as calculated using the t parameters is plotted in Fig. 6.7B
and D for sample A and B, respectively. Three representativ@magnetoconductance
traces for sample A, together with tted curves are presentkin Fig. 6.7A. For both
samples, we nd that conductance traces are reproduced venell by the t for elds
up to 2 T. For higher elds deviations occur, most probably de to residual universal
conductance uctuations and modi cations of the density ofstates (DoS) by the
magnetic eld. The properties of a magnetic eld-dependenDoS will be addressed
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Figure 6.7: (A) Black lines: representative magnetoconductance trace of
sample A at gate voltagesU=0.5 V, -0.6 V and 0 V (top to bottom). Grey
lines represent 1D weak localization ts. (B) Reproduction of the magneto-
conductance of sample A by 1D weak localization ts. The paraneters L.
and G(B = 0) are used as obtained by tting the data in Fig. 6.4. (C) Pha se
coherence lengthL: vs. gate voltage as obtained from the t for sample A.
The positions of the charge neutrality point (grey line) and the regions of
guenched magnetoconductance (black lines) are indicated D) and (E): same
for sample B, but at 20 K.

in Chap. 7. In this way, we obtain an energy dependent phasel®rence length
L. (Ef), which is also plotted in Fig. 6.7.L. varies from 20 to 60 nm (sample A) and
from 30 to 90 nm (sample B), respectively. It turns out thatL. displays pronounced
minima which correspond to the regions of nearly at magnetmnductance in Fig.
6.5. The positions of the minima are marked in Fig. 6.7 (blacknes), as well as the
CNP (grey line). From the preceding discussion, we can sayahweak localization
seems to be suppressed at the onset of nanotube subbands.

6.6 Dephasing Mechanism

Studies of the magnetoconductance at di erent temperatugeallow an insight into
the temperature dependence of the phase coherence lengthhisT in turn, gives
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indications for the main inelastic scattering processesvolved.
In former experiments, quasielastic electron-electron &ttering has been identi ed
as the dominating dephasing mechanism [3, 39, 44]. Dephagioy electron-phonon
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Figure 6.8: Phase coherence lengtiL: vs. gate voltage for sample B as
obtained from weak localization ts at 20 K, 10 K and 4:5 K (top to bottom).
Note that the curves for 10 K and 20 K are o set by 100 nm and 200 mn,
respectively. Lines denote the positions of the subband omss (black) and of
the charge neutrality point (grey).

scattering is negligible since the corresponding mean frpath exceeds 1 m even
at 300 K [51, 52]. The theory by Altshuler, Aronov and Khmelrtzky [26] predicts

GbL~2
2e2kg T ’
whereG is the conductanceD is the di usion constant andL is the contact spacing
(see also Sec. 3.2.1). Thus, electron-electron-scattgridominates ifL. depends on
temperature viaL. T 5.

The magnetoconductance measurements have been repeateddmperatures rang-
ing from 1 K to 60 K and for both samples, cf. Fig. 6.4. The tting of weak local-
ization behavior, as described in the preceding sectionyvgs values folL: (Ugate; T).
The result for sample B at temperatures % K, 10 K and 20 K is shown in Fig. 6.8.
For all temperatures, L. diplays a strong modulation with gate voltage. As dis-
cussed above, the dips df- at certain gate voltages correspond to the onset on the

L. =

(6.5)
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nanotube subbands. These gate voltages are marked with knm Fig. 6.8 as well
as the CNP. The variation amplitude ofL. increases with decreasing temperature.
Additional features arise, which come most probably from elrging e ects and uni-
versal conductance uctuations. Note that the average.. is at least of the order
of the tube circumference for all investigated temperatusg which corresponds to
guasi-one-dimensional quantum transport.

The large variation of L. makes it hard to determine its detailed temperature de-
pendence as a function of the gate voltage. Instead, the asge of the magnetocon-
ductance traces for all gate voltages has been performed &ach temperature. As
described in Chapter 5, with this method an ensemble average done, where the
contribution of universal conductance uctuations is aveaged out. The results at
1 K, 3K, 10 K and 60 K are presented in 6.9. For the comparison tiie curves
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Figure 6.9: (A) Averaged magnetoconductance of sample A (circles) at tm-
peratures of 60 K, 10 K, 3 K and 1K (top to bottom) and ts of 1D we ak
localization behavior (lines). (B) Double-logarithmic plot of the temperature
dependence of the phase coherence length as obtained from the weak lo-
calization t (black dots). The red line corresponds to a power law t with an
exponent -0.31.
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with theory, one has to bear in mind that the average runs alson curves with
suppressed MC. Hence, for the t an averaged weak localizati contribution of the
foom G,,, = A Gw. with a scaling factor 0< A < 1 has been taken into
account. Strictly speaking, this procedure is only corredbr the case thatL: (Ugate)
only assumes two values, namely. and 0. Otherwise, it serves as a good approx-
imation for the average phase coherence length . The tted curves are included
in Fig. 6.9. They match the data very well, even up to magneticelds of 7 T. In
Fig. 6.9, also the resulting valued.. (T) are presented. The contribution of the
universal conductance uctuations is completely suppreed by ensemble averaging.
The temperature dependence matches a power law with expohen0:31, which is
close to the theoretical prediction of 1=3. This leads to the conclusion, that the
main dephasing mechanism is indeed quasielastic electrleetron scattering.

6.7 Elastic Mean Free Path

Apart from the phase coherence length.: , the most important length scale in
di usive conductors is imposed by the elastic mean free pathe. The knowledge of
L ¢ gives a quantitative insight into the actual di usivity of t he system, and hence the
e ciency of the disorder. The determination ofL ¢ from conductance measurements
requires the knowlegde of the number of conductance charselhich participate in
transport. Up to now, exactly this condition could not be metfor multiwall carbon
nanotubes, mainly due to the complex structure of the condtence traces and the
too small variation of the Fermi energy. Consider a conductoof length L and
transverse dimensionsV L. In the quasi-one dimensional cas@/ L L,
the conductance in presence of (1D) weak localization is giv by

_2¢2 NLg L

— (6.6)

G h L L

where N is the number of conducting channels [54]. According to Eg. the total
conductanceG is composed by the classical Drude conductance, which can&L g,
and the weak localization contribution given byl =L.

The analysis of the data in this chapter provides us with knoledge of the conduc-
tance G(Ugae) and the phase coherence length: (Uyae), both as a function of the
gate voltageUg,e. The determination of the nanotube subband positions (sees
6.4) gives immediately the number of subbandll (Ugae). Thus, Eq. 6.7 allows to
calculate L ¢/(Ugate).

