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Abstract. We present a low energy-theory for non-linear transport in finite-size interacting single-wall
carbon nanotubes. It is based on a microscopic model for the interacting p. electrons and successive
bosonization. We consider weak coupling to the leads and derive equations of motion for the reduced
density matrix. We focus on the case of large-diameter nanotubes where exchange effects can be neglected.
In this situation the energy spectrum is highly degenerate. Due to the multiple degeneracy, diagonal as
well as off-diagonal (coherences) elements of the density matrix contribute to the nonlinear transport. At
low bias, a four-electron periodicity with a characteristic ratio between adjacent peaks is predicted. Our
results are in quantitative agreement with recent experiments.

PACS. 73.63.Fg Nanotubes — 71.10.Pm Fermions in reduced dimensions (anyons, composite fermions,
Luttinger liquid, etc.) — 73.23.Hk Coulomb blockade; single-electron tunnelling

1 Introduction

Single-walled carbon nanotubes (SWNTs) are graphene
sheets rolled up to seamless cylinders, which possess spec-
tacular mechanical and electrical properties [1,2]. In par-
ticular, as suggested in the seminal works [3-5], due to the
peculiar one-dimensional (1D) character of their electronic
bands, metallic SWNTs are expected to exhibit Luttinger
liquid behavior at low energies, reflected in power-law de-
pendence of various quantities and spin-charge separation.
Later experimental observations have provided a confir-
mation of the theory [6,7].

In order to study the internal electronic properties, in-
cluding the effects of electron — electron correlations, a
quantum dot setup, where a SWNT is coupled weakly to a
source and drain contact as well as capacitatively to a gate
electrode (cf. Fig. 1), is a very well suited device. In fact,
the current as a function of the applied bias voltage V}
and gate voltage V; depends on the energy spectrum but
also on the actual form of the eigenstates of the consid-
ered system, which for example determines whether some
transitions are allowed or forbidden. At low enough tem-
peratures and bias voltage, adding new particles — and
therefore transport across the quantum dot — is hindered
by the Coulomb repulsion [8]. Eventually the energy cost
for placing an electron in a given energy level adds to the
effect of Coulomb blockade. In metallic SWNTs two bands
cross at the Fermi energy. Together with the spin degree
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Fig. 1. SWNT quantum dot set-up. A metallic SWNT is cou-
pled via tunnelling junctions to a source and a drain contact.
The electrochemical potential in the dot is adjusted by a gate
voltage.

of freedom this leads to the formation of electron shells,
each accommodating up to four electrons.

As a result, a characteristic even-odd [9] or four-
fold [10-12] periodicity of the Coulomb diamond size as a
function of the gate voltage is found. While the Coulomb
blockade can be explained merely by the ground state
properties of a SWNT, the determination of the current
at higher bias voltages requires the inclusion of transitions
of the system to electronic excitations. For an interact-
ing 1D system the occurrence of spin-charge separation
is expected, i.e. the collective excitations can be divided
into independent modes with different spectra. In the
case of metallic SWNTs one finds three so called neutral
modes [4], whose energies coincide with the correspond-
ing ones of the noninteracting system. Of the three modes
two can be identified as collective spin excitations and one
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as collective charge excitations. Additionally, there is one
mode of charge excitations with energies increased com-
pared to the neutral modes due to the repulsive electron
— electron interaction. In [11,12] not only Coulomb di-
amonds but also low lying excitation lines have been re-
solved in I — V3, — V,; measurements. Since the associated
energies are not large enough in order to identify some of
the observed lines with transitions to excitations of the
interaction-dependent mode, the position of all the mea-
sured lines should be explainable by invoking the excita-
tion spectrum of the system with neutral modes only.

Additionally in [12] the effect of an applied magnetic
field on the transport properties of a SWNT quantum dot
was examined. Clear evidence for an exchange splitting of
the ground states with two electrons in the highest occu-
pied shell was found. Exchange effects were also inferred
from the excitation lines of the spectrum of samples A and
B of [11], in agreement with predictions of the mean-field
theory presented in [13]. On the other hand, the measured
data of sample C in [11] do not show any sign of exchange
effects, unless an unreasonably high exchange energy is as-
sumed. The magnitude of the exchange effects depends on
the spatial extension of the electron wave functions and
scales like 1/Natoms, where Natoms is the number of car-
bon atoms in the particular SWNT [15]. Therefore, e.g.
the ratio between the level spacing € of a noninteracting
SWNT, scaling like 1/L, and the exchange related ener-
gies is roughly proportional to D, where L and D are the
nanotube length and diameter respectively. On that score
it is interesting to note that the experiments in [12], where
the exchange splitting could be seen, was conducted with
a SWNT of L = 300 nm and a comparably small diame-
ter of 0.8 nm. Similarly for samples A and B of [11] the
reported lengths and diameters were Ly = 180 nm and
Dy = 1.1 nm and Lg = 500 nm and Dy = 1.3 nm.
In contrast, for the SWNT of sample C in [11], show-
ing no measurable exchange effects, Lo = 750 nm and
D¢c = 2.7 nm were determined. For comparison, in the
case of armchair tubes the diameters 0.8 nm and 2.7 nm
would correspond to tubes with the wrapping indices (6, 6)
and (20, 20), respectively. In the following we concentrate
on large enough nanotubes and disregard any exchange
effects. A detailed discussion of the processes leading to
exchange splittings and their interplay with the bosonic
excitations is postponed to a forthcoming article [15]. In
the absence of exchange, a large degeneracy of the en-
ergy spectrum is expected [16], which in turn can be seen
in a peculiar four-electron periodicity of the stability di-
agrams (three equal in size Coulomb diamonds followed
by a larger one) and of the Coulomb oscillation traces as
discussed below.