The result is presented in Fig. 6.10A for the data from samplé& at 10 K. At
the subband positions, the number of channels is not assumam change in sharp
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Figure 6.10: (A) Estimated elastic mean free path Lg, measured phase
coherence lengthL: and calculated number of conduction channels vs. gate
voltage for sample A at T = 10 K. (B) Numerical calculation of Lg with
Anderson disorderW vs. energy for a (5,5)-tube (dashed line), (15,15)-tube
(solid line) and a (30,30)-tube (dotted line) by F. Triozon [53]. Inset: Lg at
the CNP vs. 1=W? for a (5,5)-tube.

steps. Instead, the band edges were smeared to account fagodder, which is also
supported by Ref. [55]. Both the number of channels and- (Ugae) are shown in
Fig. 6.10A, as well as the resulting elastic mean free pathy(Ugae). The fact that
G(Ugate) varies only weakly implies thatL ¢/(Ugaee) is dominated by the inverse chan-
nel number at a given gate voltage, which leads to a maximum #te CNP as well
as to a steep decrease at the band edges. Quantitatively, theaximal value ofL
amounts 100nm, and it is reduced stepwise to about 10 nm.

Thus, the variation of the Fermi energy drives the system imt several transport
regimes: Apart from the CNP, transport in the nanotube appe® to be di usive,
sinceL ¢ is much smaller than the nanotube length (the contact spacgnis 300 nm),
and also smaller than the tube circumference of60nm. In the vicinity of the CNP,
a quasiballistic regime is entered, where, exceeds both.. and the tube diameter.
As a contrast, at some subband edgds drops to values which are comparable to
Le|.

Strictly speaking, the previous analysis only provides aweer limit for Lg, since the
contact resistances are not taken into account. Neverthale, there are arguments
that the latter are indeed well below the quantum resistancef h=2e?. One of them
is the weak localization dip of the conductance as a functioof the magnetic eld,
which originates most probably from the sample conductan@one. The amplitude
of the dip amounts up to 20 percent of the total conductance €&, e.g. Fig. 6.7).
This ratio can only be attained if the contact resistances arlow. Otherwise, the
ratio would be much lower. Hence, the above analysis provila reasonable estima-
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tion of Lg.

The results of this section were predicted by numerical calations by F. Triozon
[53], which are presented in Fig. 6.10B. Herd, is calculated as a function of
the Fermi energyEg for disordered singlewall nanotubes with small diameters.he
on-site Anderson disorde was settoW  0:6 eV. Like the measurement, the cal-
culations reveal thatL¢(Er) decreases with increasing population of the subbands.
In addition, L¢(Eg) has pronounced dips at the subband onsets.

It must be stressed that for constant disordeW, L is predicted to show an un-
usual energy dependence, namely sharp drops at the subbamets. This can be
attributed mainly to the increased number of scattering chanels, as soon as a new
subband is populated.

In addition, alsoL¢ at the CNP is predicted to to be proportional EW?, whereW is
the amplitude of the on-site Anderson disorder in the tube ée inset of Fig. 6.10B).
This could be used in order to extract a value for the equivahe Anderson disorder
from the measured data and to compare the results from di erg measurements.

6.8 Zero Bias Anomalies

In the preceding sections, only single particle quantum ietference corrections like
weak localization have been taken into account, as well as akeelectron-electron
scattering as a source of dephasing. By the electron-elemtrinteraction another
guantum correction to the conductance is induced and redus¢he density of states
near the Fermi energy [32]. This leads to a zero bias suppriess (the so-called
Coulomb gap) in the di erential conductance d/dV [46], from which information
on the strength of the interaction can be extracted. In the cge of tunneling into an
interacting electron system with an ohmic environment, theli erential conductance
dl/dV is given by a power law, i.e. 8/dV / V foreV  kgT, where the exponent
depends both on the interaction strength and the sample geatny [29], see also
Sec. 3.2.2. In order to obtain complementary information, & have examined the
dependence of the ZBA on the gate voltagdcae. The di erential conductance has
been measured as a function dfgae and Vpias at 10 K. The result is presented in
Fig. 6.11 for both samples. For each gate voltage, the condance shows a dip at
zero bias. The zero bias anomaly has a strongly varying widégmd amplitude with
gate voltage and nearly vanishes at the same gate voltagds.. = U as the mag-
netoconductance, cf. Fig. 6.11. For each value of the gateltage, a power law t
for the bias voltage dependence of the di erential conductece has been performed.
The twas done in the regioneV  kgT, since below deviations from the power law
behavior occur, in accordance with the theoretical prediwns [46]. The resulting
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Figure 6.11: (A) Greyscale representation of the di erential conductance of
sample A as a function of gate voltage and dc bias voltag¥gjas at T=10 K. (B)
Exponent vs. gate voltage as obtained from tting a power law V to the
di erential conductance in the range eV kgT. The positions of the charge
neutrality point (grey line) and the regions of quenched magetoconductance
(see Fig. 6.5) (black lines) are indicated. (C) and (D): samefor sample B.

exponent (Uggae) is also plotted in Fig. 6.11. For sample A, varies between 0.03
and 0.3 and shows pronounced minima at the gate voltages. This behavior is in
principle also shown by sample B, but here the di erential aaductance shows o -
sets and larger deviations from the power law behavior. Se¢he tting procedure
is less stable in the limit of small exponents, the o sets herlead to (unphysical)
negative exponents.

The behavior of the zero-bias conductanc&(Ugae; T) with varying temperature
allows to extract (Ugae) in an independent way, sinceG / T with the same
exponent as for the dependence on the dc bias voltage [29].ushthe tting pro-
cedure as described above was applied 8(Ugyae; T), where T ranged between 3 K
and 60 K. The result for sample A is presented in Fig. 6.12A. Fcomparison,
the exponent as obtained fronG(Ugate; Vbias), IS also included. The absolute values
of the exponents agree reasonably well within the measuremtie accuracy. Both
curves display peaks and dips at nearly the same positionshds, the results from
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the dc bias measurement are con rmed by the temperature depaence.
In summary, the investigation of the di erential conductarce at both nite dc

A._ o3

c

Q

< 0.2] \/’\» [\/

o

X

W 0.1

0.0 ! , ,
1.0 05 0.0 05 1.0

Gate Voltage (V)

B 0.06

LAWY V\/\NM

T

1.0 05 0.0 0.5 1.0
Gate Voltage (V)

o

o

5
P2

Exponent

o
o
K

o
o
Q@

Figure 6.12: (A) Exponent vs. gate voltage as obtained from tting a
power law V to the dierential conductance in the range eV kgT for
sample A (black line). Grey line: dependence on gate voltag®ef the power
law t T for zero bias conductance traces at temperatures ranging dm 3 K
to 60 K (also for sample A). The positions of the subband onset and the CNP
are included as vertical lines (CNP: bulk line). (B) Exponent  obtained from
L ¢ and the number of transport channels.

bias voltages and temperatures lead to the folllowing regulfor all gate voltages, a
power law in the conductance is observed with an exponent This indicates that
indeed tunneling into an interacting electron gas occurs. e magnitude of varies
strongly and correlates with the onset of the nanotube subbd bottoms. Since is
proportional to the interaction strength g of the electrons, the measurement suggests
that g depends on the gate voltage. Weak interaction is present, ason as a new
nanotube subband is populated. Both the variation ofjy and its low values at the
subband bottoms do not agree very well with conventional tteeetical approaches.
This will be discussed in the following section.