So far excitation lines of SWNT quantum dots were
only addressed in [13,14,17] in a meanfield approach. In
the present work we do not only calculate the expected ex-
citation lines but also give a quantitative calculation of the
nonlinear current across a metallic SWNT quantum dot as
a function of the gate and bias voltage beyond meanfield.
As long as only the ground state energies are concerned,
the meanfield treatment yields the right result but fails for
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a complete description of the excitation spectrum. Some
results were already presented in abridged form in [16]. We
focus on the low energy regime, which means that we con-
sider the situation where only the gapless subbands of the
SWNT are relevant. Since those bands exhibit to a good
approximation a linear dispersion relation, the Tomonaga-
Luttinger theory can be applied. For a typical SWNT this
means a range of roughly 1 eV around the Fermi energy,
which is still quite large if for example compared to the
level spacing of 1.7 meV for a noninteracting SWNT of
1 pm length.

Starting from a microscopic description of noninter-
acting SWNTs with open boundary conditions we in-
clude the electron — electron interactions. The resulting
Hamiltonian can be diagonalized using bosonization tech-
niques [3], obtaining the spectrum and eigenstates of the
isolated metallic finite size SWNT. We apply the so called
constructive bosonization procedure [18] (for a detailed re-
view we refer to [19]), coping well with the discrete energy
spectrum and especially with finite electron numbers.

The electron dynamics of the quantum dot is obtained
by solving the equation of motion for the reduced den-
sity matrix (RDM) of the SWNT. The metal leads are
described as equilibrated Fermi gases. Due to many-fold
degenerate eigenstates of the SWNT Hamiltonian we find
that offdiagonal elements (coherences) of the RDM can
not be generally ignored. Apart from the degeneracy of
the states, this is also a consequence of the interactions as
we will show. The importance of taking into account co-
herences for an interacting system weakly coupled to un-
polarized leads was also recently discussed in [20], where
transport through a metal grain is treated. The rates en-
tering the master equation depend on the involved ener-
gies and on the matrix elements of the electron operators
in the SWNT eigenstate basis. Noteworthy is a variation
of the tunnelling amplitudes along the nanotube axis, also
if only ground states are involved in transport, depending
on the complete energy spectrum of the collective excita-
tions.

The outline of this article is the following. In Section 2
we derive the master equation describing the dynamics of
a generic quantum dot in second order of the tunnelling,
gaining an expression for the current. In order to specify
the explicit form of the master equation we derive the
low energy Hamiltonian of metallic SWNTs in Section 3,
and use the bosonization technique in order to diagonalize
the SWNT Hamiltonian. The actual calculations for the
current in the low and high bias regime are performed in
Section 4.

2 Quantum dots

In this section we show how the stationary current through
the system described by the Hamiltonian (1), see below,
can be determined as a function of the electrochemical
potentials in the leads and in the dot by calculating the
dynamics of the RDM of the SWNT. Transport through
the SWNT quantum dot can occur if the electrochemical
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potentials of source and drain are adjusted to different val-
ues by the voltages Vs and Vj. Since current can only flow
if one transport direction is favored, the current-carrying
system will have to be treated out of equilibrium beyond
the linear response regime. Hence, the state of the quan-
tum dot will in general be described by a nonequilibrium
density matrix. For completeness and clarity, we show the
determination of the corresponding equation of motion in
some detail mainly following [21]. The outcomes of this
and of the following section will be used in Section 4 to
obtain the I — V;, — Vj; characteristics of SWNT quantum
dots.

2.1 Model Hamiltonian

In the following we examine the physics of a generic quan-
tum dot, i.e. we consider a small metallic system weakly
coupled to a source and a drain via tunnelling junctions.
Moreover the electrochemical potential ;1, within the dot
can be controlled by a capacitatively coupled gate volt-
age V. We describe the overall system by the Hamiltonian

H=Ho+ Hs+Hq+ Hr + Hy, (1)

where Hg can describe an interacting SWNT (cf. Eq. (44)
below) or another conductor with known many-body
eigenstates. H,/q describe the isolated metallic source and
drain contacts as a Fermi gas of noninteracting quasi-
particles. Upon absorbing terms proportional to the ex-
ternal source/ drain voltage V; /4, they read (I = s, d)

H; = ZECIJCZIJICQUZ’ (2)
oq

where c:rwl creates a quasi-particle with spin o and energy
€ql = €q — €Vsyq in lead s/d. The transfer of electrons
between the leads and the central system is taken into
account by the tunnelling Hamiltonian

where ¥l (r) and @Ll (r) =>4 d)’("l(r)cgal are electron cre-
ation operators in the dot and in lead I, respectively, and
Ti(r) describes the transparency of the tunnelling contact
at lead [. Finally, H, = —usN. = —ecV, accounts for
the gate voltage capacitively coupled to the dot, with A,
counting the total electron number in the dot and ¢ be-
ing a conversion factor, that relates the electrochemical
potential to the gate voltage.

2.2 Dynamics of the reduced density matrix

Our starting point is the Liouville equation for the time
evolution of the density matrix p(t) of the system consist-
ing of the leads and the dot. The tunnelling Hamiltonian
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Hr from equation (3) is treated as perturbation. We calcu-
late the time dependence of p(t) in the interaction picture,
i.e. we define

pI (t) =Us (t7 to)p(to)U} (t7 tO)a (4)
with the time evolution operator Uy (¢, o), given by

Us(t, to) = et (HotHs+Ha)(t—to) o~ % (Ho+Ha+Ha+Hr)(t—to) ,

(5)
with ¢o being some reference time. Using (4) and (5) the
equation of motion becomes

ap' (1)
ot

with HL(t) = e (ot Het Ha) (t=t0) o= (ot Het Ha)(1—to),
Equivalently we can write

ih

= [HYI“(t)va(t)] s (6)

o' =o' (t0) - 5 [ [0 ple)] dtr (D)

to

Reinserting (7) back into (6) yields

§1(t) =~ [Hh plto)]

+@ffmwwu%mm%m-@

to

Since we are interested in the transport through the cen-
tral system, it is sufficient to consider the RDM pé of the
dot, which can be obtained from p! by tracing out the
lead degrees of freedom, i.e.

P(ID = TTIeadspI- (9)

In general the leads can be considered as large systems
compared to the dot. Besides we only consider the case
of weak tunnelling, such that the influence of the cen-
tral system on the leads is only marginal. Thus from now
on we treat the leads as reservoirs which stay in thermal
equilibrium and make the following ansatz to factorise the
density matrix p(¢) of the total system as

p'(t) = p(t)pspa =: Pl (t) Preads, (10)
where ps and pg are time independent and given by the
usual thermal equilibrium expression

e BHsja—psjaNssa)

Ps/d = ) (11)

Zs/d

with (8 the inverse temperature. As it can be formally
shown [21], the factorization (10) corresponds, like Fermi’s
Golden Rule, to a second order treatment in the per-
turbation Hp. Furthermore, we can significantly simplify
equation (8) by making the so called Markov approxima-
tion (MA). The idea is that the dependence of p’(t) on
p(t') is only local in time. In more detail, p!(#) is re-
placed by p!(t) in (8). The MA is closely connected to the
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correlation time 7 of the leads. In our case 7 is the time
after which the correlation functions

T / —
<d50[(r, T)Poi (T ,O)>th =
T'Teads (@Ll (I‘, T)@al (I‘/, O)Pleads)

are vanishing and therefore erasing the memory of the
system. If p!(#') is not considerably changing during 7
the MA is valid. It must be noted that the MA leads to
an averaging of the time evolution of p’(t) on timescales
of the order of 7, such that details of the dynamics on
short time scales are not accessible. Since we are interested
in the dc current through the system, this imposes no
restriction on our purpose. Finally we get, by plugging
equations (9-11) into (8), the following expression for the
equation of motion for the RDM,

: )
P(ID (t) = *}__LTrleads [Hjl“a p(ID (tO)Pleads}

LN 2 t
i
+ (ﬁ) TTleads/ dty [H{(t), [HE(t1), p& () preads) | -
to
(12)
The first term vanishes because (@4;(r)),, = 0. Since we
are only interested in the longterm behavior of the system

we send tg — —oo. Writing out the double commutator in
(12) according to

[A,[B,C]] = ABC +CBA — ACB — BCA,
and introducing the variable ' =t — t; one obtains
po(t) =

1 (o)
— ﬁTrleads/ dt/ [(quw (t)HTIw (t - t')pé (t)PIeads + hC)
0

— (HE(0)ph (O preass HE-(t = ') + hoc.)] .