The exponent allows to be estimated by a di erent approach. Eq. 3.22 predis
that is determined by the elastic mean free pathe and the number of transport
channelsM . Both have been derived for sample A in Sec. 6.7. Thus, has been
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determined and the result is presented in Fig. 6.12B. Quaditively, the behavior
of (Ugae) agrees very well with the results from the other approachesQuanti-
tatively, in Fig. 6.12B the values for the exponent are smadl by a factor of 5.
From Eqg. 3.21, this would mean that the logarithmic term doeso more equal unity.
Thus, could be taken as a measure for the interaction strengtby of the electrons.
From the factor of 5, (Uy, € is derived, where ; is the noninteracting density of
states. Thus, the regime of weak interactions appears to be® more valid.

6.9 Critical Discussion

The experiments in the preceding sections revealed a stroogrrelation between the
single particle interference e ects (expressed by the prasoherence length. ) and
the interaction e ects (expressed by the exponent). Both are strongly reduced at
certain positions of the Fermi level, which match well the psitions of the van Hove
singularities estimated from simple bandstructure models

At this stage, one can ask to which extent the di usion propédres of the system are
in uenced by the band structure. Both the results for the elatic mean free path
Le (see Sec. 6.7) and numerical calculations by Triozon et abJ] indicate that L ¢
is not a constant as a function ofEg. Lg rather displays a pronounced decrease
at the onset of new subbands. At these points strong scattag occurs, resulting
from the opening of a highly e cient scattering channel. Ths has a direct e ect on
L. = D(Egf) - . Of course, - may also be a ected.

Can the energy dependence f,(Ef) also explain the suppression of the interaction
e ects? This question has already been raised by Kanda et al[34], who also
observed a pronounced gate modulation of. For weak electron-electron-interaction
the theory of Ref. [32] predicts / 1=L¢. This is de nitely incompatible with the
observed suppression of at Fermi levels, where di usion is slow.

The observed strong modulations oE: and are accompanied by a rather weak
modulation of the zero bias conductancé at 10 K (see Fig. 6.1). One may thus ask,
whether the assumption of weak interactions is valid. From & 6.7, one concludes
that for weak modulations ofG the increase of the electron density at new subands
is apparently compensated by a strong reduction df,. An equivalent conclusion
is derived for the di usion coe cient D: taking the simple Drude formula

= & (Er)D(EF) (6.7)

as an orientation, the ' atness' of G can be explained by a partial compensation of
the variation of the electron density and D when tuning the Fermi energyEe.
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However, a quantitative explanation of the observed intelpy between bandstruc-
ture e ects and quantum corrections to the conductance redpes a realistic model
calculation for a thick, e.g., (140,140) nanotube includop disorder and interaction

e ects. The simple model of strictly one-dimensional conauance channels is ob-
viously incompatible with the observed weak-localizatioiike magnetoconductance
close to the CNP. The disorder must be strong enough to mix theéhannels without

completely smearing the density of states.

If this interpretation is correct, weak localization shoul also occur in singlewall
nanotubes. Indeed, very recent magnetoconductance measuents by Morpurgo
[56] and Bouchiat [57] con rm that this is indeed the case.

In conclusion, the electronic transport measurements on rtiwall carbon nan-

otubes, as presented in this chapter, reveal an interplay dfandstructure e ects

originating from the geometry of the tube and quantum interérence induced by dis-
order. The results demonstrate the necessity of a systenatiheoretical approach
which can account both for disorder and bandstructure e est on the same level.
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Chapter 7

Aharonov-Bohm E ect and
Landau Levels

In this section, electronic transport measurements on indidual multiwall nanotubes
with large diameter (30 nm) are reported. Magnetic elds are applied both
perpendicular and parallel to the tube axis. The large dianters allow us to study
the electronic transport in a regime, where several multipk of the magnetic ux
quantum o = h=e penetrate the tube cross section. In addition, an Al backgatis
used for a variation of the doping level across several nanbe subbands.

The conductance of the nanotube was recorded as a functiontloé magnetic eld B
and the gate voltagdJ. For parallel elds, both h=e and h=2e-periodic oscillations in
the magnetoconductance occur and lead to rhomb-shaped i@gs of low conductance
in the B-U-plane . In the perpendicular case, a region of low conductza forms at
small gate voltages, which grows with increasing magnetield.

The experimental observations are explained well by tightinding bandstructure
calculations for the outermost shell of a multiwall nanotuk in a magnetic eld.

7.1 Motivation

The cylindrical topology of carbon nanotubes gives rise tceseral theoretical pre-
dictions for the electronic conduction properties in magnie elds, which are aligned
parallel to the tube axis. In terms of di usive quantum trangort, Altshuler-Aronov-
Spivak (AAS) oscillations of the conductance with a magneti ux period of h=2e are
predicted [19] for metallic, cylindrical samples. Both theshape and the amplitude
of the AAS-oscillations depend strongly on the phase cohee length and the wall
thickness. The Aharonov-Bohm e ect with a period olh=eis supposed to average
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out, since the cylindrical samples can be regarded as manpgishaped conductors
in parallel [58]. The zero- eld phase di erence of the elendns is di erent for each
ring, and thus the interference disappears in the averageegsalso Sec. 3.1.2). The
h=2e-periodic oscillations have been found in thin-walled di s8ive metallic cylinders
and their properties agree very well with theory [59].

For carbon nanotubes, only very few experimental evidencese reported. First
indications for the h=2e-oscillations in multiwall carbon nanotubes have been fouan
by Bachtold et al. [45]. Fujiwara et al. report oscillations with a ux periodicity of
h=3e and attribute this to inter-shell coupling [60].

In contrast, bandstructure calculations for a ballistic saglewall nanotube in a par-
allel eld predict a h=e-periodic dispersion of the nanotube subbands, includingha
opening and closing of a bandgap with the same period (see S&c5.1). Exper-
imental evidence for this have been obtained by photolumiseence measurements
on singlewall tubes in a pulsed magnetic eld [61], and by Cémmb blockade mea-
surements on suspended multiwall tubes [62].

For the case that the magnetic eld direction is perpendicdr to the tube axis, the
situation is not clear from both the theoretical and the expemental side. To our
knowledge, all calculations show that the bandstructure isot modi ed much for
small elds, where the magnetic length',, = ~=eB is larger than the tube diam-
eter D. Extensive bandstructure calculations have been performéy Ando et al.
in the framework ofk p-perturbation theory [13]. Here, for',, <D, at electronic
energy bands are predicted to form, which in turn approach #h( at) Landau levels
of (2D) graphene in the limit of high elds. In addition, the dectron density is
predicted to be localized at two diametral points of the tubecircumference, where
the magnetic ux through the tube surface is maximal.