Now we insert the explicit form of Hp from equation (3)
into (13) and perform the trace over the lead degrees of
freedom. Thereby we exploit the relations

@d@mm:<¢@wkmza

(13)

as well as
<@@%x{ﬂ forol # o'l
such that
p&ﬂ——i
xZZ/d3 /dg/ dt'{[Ea1(x,y,1")
I=s,d o

X W (3, 1)y (y, 1 — )ph (1)
+ fﬂl(xa ya tl)g}ff (X7 t)wjr- (ya t - tl)p(ID (t)] + h.C.
— [Foi o,y )W (x, )0 ()W (v, t — 1)

+ 5;1(X7 Yy, tl)wo (X7 t)p(ID (t)@; (Y7t - tl)] - hC} (14)

(IL)

The European Physical Journal B

In (14) we have introduced
En(x,y:1') =TT} (v) (@t ()21, (v, —t'>>

— T} (y / depf (2) S 6a(x)

ale

th
%(a—eVl)t/
b

(15)
with pi”(e) = pi(e)(1 — f(€)), where p;() is the density of

energy levels in lead [ and f(e) is the Fermi distribution.
Similarly

Farlx,y,t) =T ()T (3) (@1, (0P (v, —t'>>

T (Ti(y) [ derfP ()Yl

ale

th
(e—eVi)t’

(16)

Here pf () = pi(e) f(€). In order to proceed, it is conve-
nient to represent the RDM in the eigenstate basis of the
dot Hamiltonian Hg. Assuming that we can diagonalize
the many-body Hamiltonian Hg (see Sect. 3), this allows
us to extract the ¢ and ¢’ dependence of the electron opera-
tors in (14). To proceed further, we carry out the following
two major approximations:

(I) We assume that matrix elements between states rep-
resenting different charge states vanish (the number of
electrons in the dot influences the electrostatics of the
whole circuit, hence is “measured” permanently).
The so called secular approximation is applied, i.e. we
only retain those terms of (14), which have no os-
cillatory behavior in ¢. The latter causes that coher-
ences between nondegenerate states are not present in
the stationary solution of (14). For the dynamics this
means that we can not resolve the evolution of pf ()
on time scales of h/(E,, — E,,), where E,, and E,, are
two distinct energy levels of Hg.

In the end we can divide pl, (¢) into block matrices pS” (t),
where E denotes an energy level of the isolated dot con-
taining N electrons. To simplify the notation we give the
resulting equations of motion in Bloch-Redfield form,

E I.E
- Z Ry i P (1)
Kk’

+ N SO REN Phnie),

M=N=+1 E’ kk’

N (1) =

Prm

(17)

where the indices n, m, k, k" refer to the eigenstates of H,.
The Redfield tensors are given by (I = s, d)

E E; En E
R =50 3 (oG55 0 05
M,E’j
(18)
d
an EN E]\/I _ F a)EM EN
nmkk’ - Z l,k'mnk (19)

la=%
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The quantities I z(z')szkEM determine the transitions be-

tween states with N particles and energy En to states
with M particles and energy EY,. In detail we obtain for
transitions N — N + 1

Fz(;)jng;Hl - %Z/dgfﬂ/dgy
(o G () e
x /OO dt']—}l(x,y,t')e_o‘%(E;VH_EN)tl.
° (20)
For transitions N — N — 1 is
Fz(lj')fngNil = %Z/dgfﬂ/dgy

En EN_, Ey_,E
S UZ2168) I U216 WA

o0 i ’ ’
% / dtlggl(x,y,t/)e_a%(ENfl_EN)t ’
0

(21)
where we have defined the matrix elements
ENn El,,
(W;(x))kri N+l <k }Wg(x)| m> , (22)

with the states |k) and |m) having energy En, Ey_, and
particle number N, N + 1 respectively.

Equation (17) governs the dynamics of the SWNT elec-
trons. In the following we deduce therefrom the current
through the system.

2.3 Current

The current is essentially the net tunnelling rate in a cer-
tain direction at one of the leads. Thus the current at
lead [ will be of the form

L=ley (SN pN=N-1y, (23)
N

where we use the convention ! = s/d = £1. On the long
run the currents at the two leads have to be equal, oth-
erwise charge would accumulate on the dot which is pre-
vented by the charging energy. The rates ElN —NEL can
be obtained from the time evolution of the occupation
probabilities Py = T'r (pé’N), where pé’N is the RDM
for states containing N electrons. In more detail, the oc-
cupation probability of the charge state N is reduced by
tunnelling events changing the number of electrons from

N to N +1 and is increased by processes transferring the
charge states N + 1 to IV, hence

Py =1r (p5")

= Z (_2{V~>N+1 _ pNoN-L L gNHSN EINAHN) .
1

111

Using T'r ([)(ID’N) =>gIr (/)gEN) together with (17) we
can easily identify the rates appearing in (23):

NN+l _
2 =
(H)En Exyy IE I,Ex (—)EN By
Z Z (Fl,njjk Mo N+ Pk NFl,kjjn N 1) .
E,E' nkj
(24)
. . En E} —)EnN E| *
Since the relation Fl(’:]).jkN NEL — l(,kj)jnN Nil) holds,

we arrive, by inserting (24) into (23), at the following ex-
pression,

Z (F(JF)EN Byt B F(JF)EN E;\f—l) pi,nEN

l,njjk (25)

For the actual calculations we are going to replace p"F~

in (25) by the stationary solution p%;®¥ of (14), because
we are only interested in the longterm behavior of the
system.

Until now our treatment has been quite general, hav-
ing made no assumptions about the nature of the dot so
far. But the actual transport properties depend on the
microscopic structure of the system. As seen from equa-

tions (20) and (21), we shall have to determine the spec-

. EnN Ej .
trum of He and the matrix elements (¥y (X)), = in

order to solve master equation (17). This is the subject
of the next section. Moreover the leads and the geometry
of the tunnelling contacts will influence the system via
the quantities F,; and &,; as discussed in Section 4.1 and
Appendix A.

3 Low energy description of metallic finite
size SWNTs

In the following we derive the Hamiltonian Hg describing
the interacting electrons in a metallic finite size SWNT at
low energies. Typically (depending on the diameter of the
nanotube) “low energies” mean a range of 1 eV around
the Fermi energy, such that the dispersion relation for
the noninteracting electrons is linear [3] around the Fermi
points. Since we are interested in the transport across a
finite size system, open boundary conditions (OBCs) for
the wave functions must be imposed and we can deduce
the wave functions and the energy spectrum of the non-
interacting system. Switching on interactions we still can
diagonalize the Hamiltonian by using the so called con-
structive bosonization procedure [18,19], which we also
employ in order to rewrite the electron operators in a suit-
able form for the determination of the matrix elements

ENE
(P (%)) 1
3.1 Noninteracting SWNTs

The bandstructure of SWNTs is conveniently derived
from the one of the unbound 2p, electrons in graphene
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Fig. 2. On the right, energy spectrum of a SWNT with open
boundary conditions (OBCs) described in terms of left (L) and
right (R) branches. It is constructed from suitable combina-
tions of travelling waves (cf. Eq. (29)) whose spectrum is shown
on the left side.

sheets [1]. Since each unit cell of the graphene lattice con-
tains two atoms p = 1,2, the band structure consists of
a valence and a conduction band which touch at the cor-
ner points of the first Brillouin zone. Two of those Fermi
points, F' = +Kj, are independent, i.e. don’t differ by
a reciprocal lattice vector. The energy dispersion around
the Fermi points is very well linearly approximated with
a Fermi velocity vp = 8.1 x 10° m/s. Since SWNTs are
essentially graphene sheets rolled up to a cylinder of a
certain diameter, we obtain the SWNT band structure
by imposing periodic boundary conditions around the cir-
cumference L of the tube, leading to the quantization of
the allowed transverse wave vectors

P
k=L m=0,41,42. ..
L,

(26)
and thus to the formation of subbands labelled by m. For
metallic SWNTs the Fermi points F' will satisfy condi-
tion (26), hence the corresponding valence and conduc-
tion subbands will have no gap. In the following the focus
is on armchair SWNTs. Then only the gapless sub-bands
with linear energy dispersion nearby the Fermi points are
relevant [3,4]. At each Fermi point there are two differ-
ent branches r = R/L associated to right and left moving
electrons. The corresponding Bloch waves are of the form
¢Rr/L,Fs(T) =" 0R/ F(T), (27)
where k measures the distance from the Fermi points K
(Fig. 2 left).
In more detail, the Bloch waves pr /1, p(r) at the Fermi
points are given by a superposition of wave functions living
either on sublattice p =1 or p = 2,

1 2
¢r/L,F(T) = N, Z e R fprx(r —R—1,), (28)
R,p

where N, is the number of lattice sites which are iden-
tified by the lattice vector R. The position of the atoms
p = 1, 2 in the unit cell is given by 7, and the func-
tions y are the p, orbitals. The value of the coefficients
fprr depends on the considered SWNT type. For sim-
plicity we concentrate on armchair SWNTs for which we
have fi,p = 1/\/57 forr = —1/\/§sgn(rF)7 where we use
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the convention that R/L = +1. In this article, we are
interested in finite size effects and therefore we impose
OBCs instead of periodic boundary conditions on the sin-
gle electron wave functions. Generalizing [22] to the case
of SWNTs we introduce standing waves which fulfil the
OBCs (Fig. 2 right):

1
<ngLCK(r) = ﬁ [<PR/L,K0,K(F) - <PL/R,—K0,_K(T)] )