Calculations within the tight-binding approach have been prformed by Saitoet al.
[63]. Here, the electronic energy bands also become lesgelisive with increasing
magnetic eld. The main di erence to the ndings of Ando et al. is that the en-
ergy bands oscillate as a function of the magnetic eld, ratr than approaching the
graphene Landau levels. Although the oscillation amplituel decreases, no explicit
Landau levels are predicted to form, even at high elds.

From the experimental side, there have not been made many athpts to measure
bandstructure properties at high transversal magnetic a@ls. Kandaet al. report in-
dications of bandstructure ngerprints in the Coulomb blo&ade pattern [64], while
Lee et al. report indications of a change of the density of states withncreasing
perpendicular eld [65]. Thus, no conclusive observationsould be achieved up to
now.

The majority of the experiments, both for parallel and perpedicular magnetic elds,
su ers from the following fact: the diameterD of the investigated carbon nanotubes
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is too small in order to have at least one ux quantum o = h=ein the tube's cross
section areaD? = 4. Especially for single walled tubes, the required magnetields
are of the order 1000 T, which is far above the capability of a standard labotary
system.

Thus, it is highly desirable to investigate nanotubes with au ciently large diame-
ter, which allow to determine the dominant electronic tranport regime, and hence
the appropriate theoretical approaches. Similar to the arigsis in the preceding
chapter, especially the interplay between bandstructureral disorder is of particular
interest.

7.2 Sample Characterization and Doping State

The samples used for the measurements in this section wereaired by the random
dispersion method (see Sec. 4.2), similar to those discukgethe preceding chapter.
The Aharonov-Bohm eld period Bag = (h=€=(r? ) depends inversely propor-
tional on the squared tube radiug. The same holds for the magnetic length, in order
to match the tube radius: B angau = ~=€%,. For this reason, two tubes with large
cross-sections have been investigated: sample C has a dieamef 29 nm and a length
of 1.6 m, while sample D has a diameter of 36 nm and a length of also 1.61. We
observe that large diameter tubesX25 nm) are generally shorter€2 m) than the
ones with smaller diameters (up to 10 m). In addition, inspection in the scanning
electron microscope (SEM) yields an increased number of gtth irregularities and
defects for the large diameter tubes. Both features are prably intrinsic properties
of the arc-discharge growth method and make it harder to nd lean tubes of a
su cient length.

A SEM image of sample D is presented in Fig. 7.1. The tube is lted on an
Al backgate and contacted by three Au nger electrodes fromkaove. Two-terminal
conductance measurements have been carried out, using thetupper electrodes.
In Fig. 7.1, also the conductance of sample D as a function dig gate voltage at sev-
eral temperatures is presented. Note that the curves for 6k§ 300 K (He) and 300 K
(air) are o setby 0.1 Ggp, 0.2 Gp and 0.3 Gy, respectively, whereG, = 2€?=h. For
all measurements, a low-frequencyf €37 Hz) ac bias voltageV with eV < kgT
has been applied, and the resulting ac current has been reded. The uppermost
trace shows the conductanc& at 300 K in air at room pressure. The decrease &f
with increasing gate voltage indicates a strong-doping of the tube, in accordance
with our former measurements. The second curve at 300 K shoti® conductance
after evacuation and application of a He atmosphere 200 mbar). Note that the
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Figure 7.1: (A) Scanning electron micrograph of sample D. The tube is
located on top of an Al gate and contacted by 3 Au nger electrades. Only
the two upper ones are used for the measurement. The scalebas 1 m.
(B) Conductance vs. gate voltage for sample D at 300 K (in air ad in He
atmosphere), 6.5 K and 20 mK (top to bottom). Curves are o set for clarity.

same behavior is displayed in vacuum (not shown). Here the giag has decreased
and changed fromp to n. The trace shows a minimum, which can be assigned to
the charge neutrality point, as in the preceding chapter. Matoring the conduc-
tance during the evacuation procedure shows a gradual changf the doping on a
timescale of 5 min (not shown). These observations lead us to the hypotheghat
adsorbates on the tube may create a stronqgdoping. These adsorbates are removed
by the evacuation and a weakh-doping remains.

At lower temperatures, conductance oscillations arise, wiin are again attributed
to an interplay of the bandstructure, one-particle quantuminterference and two-
particle Coulomb interaction e ects. The trace at 20 mK show that the conduc-
tance is not suppressed to zero at any gate voltage. This me&athat the sample
does not enter the regime of dominating Coulomb blockade, wo to the base tem-
perature of the refrigerator. Instead, the conductance hasminimum in the vicinity

of the charge neutrality point even at low temperatures, altough large conductance
uctuations are present. This behavior is shown by both sanips. It seems to occur
preferably for nanotubes with large diameter, while thinnetubes enter the Coulomb
blockade regime at temperatures of 200 mK. An enlarged lead capacitance could
originate from the larger tube diameter, which reduces theharging energy of the
tube. Thus, the Coulomb blockade regime may only be accessaida temperature
way below the base temperature of the system.
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7.3 Conductance Oscillations in a Parallel Field

When a magnetic eld is applied parallel to the axis of a nanatbe, the conduction
electrons can gain an Aharonov-Bohm phase only by moving amd the tube cir-
cumference. In both the bandstructure and the quantum intéerence descriptions of
transport, this leads to periodic oscillations in the magrteconductance (see. Chap-
ters 2, 3). Hence, for a rst check, a single magnetoconductee trace has been
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Figure 7.2: Dierential conductance of sample C as a function of the mag-
netic eld parallel to the tube axis. The temperature was 5 K.

recorded at zero gate voltage at a temperature of 5 K for sanglC. The result for
magnetic elds up to 17 T is presented in Fig. 7.2. The trace is symmetric with
respect to magnetic eld reversal, as expected for a two-t@inal con guration. The
conductance shows a minimum at zero eld, as well as an osailbn with a period
B of 3.2 T. Starting from B = 0, the conductance maxima at 0.5 B, 25 B
and 4.5 B display an enhanced amplitude, while the amplitude at 1.5 B and
35 B is smaller.
For the measured tube diameteb of 29 1 nm, a ux of h=2ethrough the tube cross
section areaD? = 4 corresponds to B=3.1 T. Thus, the periodicity B agrees well
with multiples of a ux of h=2e. The regular alternation of enhanced and reduced
conductance peaks indicates that, in additionh=eperiodic features are present.
At this stage, the origin of the oscillations cannot be detenined: on one handh=2e
is the periodicity of the Altshuler-Aronov-Spivak oscilléions, and thus suggests the
dominance of quantum interference.
For a detailled insight in the ux periodicity of the conductance, magnetoconduc-
tance traces have to be taken for di erent values of the Fermenergy. Therefore,
the linear response conductance has been recorded as a fiamcof the gate voltage
and the magnetic eld. Similar to the procedure of sec. 6.3he eld was changed
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in steps, while the gate voltage was swept continuously. Thesult for sample C is
shown in Fig. 7.3, at temperatures of 1 K, 4.5 K and 20 K. The caluctanceG shows

G (2€ /h)me -
A 0.5 2 B

1.3

GateVoltage (V)

0 4 8 12
B (T)

Figure 7.3: Color coded di erential conductance of sample C as a functia of
the gate voltage and a magnetic eld parallel to the tube axisat temperatures
1K (A), 4.5 K (B) and 20 K (C). Red regions correspond to high canductance,
while blue regions indicate low conductance.

a rich variety of structures. For each value of the magneticeld, G is minimal in the
vicinity of Ugate 0:2 V, which coincides with the position of the charge neutrai
point (CNP), cf. Fig. 7.1. When the Fermi energy is tuned awayrom the CNP,
the overall conductance increases. Around zero magneticlde G has a minimum
for most values ofUyqe. IN contrast to the measurements in a perpendicular eld,
additional minima arise with a eld periodicity of  3:1 T, which could be identi ed
with multiples of a ux of h=2e in the previous section. Additionally, conductance
features with the double ux period, h=g occur. The most intriguing observation
is the presence of rhomb-shaped regions of high conductgnicethe vicinity of the
CNP. These features become smoother as the temperature isreased. Even at a
temperature of 20 K, Fig. 7.3C, the two periodicities are dtiprominent, although
the nest conductance uctuations are washed out.

Figure 7.4 shows the result of the corresponding measurernéor sample D at a
temperature of 45 K. In order to elucidate the structure and the amplitude of he
conductance oscillations, the data are also shown in a swéarepresentation. The
charge neutrality point is located atUg,e = 0:6 V, where a pronounced valley in
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Figure 7.4: Left: Color coded dierential conductance of sample D as a
function of the gate voltage and a magnetic eld parallel to the tube axis at
4.5 K. Red regions correspond to high conductance, while bliregions indicate
low conductance. Right: Same data, but in a colored surfaceapresentation.

G(Ugae; B) is located. Again, two specic eld periodicities are ideti ed, namely
B=2:1Tand2 B. Also here, B isin good agreement with a ux ofh=2e: For
the measured tube radius of 36 nm 1 nm, the latter corresponds to 2.0 T 0:3 T.
The surface plot shows that the oscillations are present up tthe highest magnetic
elds, while their amplitude decreases. Note that the rangef the gate voltage for
sample D is more than twice as large as for sample C. Thus theefuency' of the
conductance variations with gate voltage appears to be muttigher than it actually
is.
Based on these measurements, we would like to clarify, wheththe data allow a
decomposition into bandstructure- and interference contsutions. Similar to the
preceding chapter, it would be desirable to elucidate the ndocation of the quan-
tum interference by the band structure and vice versa.

7.4 Field Dependence of the Magnetic Bandstruc-
ture

Bandstructure considerations have been applied succedigftio the magnetoconduc-
tance, when the eld is oriented perpendicular to the tube as (see Chap. 6). Thus,
similar approaches for the parallel eld seem rewarding. Ithis case, one conceptual
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di culty arises from the fact that even small elds have a large e ect on the density
of states. Already the tight binding calculation shows thatthe van Hove singulari-
ties are splitted and shifted linearly in energy with incresing magnetic eld. This
results in a periodic magnetic dispersion, with a periodigi given by the Aharonov-
Bohm ux h=e(see Sec. 2.5.1).

In accordance with most works in literature, the previous dpter has revealed that

DoS (a.u.) G (2& /n) G (2€ /n)
Alo 00 06 B 0 8 C 0 8 D

0 1 0 8

1ollé'
F (hle) F (hle) F(hle) G (2€/h)

Figure 7.5: (A) Color representation of the calculated density of states for a
(22, 22)-singlewall nanotube without disorder as a functim of energy (in units

of o 3eV)andamagnetic ux parallel to the tube axis. (B) Corresponding

ballistic conductance. (C) Color representation of the comluctance of the same
tube as in A) and B), but with Anderson disorder of strength W = (=5. (D)

Zero- eld conductance of the disordered tube as a function benergy.

multiwall carbon nanotubes appear to be strongly di usive gstems. Therefore, it
is highly desirable to have theoretical estimates for the nductance of a disordered
tube in a parallel magnetic eld. This represents the basisof a qualitative and
guantitative analysis of the measurements.

Such calculations have been performed by S. Roche and F. am, using a recursive
Green's function approach for the tight binding bandstructire [7]. This framework
allows the inclusion of static on-site Anderson disorder égs Refs. [66, 67] and refer-
ences therein).

The result of the calculation for a (22, 22) nanotube with a dmeter of 3 nm is
presented in Fig. 7.5. Fig. 7.5A shows a color representatiof the density of
states (DoS) as a function of energy and the magnetic ux thrgh the tube. In
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this case, the disorder is set to zero and lines of high densibf states appear, in
accordance with the simple bandstructure calculations ine€8. 2.5.1. These lines can
be assigned to the ( eld dependent) positions of the subbanohsets. They enclose
diamond-shaped regions of constant conductance, as can leersfrom Fig. 7.5B.
There, a calculation of the corresponding (ballistic) conectance is presented.

This graph has to be compared now to Fig. 7.5C, which shows tlgenductance in
the presence of on-site Anderson disorder of strengtl 2 [ (=5; o=5]. The dis-
order does not scramble the conductance pattern completelyhe diamond-shaped
regions are still visible, while the conductance at the diaond edges is suppressed
to about half of the value on the plateau. Furthermore, the aoductance does not
anymore increase in steps as in the ballistic case, but eveactdeases slightly with
the number of occupied channels. For illustration, a singleonductance trace at
zero eld is shown in Fig. 7.5D. This behavior can be understa qualitatively by
the behavior of the elastic mean free path. ¢.sic, as discussed in Sec. 6.7: both
the numerical calculations and the experimental data indate a strong decrease of
Lelasiic @t the subband edges. This compensates the rise of the cont@dunce due to
the opening of new conduction channels.

In summary, the calculated conductance of a moderately distered tube still re-
veals structural similarity to its DoS without disorder. Hence, it seems legitimate to
compare calculations for the DoS directly to the measured tia This is especially
important for large tube diameters: here in presence of dister, the computational
cost for the conductance calculation becomes quickly prdiiive with increasing
tube diameter. In contrast, the clean DoS can be investigadeup to large diameters.

7.5 Density of States vs. Measured Conductance

In order to nd ' ngerprints' of the nanotube's bandstructu re in the magnetoconduc-
tance patterns, the calculated density of states (DoS) is ogared to the measured
conductance. The procedure is to a large extent identical tthe one performed for
the perpendicular eld case, cf. Sec. 6.4.