(29)
with quantization condition

k=m(mg;+A)/L, m,=0,£1,4+2, ...,

where L is the SWNT length. The offset parameter A
occurs if there is no integer n with Ko = (7n/L)é (where
€| is the unit vector along the tube axis) and is responsible
for a possible energy mismatch between the states of the R
and L branches, defined by relation (29). From the linear
energy dispersion relation around the Fermi points, the
energies of the standing waves follow as

grr = sgn(F)hwpk. (30)
Including the spin degree of freedom, the electron operator
reads

Z S 05 () cro =

Riﬁa

Zw

(31)

where the operator c;,, annihilates the state ‘(pOBC> |o).
Since the Bloch waves can be divided into a slowly and
a fast oscillating part (cf. (27)) we can as well split off
a slowly varying part from the operators ¥,(r), i.e. we
introduce the 1D operators

isgn(F)k

wrch T Crows (32)

\/_ Z €
in terms of which the 3D electron operators read

=L Z sgn(F

X [@Sgn(F)R,F(r)QbﬁzaF(x) + ‘Psgn(F)LyF(r)wiaF(fﬂ )
33

Later on, the bosonizability of ¥, r(z) will be of quite
some significance for the calculation of the transport prop-
erties.

From (30) the appropriate Hamiltonian for the nonin-
teracting system is easily derived. It reads

T
) E KCrgyCrok-
K

Hg o = hop Z sgn(r (34)
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3.2 Interacting SWNTs

For the inclusion of the electron — electron interactions we
have to add the following term to the SWNT Hamiltonian,

Vo =
%Z/dsr/d%'gfl(r)gfi, (rYV(r — 1"\, (r')¥,(r),

where V(r — r’) is the possibly screened Coulomb poten-
tial. Upon inserting (33) into (35), integration over the
coordinates perpendicular to the tube axis yields the in-
teracting Hamiltonian expressed in terms of 1D operators
and an effective 1D interaction Vog(x,2’), see (37) below.
As in [3] we expand the Bloch waves into their sublattice
contributions (28) and ignore the difference between the
intra and inter lattice correlations, which are only of rel-
evance at the length scale of the next neighbor spacing
of the carbon atoms. The final form of V we obtain by
ignoring all fast oscillating terms in the interaction, or in
other words by keeping only the so called forward scatter-
ing processes associated to the effective potential V.g as
depicted in Figure 3. This leads to an expression of Vg in

= w;aF (x)w'FUF (I) )

terms of the 1D densities psop(x)
Vo =

L
DI)ID DY [ R e P!

i FF' oo’
(36)

The approximations that have been made for getting from
(35) to (36) mainly mean that we neglect, as already men-
tioned in the introduction, any kind of exchange effects
and thus are only valid for large enough SWNTs. Using
(28) and (31) the effective potential Veg is obtained from
an integral over the coordinates perpendicular to the tube
axis of the 3D Coulomb interaction weighted by the p,
orbitals, i.e.

L2
V:%ﬂ“(ma :E/) = F
L

X d’r d?r’ r—R 2V r—r r — R/ 2.
2 // L/ 1L Ix( )NV ) Ix( )|
(37)

3.3 Bosonization

Here we show how the introduction of bosonic excita-
tions enables us to diagonalize the SWNT Hamiltonian
Hg = Hg o+ Ve by recasting it into a sum of a fermionic
and a bosonic part. Besides we give the identity that ex-
presses the electron operators in terms of the boson op-
erators. The connection between fermionic and bosonic
operators can be obtained from the Fourier coefficients of
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Fig. 3. Scheme of forward scattering terms. All those processes

conserve the number of electrons in each branch.

the electron density operators. To be more specific, we
Fourier expand the electron density operator,

1 isgn x
PFUF(QC) = E Ze en(F)q Proq; (38)
q
with ¢ = Ing, ng € Z and define the operators
1
b q>0. (39)

osgn(7)qg — Prosgn(7)q>
gn(7)q NG gn(7)q

The operators by fulfil the canonical bosonic commuta-
tion relations {bgq, bl/q,] = 0y070q4q as it can be shown [19]

by using the explicit expression

1

_ T
bo’sgn(i)q = \/n—q Z CiorCror+tsgn()gr 4 > 0.
K

(40)

From the previous equation we can see that the b, bt op-
erators annihilate or create collective particle hole excita-
tions within the branch (o).

3.3.1 Diagonalization of the SWNT Hamiltonian

As for example shown in [19] for a generic 1D system, the
noninteracting part of the Hamiltonian is already diagonal
in the bosonic operators. For the SWNTs in particular, we
obtain from (34) and (40),

Hopo =

s

1 -
€0 Z Z |nq| bjrqbch + Z <§NF20' + ASgH(T)N;0> )
o q#0 T
(41)

where g9 = hvr T is the level spacing of the noninteracting
nanotube. The first term in (41) describes collective par-
ticle hole excitations, whereas the second term represents
the energy cost of the shell filling due to Pauli’s princi-

ple. Specifically, Nz, = Kc;(mc;m counts the number
of electrons Ny, in the (7o )-branch. Without loss of gen-
erality we have assumed that we only have states with a
positive number of particles in each branch.