The major problem is to convert the energy axi€ of the DoS, (E), into an
equivalent (nonlinear) gate voltage scal&yae, in order to extract (Ugae). In turn,

(Ugare) gives information on the gate voltages, which are necesgan order to
populate given nanotube subbands. This is done (again) by sasning a constant
capacitanceCgyqye between the tube and the gate electrode. Then the number of
excess electronsa(Eg) at a given Fermi energyEg (with respect to the charge neu-
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Figure 7.6: (A) Color representation of the calculated density of states (DoS)
for a (260,260)-singlewall nanotube without disorder as a udnction of gate
voltage and a magnetic ux parallel to the tube axis. Some dianond-shaped
lines of high DoS are indicated. (B) Color representation ofthe measured
conductance of sample D at 4.5 K for a magnetic ux from 0 to ¢ (left), ¢
to 2 o (middle) and 2 ¢ to 3 ¢ (right), where o = h=e Diamond-shaped
lines of enhanced conductance are marked.

trality point) is connected to the gate voltageUgae by
e

gate
wheren(Eg) is given by the integral over the DoS,
Zg,
n(Eg) =L (E)dE: (7.2)

0

Here, L is the length of the nanotube. Hence, plotting (Er) vs. Ugae(Er) gives

the desired result. The procedure has been performed for thelculated DoS of a
(260, 260) nanotube and for a magnetic ux from 0 td=e

For a quantitative comparison with the measurement, the knelegde of the coupling
capacitanceCgyqe Is crucial. In Sec. 6.4Cyqe Was obtained from an explicit assign-
ment of the subband onsets to certain gate voltages. Unfomately, this procedure

does not work for large diameter tubes, mainly due to the congxity of the mag-

netoconductance for both parallel and perpendicular elds Therefore, a typical

1The magnetoconductance of sample C in a perpendicular eld vl be discussed in Sec. 7.7
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capacitance of 300 aF/m has been used. Since both samples in Sec. 6.4 rendered
a capacitance of this magnitude, we take it as an approximain also in the present
case.

The result is presented in Fig. 7.6 as a color representatictogether with the magne-
toconductance measurement for sample D at 4.5 K. The magneteld scale has been
converted into a ux scale in units ofh=e In order to highlight h=eperiodicities,
the data have been split up into three segments. The rescaledlculation shows
diamond-shaped lines of high DoS, which are superposed on iaoreasing back-
ground, identical to Fig. 7.5. Due to the rescaling, the diawnds are distorted as a
function of gate voltage. Some diamonds close to the chargeutrality point (CNP)
are marked with lines. The CNP is located at the experientalalue of 600 mV.

A closer look at the data reveals, that also here diamond-ghed lines of high con-
ductance can be identi ed. As a guide to the eye, some of thenave been marked
by lines.

Although these similarities are not su cient for a one-to-ae assignment of calcu-
lation and experiment, they nevertheless demonstrate thahe position, the shape
and also the size of the diamonds agree well. Therefore, thaue of the capacitance
seems roughly correct, as well as the bandstructure modelurthermore, the assign-
ment is supported by the following fact: in the case, where agxact assignment of
van-Hove singularities and quenched magnetoconductancaswpossible (Sec. 6.4),
the peaks in the DoS also appeared to correspond to small peak the conductance,
rather than to conductance steps expected in ballistic condtors.

At higher multiples of h=¢ the data show indeed a repetition of the conductance
pattern, although with a smaller amplitude. This can also beéaken for an argument
for the presence of bandstructure e ects, since weak locadtion-like quantum in-
terference alone would just give &#=2e-modulation.

In conclusion, the nanotube's bandstructure seems to strgly a ect its conduc-
tance also in the case of a parallel magnetic eld. Due to thdreng variation of
the DoS with the magnetic ux, the e ects here are even more mnounced than
in the perpendicular case and for smaller tube diameters. Aexact assigment of
calculated van-Hove singularities and experimental magtmeonductance peaks is
not possible. Nevertheless, the strong similarity with themeasured conductance
patterns reveals rst clear signatures of the speci ¢ nanatbe bandstructure e ects
in the magnetoconductance.
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7.6 Contribution of Quantum Interference

The h=2e-periodic modulation of the magnetoconductance in Fig. 7.dgives rise to
the question, to which extent coherent backscattering is wolved into the transport
properties, similar to the discussion of Sec. 6.5 for the gendicular eld.

Much insight can be gained by averaging over magnetocondaate traces for many
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Figure 7.7: Magnetoconductance of sample D (triangles) averaged overhe
interval [ 2:3 V, 2:3 V] of gate voltage at temperatures 10 K, 5 K, 1 K and
200 mK (top to bottom).

gate voltages. Bandstructure e ects are expected to be snmtbed by the average,
as well as universal conductance uctuations. Thus, averag over the whole gate
bandwidth has been done for both samples. The result for salaD is presented in
Fig. 7.7. For all temperatures, the averages show a strotg2e-periodic modula-
tion. The amplitude of the oscillation decreases both withnicreasing temperature
and increasing magnetic ux. Especially at small elds, theoscillations are anhar-
monic, i.e. sharp dips appear, while the peaks are smoother.

All these curves bear a strong similarity to Altshuler-Aromv-Spivak (AAS) oscilla-
tions in di usive metallic cylinders [59]. The theory predcts an anharmonicity of the
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magnetoconductance oscillations. It is explained in terms time-reversed, di usive
and phase coherent electron paths, which revolve the cyliad circumference more
than one time. Thus, several multiples of the 'AAS- ux'h=2e are enclosed, which in
turn leads to higher harmonics in the Fourier expansion of tnmagnetoconductance
trace.

In analogy to the weak-localization ts for the averaged magetoconductance traces
in a perpendicular eld (see 6.5), the averaged trace at 10 Kals been tted with
AAS oscillations, cf. Eq. 3.8. The tting was done in the rang [ 2h=e;2h=d,
with two free parameters, namely the phase coherence lendth and the angle
between the tube axis and the magnetic eld, cf. Egq. 3.10. Theesult is presented
in Fig. 7.11. The best t was achieved for.. =30 nm and = 2 degrees. These
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Figure 7.8. Averaged magnetoconductance at 10 K (open triangles). The
line is a t of AAS-oscillations to the data.

parameters are reasonable for the temperature of 10 K.() and the experimental
accuracy for the alignment of the tube with respect to the d ().

Note that the tting procedure is not capable of delivering a estimate for the actual
wall thickness in which the transport takes place, or, in otér words, the number
of current carrying nanotube shells. The reason is reveal@d the equation for the
e ective wall thickness, Eq. 3.10. There, even a small misghment of tube and
eld leads to an e ective width a of several nanometers, which is much larger than
the intershell distance of 0.3 nm. Thus,a is predominantly determined by .
Recent experiments by Bourloret al. revealed that for multiwall nanotubes the in-
tershell conductance is of the same order as the longitudir@nductance of a single
shell [6]. Our experimental data do not allow the extractiorof any explicit number
of nanotube shells, which carry the current. Nevertheless coarse indication is
given by the oscillation period B of the AAS-like conductance oscillations. B
re ects the average shell diameter, where transport takedgre. Since this diameter
matches very well the measured tube radius, it is very likelghat only the outermost
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shell is involved, together with few neighboring shells.
Within the tting range, the accordance of data and t is fairly good. For higher
elds, large deviations occur. The tted curve shows a risig background originating
from weak localization in a slightly misaligned eld: here Bo a signi cant number
of time-reversed trajectories contribute, which do not enase the cylinder axis. The
rising background is an intrinsic property of the AAS-osdi&tions, which is obviously
not met by the measurement. Additionally, the oscillation anplitude of the theo-
retical curve decays much slower at higher elds.

At this point, two questions arise. Firstly, one can doubt, wether the origin of
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Figure 7.9: (A) Black lines: representative magnetoconductance trace at
gate voltages Ugae= 0.6 V, 0 V and -0.6 V (top to bottom). Grey lines
represent ts of AAS theory. (B) Phase coherence length vs. gte voltage
for sample D at 4.5 K. For parallel (top) and perpendicular elds (bottom),
AAS-theory and quasi-1D WL-theory is applied, respectivel.

the oscillations is indeed AAS-type quantum interferencesince the overall quality
of the t is not very good. Secondly, it is not clear, if an aveaged conductance
trace conceptually allows a t by a single AAS-type curve. Wth respect to the

second question, consider a set of AAS-type conductancedes with di erent phase

coherence lengths. Then, the average trace cannot be exgessin terms of a single
AAS-trace with an average phase coherence length.

Both questions can be overcome by the following approach. kei in Sec. 6.5, the
phase coherence length has to be determined for each valug¢hef gate voltage sep-
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arately. This, in turn has to be performed for a magnetic eldboth parallel and
perpendicular to the tube axis. For the perpendicular cas&onventional' 1D weak
localization theory is applied , while AAS-oscillations a tted in the parallel case.
For a given gate voltageUy.e, the phase coherence length: (Ugae) in zero mag-
netic eld should not depend on the tube orientation. Sincelte weak localization
approach is nearly established for perpendicular elds, o tting procedures are
supposed to give the same value , if the AAS-description isrcect. In addition, by
this procedure also the problem of interpreting an averagedace is avoided.

The corresponding magnetoconductance measurement in a pemdicular eld has
also been performed for samples C and D. The result will be stto and discussed
in Sec. 7.7. For small elds, the data allow tting of 1D weak bcalization the-
ory. For the measurement in a parallel eld, AAS theory has ben tted in a range

[ 2h=e;2h=¢, where there is a good accordance of theory and experimenthe
result is presented in Fig. 7.9. Three representative magiweonductance traces
are also presented, together with the corresponding tted AS-traces. It turns out
that the extracted phase coherence lengths agree very weikhin the accuracy of
the tting procedure, which is of the order 5{10 nm. Both traces show the same
gualitative behavior, i.e. the occurence of peaks and dip3he same holds for the
absolute values folL. , which vary between 20 nm and 40 nm. This result con rms
that the h=2e-periodic oscillations are indeed explained by the AAS thep

Note that all observed phase coherence lengths are much sierathan the tube cir-
cumference, which amounts 110 nm. Thus, the samples are already in the regime,
for which the AAS oscillations are predicted to be damped exmentially. Therefore,
experiments with tubes with less defects are very likely torpduce more pronounced
AAS-oscillations.

In summary, the partial interpretation of the experimentalresults in terms of quan-
tum interference appears to be justi ed also for parallel ngnetic elds. The peri-
odicity of the oscillations favors di usive electron tranport through few outermost
nanotube shells.

7.7 Conductance Variations in a Perpendicular
Field

For multiwall carbon nanotubes with large diameters of the mler 30 nm, band-
structure calculations predict some modulations of the balstructure with perpen-
dicular magnetic eld, starting already atB 2 T. Such measurements are described
in the following. The results are compared to numerical barstiucture calculations
carried out by S. Roche and F. Triozon [7].
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Magnetoconductance measurements in perpendicular eldpto 15 T have been car-
ried out for sample C, which has a tube diameter of 29 nm. The relevant Sld scale

is given by the ratio of the tube radiusR and the magnetic lengthL,, =  ~=eB,
which is referred to as the dimensionless magnetic eld
R? eB
b= — = Rz—: 7.3

For the given tube diameter,b=1 corresponds toB = 1:7 T, while for the maximum
eld of 16 T, b=3.
In order to have a quantitative theoretical prediction, nunerical bandstructure
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Figure 7.10: (A) Tight-binding bandstructure calculation for a (210, 21 0)
armchair nanotube: Energy levels at theK -point as a function of a magnetic
eld perpendicular to the tube axis. (B) Greyscale represetation of the calcu-
lated density of states vs. magnetic eld at smaller energis (Figure adapted
from [7]).

calculations for ballistic (210,210)-nanotubes have begrerformed, using the tight-
binding approach [7]. The result is presented in Fig. 7.10.idz 7.10A shows the
evolution of the energy levels at th& -point with increasing perpendicular eld. A
shift of the energy levels towards higher energies occursotl that the states at the
K -point denote the bottoms of the one-dimensional subbands zero magnetic eld.
Thus, Fig. 7.10A provides a guideline for the shift of all lesls. Starting from zero
eld, the energy shift is becoming signi cant as soon as theiishensionless magnetic
eld bapproaches unity, i.e. already below 2 T.

The corresponding density of states is presented in Fig. DR. Its shape is partially
anticipated by the K -point dispersion. For elds above 5 T, the regions of high
density of states are also shifted towards higher energiest the same time, a state
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of high density of states forms around zero energy. This regis resembles a Landau
level at zero energy. Nevertheless, the tight binding appach does not predict an
explicit Landau level formation, cf. Sec. 7.1.

The conductance of sample C has been measured as a functiogate voltage and
perpendicular magnetic eld. The result forT=1K is presented in Fig. 7.11A in
a color representation. The graph bears some similaritiesttv the analogous mea-
surement for thinner tubes, cf. Sec. 6.3. The conductancerisduced atB = O for
all values of the gate voltage. This is again attributed to wak localization, that
should be the dominating contribution to magnetotransportngerprints especially
at low elds. Conversely to the parallel case, no e ects of # bandstructure at
low elds are expected. For magnetic elds above 2 T, a stronghift of regions of
high conductance towards higher gate voltages with magnetield is observed. The
shifting appears to be much more signi cant for the region ghositive gate voltages,
than for the negative region. Note that such a shift is not olesved for the thinner
tubes in a perpendicular eld (see the preceding chapter).