Plugging the Fourier expansion of the density opera-

tors (38) into (36) and taking into account the definition
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of the b-operators yields the bosonized form of Vg,

1
+ B Z nqWyq

q>0

<y (bosgnw)q + bf,sgnmq) (ba/sgnw/)q + blfsgn(f'm) '

(42)

1
Vo = 5ECNE

Here E. = Wy is the SWNT charging energy responsi-
ble for the Coulomb blockade and the effective interaction
potential is absorbed into

1 L L
Weq = ﬁ/o d:c/o dx' Ve (z, 2") cos(qx) cos(qz’). (43)

Since the bosonic operators appear only quadratically in
(41) and (42), the Bogoliubov transformation [23] can be
applied to diagonalize the bosonic part of the total SWNT
Hamiltonian. Here we only give the result, namely

He EN2+EQZ( e 1+ Asgn(7)Nie )

IPIPIL LRI

q¢>0 j=c,s 6=+

(44)

The first line of (44) describes the energy cost to add new
particles to the system. The excitations are created by
the bosonic operators a;. s, Four channels are associated
to total (jo = c+, s+) and relative (jo = c¢—, s—) (with
respect to the occupation of the R and L branch) charge
and spin excitations. To be more precise, the new opera-

tors ajsq are related to the old operators byegn(7)q via the
Bogoliubov transformation:
Jsgn(r)q ZAm ( j6q0j5q T Cjsq@ géq) (45)
where AJ ’is given by
11 1 1
/125:1 11 —-1-1 Jo= _ct,c—,s+,s
e 9|1-11-1)" #6=R7T,R|,L1,L].
1-1-11
(46)

For the transformation indices S5, and Cjs, we get in the

case of the three modes j§ = c—, s+, s—,
Squ =1 and ngq = 0. (47)

Only for jé = c+ there is an interaction dependence,

1 €0 €e 1 €0 €e
Sprg==|,/=2 [zca) o == /28 _ JZca )
T2 ( €eq " 50!1) e g ( €eq €0q

(48)

Generalized spin-charge separation occurs, since for the
three interaction independent channels jo = c¢—, s+, s—
the energy dispersion is the same as for the noninteracting
system,

T
€j5q = hvpq = ﬁ’UFan =:1e0qy Ng=12,...,
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Fig. 4. The ratio ec44/c04 as a function of €o4 for a (20, 20)
armchair SWNT of 980 nm length. Here we show the decay of
E€ct q /€04 for an unscreened and a screened (screening length 25

m) Coulomb interaction. In both cases, a dielectric constant
e of 1.4, see reference [3], is assumed.

but the energies of the c+ channel are enhanced by the
repulsive interaction,

€ctq = €0g(1 + 8qu/50)1/2- (49)

The ratio between e.14 and eg4 for a (20,20)-armchair
SWNT is shown in Figure 4. For the actual calculation
of €44 we have substituted |x(r — R)[* by 6(r — R) in
(37). The extension of the p, orbitals has been modeled
by introducing the average distance a; ~ 0.15 nm of the
electrons from their nuclei [3], i.e. we used for the 3D in-
teraction potential the following expression

02 o |RR'|/Lecreen

VR-R)= .
4dmepe (R—R/)* + a2

Here Lgcreen is the screening length of the potential and
gpe is the dielectric constant. Due to the finite range of
the interaction potential we find a decay of e.4 4/€04 With
increasing ¢, which should be taken into account if higher
excitations in the c+ channel are involved in transport. In
the Luttinger liquid theory ecy /€04 is usually assumed
to be equal to the constant 1/g, where

™

q:z.

The eigenstates of the SWNT Hamiltonian in (44) are

—1/2 Mjsq
IT (oo™ (als,)

q>0,56

= (14 8W,y/c0) "2, (50)

N, m) := IN,0), (51)

where |N,0) has no bosonic excitations and the vector
N defines the number of electrons in each of the four
branches (7o).