For comparison, in Fig. 7.11B the calculated density of stas has been rescaled
with the gate voltage. The procedure is the same as in Sec. ,7ahd again an aver-
age gate capacitance of 300 aFm is used. Again, the result represents a distorted
reproduction of the DoS (see Fig. 7.10B). The correspondimgpnlinear energy scale
is also presented in Fig. 7.11B. Thus, a range of 3 V for the gavoltage yields a
shift of the Fermi energy of about 400 meV.

The preceding chapters revealed strong similarities of thegions of high conduc-
tance in the experiment to those with high density of statesnithe calculation. In
particular, at positive gate voltages the experimental 'bads’ of high conductance
are shifted towards higher voltages, as the eld is increade Also, several regions
of high conductance appear to be shifted towards the chargeutrality point (CNP,
located atUge = 200 mV), as the magnetic eld is increased. On the other hand,
several features do not match. Most prominent is the asymmmgtof the experimen-
tal conductance pattern: the 'bands' for negative gate voétges rather move towards
the CNP than to more negative values. In addition, several ggons of high density
of states coincide with regions of conductance minima.

In conclusion, it is safe to say that the results of experimérand calculation at
least point into the same direction. The numerical simulatin can qualitatively ex-
plain the strong magnetic eld dispersion of the conductare Like in the case of
the parallel magnetic eld, an exact assignment of conductee peaks to van-Hove
singularities in the density of states is not possible withi our experimental scope.
This may be related to the smaller subband spacing of the ttker tubes.

The measurement demonstrates that the magnetic dispersiomnlarge diameter nan-
otubes in a perpendicular eld is now experimentally acceifde. Thus, systematic
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Figure 7.11: (A) Color representation of the conductance of sample C as
a function of gate voltage and perpendicular magnetic eld a 1 K. (B) Nu-
merical calculation of the density of states as a function ofgate voltage and
perpendicular magnetic eld. Therefore, the energy scale bthe DoS has been
converted into a gate voltage by the use of a gate capacitancef Cgae =300
aF. The energy scale is attached on the right.

future experiments are necessary to clarify the situation.

7.8 Discussion

In this chapter, measurements for large diameter multiwattarbon nanotubes in high
parallel and perpendicular elds have been reported. The selts have been com-
pared to existing theoretical approaches, namely the Altster-Aronov-Spivak the-

ory for quantum interference and tight-binding calculatims for the bandstructure.

It turned out that for a successful explanation of the resu#t, both bandstructure

and quantum interference e ects have to be jointly taken inb account, since each
approach only partly covers the observed magneto- ngerpris.



7.8. Discussion 73

Now the question arises, if the interference properties aneodi ed by the bandstruc-
ture and vice versa, like the quench of the weak localizaticet subband onsets for
the small diameter tubes, see Sec. 6.5. Here, this is much mal cult to detect.
The main reason is the fast change of both the predicted bandsgersion and the
observed conductance with magnetic eld.

At least, the overall shape of the conductance traces ndsself in accordance with
the ones from Sec. 6.3. Especially, the conductance showskatively weak overall
modulation, with small peaks at the tentative subband onsst The latter can be
identi ed to some extent by the rhomb-shaped conductance dures for a parallel
eld. This observation again favors a sharp drop of the elagt mean free pathL ¢ at
the subband onsets, which in turn leads to a compensation did increased density
of states in the conductance, cf. Sec. 6.7.

Thus, we are left with the insight that there is still a lot of work to do in order to
understand the conductance properties of multiwall nanotues at low temperatures.
In order to elucidate these features more clearly, experimis with less di usive
tubes would be highly desirable, since there the bandstruge e ects are expected
to become more prominent.
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Chapter 8

Summary and Outlook

This thesis has been focused on electronic transport progies of multiwall carbon
nanotubes.

To study those properties experimentally, single nanotulsehave been placed on an
oxidized Al backgate electrode, which provides a strong eteostatic coupling. As
source and drain, Au electrodes with low contact resistandeve been attached af-
terwards.

The di erential conductance of the nanotubes was measured bbw temperatures,
as a function of the magnetic eld, the dc bias voltage, and # position of the
Fermi energy. The latter was shifted over a large energy raady means of the gate
voltage.

Already the preliminary measurements, as presented in Chap, indicate the pres-
ence of strong disorder in the nanotubes. The successfulargretation of the data
in terms of quantum interference e ects like universal congttance uctations and
weak localization allows an estimation of mesoscopic lehgtales in the sample,
such as the phase coherence lendth. One important observation is that the weak
localization contribution to the conductance, and hencé. varies strongly with the
position of the Fermi energy.

This fact served as the main motivation for more extensive ansystematic mag-
netoconductance measurements, as descibed in Chap. 6. Bgdb measurements,
the values for the gate voltage, which are necessary to poptd the nanotube's sub-
bands, could be identi ed. These positions match well withhe positions of the van
Hove singularities in the density of states, as estimateddm simple bandstructure
models.

From the experimental magnetoconductance tracek, was derived as a function of
the Fermi energy. L. (Ef) was found to be strongly reduced at the subband onsets,
which corresponds to a quench of weak localization. Therelsa the elastic mean
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free path L turned out to decrease steeply, in accordance with recent merical
calculations. Thus, a strong increase of the di usivity of he system at the sub-
band onsets was observed. This in turn allows the statemerttdt a strong interplay
between the bandstructure and the di usion properties of miiwall nanotubes is
present.

In addition, the study of the nonlinear conductance reveatea suppression of the
zero bias anomaly at the subband bottoms, which has been inpeeted as a reduc-
tion of electron-electron interactions. A similar result$ obtained by extracting the
interaction strength from the elastic mean free path.

Magnetoconductance measurements for large diameter nanbés in a magnetic eld
parallel to the tube axis have been presented in Chapter 7. €hresults con rm the
impression of the preceding sections: for a comprehensivedarstanding of the con-
ductance properties, both the bandstructure and quantum terference have to be
taken into account. The former manifests itself in a charaetistic magnetic band
dispersion, whose ux periodicity ofh=e originates from the Aharonov-Bohm phase
of the electrons. The latter appears as a superposition b£2e-periodic oscillations
in the magnetoconductance, which are successfully explathin terms of coherent
backscattering.

Our interpretation of the results is strongly supported by mmerical tight-binding
calculations for both the density of states and the conductee in presence of a
magnetic eld and Anderson disorder.

Finally, complementary measurements for the large diametaanotubes in a per-
pendicular magnetic eld have been performed. The resultgq@vide the consistency
of the description of the conductance in terms of quantum ietference. In addi-
tion, a strong dispersion of the conductance with magneticeld is observed. These
features partially match the predictions of numerical cal@lations for nanotubes in
large magnetic elds.

The measurements as presented in this thesis render some enarsight into the
conductance properties of multiwall nanotubes. Neverthess, there is still a lot of
work to be done. For example, experiments on less disordeteties would be highly
desirable in order to study the transition from the ballistc to the di usive regime.
In addition, a combination of tunneling spectroscopy expénents and conductance
measurements would allow to have a direct measure of the (toeling) density of
states.
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