3.3.2 Bosonization of the electron operators

The determination of the transport properties through
the SWNT quantum dot involves the calculation of the



L. Mayrhofer and M. Grifoni: Linear and nonlinear transport across carbon nanotube quantum dots

matrix elements of the electron operators between the
eigenstates (51). Therefor we give the so called bosoniza-
tion identity for the operators ¥, r(x),
Yror(z) = —1lio KioF (w)eiPrar (@) Hibror @),

1—e 2T

(52)
The way (52) is derived can be found e.g. in [19]. Here
« is a convergence factor needed to ensure that only ex-
citations with physically sensible energies are considered.
It will be set to zero at the end of the calculation. The
operator 7;, is the so called Klein factor. Its main effect if
acting on a state [N, m) is to annihilate a particle in the
(Fo)-branch, more precisely

Mo IN,m) = (—1)Z5%0 N

J |N - éicra m> )
where we use the convention j = R 1,R |,L 7,
L |= 1,2,3,4. The fact that the Klein factor anni-
hilates fermions after all, expresses itself in the factor
ro—1
(=1)ZiZr Ni. K;, p(z) yields a phase depending on the
number of electrons in the (7o) branch, in our case,

1 o _
K’FJF (I) _ — ezfsgn(F)(sgn(r)N,-.ngA)z.

At last we have the fields ¢,.op(z) given in terms of the
bosonic operators bgg,

—aq/2
ibror(z) =Y %

q>0

isgn(7F)qx
e'™8 (FFa bosgn(i)q-

3.3.3 The matrix elements of the electron operators

In the following we are going to determine the ma-

En Ej
trix elements (¥, (X)) ©, appearing in the transition

rates (20) and (21). As we know from equation (33) the
3D electron operators ¥, (x) can be written in terms of
the 1D operators ¢,.,p(2) yielding

=L Z sgn(F
F

EN Elyiq
(T (r)) o

En E;Vil

X [‘psgn(F)R,F(r) (wﬁich(I))kk’

+<psgn(F)L,F(r) (wiaF(I))kEIg P (53)
Now the bosonization procedure used for the diagonal-
ization of Hg and the redefinition of 1., p(z) in terms
of boson operators pays off. Denoting the SWNT eigen-
states |k) and |k’) as |N,m) and |N’,m’) according to
equation (51), we get, as shown in Appendix B,

m') = e, e (~1)Z 05 N

| 2

<Na 1'1'1| w’FUF(x) |Nl7

1 - 5
e 2 Zq>0 e ZJS|AZ“GLZF(:E)

X Kip(Ntys, (T) =
1—e %1
=:A(x)
i
< [T T] PO (@), mjsg, ms,). (54)
q>0 356
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Fig. 5. The non-oscillatory position dependence of the matrix
elements (k |17 r(x)| k') is described by A(x), if no c+ excita-
tions are involved. For a repelling interaction, A(x) is strongly
suppressed at the SWNT ends. Here we used the values of
€cq/€0q Of a (20, 20) armchair SWNT (L = 980 nm) as shown
in Figure 4.

The parameters )\%‘;‘IF(x) (cf. Appendix C) for the three
neutral modes j0 = ¢—, s+, s— are given by

ezsgn(F'r)qx
VALY

and for the ¢+ mode we have

joq

)\FUF (I) = (55)

T

+
Afm‘é(

2\/_ (&cos qz) \/:sgn (FF) sin q:c)> . (56)

The function F(\,m,m’), describing the dependence of
the matrix elements on the bosonic excitations, can be
expressed in terms of the Laguerre polynomials L] as
we show explicitly in Appendix B, see equations (93) and
(94) there. It is interesting to note that the interaction
leads to the formation of a non-oscillatory = dependence
of the matrix elements (k|¢r,r ()| k') . For matrix ele-
ments between states with no bosonic ¢+ excitations this
effect is described solely by the function A(z). From ex-

. 6
pressions (55) and (56) for the parameters A/ %

we find

Ar) = o Soo it (1ot 2 onian )

Since we are considering a finite ranged interaction, the
ratio e.q/€04 goes to 1 for large ¢ and so the sum in (57)
converges even for a = 0 (using a finite a in order to dis-
regard unphysical states outside of the low energy regime
has only little effect on A(z)). In Figure 5 we show A(z) for
a (20, 20) armchair SWNT with screened and unscreened
Coulomb potential, using the values of e.4/€04 as shown in
Figure 4. It is evident that A(x) (and hence the tunnelling
amplitude at low energies) is smallest at the tube ends and
increases towards the middle of the nanotube. For an at-
tractive interaction the opposite behavior would be found
and for the noninteracting system A(z) = 1. Hence A(z) is
closely related to the dispersion relation for the excitation
energies €.4. However, in this article the contact geometry
is fixed and so the actual form of A(z) doesn’t influence
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the transport properties qualitatively, as we will show be-
low when discussing the role of the tunnelling contacts.

4 Current through a SWNT quantum dot

Knowing the spectrum of Hg and the expressions for the
electron operator matrix elements we can return to Sec-
tion 2.2 and perform the actual calculation of the current
through a SWNT quantum dot.

4.1 Influence of the tunnelling contacts

Due to the integration [ d®z [ dy, the rates from (20) and
(21) depend on the geometry of the tunnelling contact. At
low enough energies (i.e. as long as no degenerate states
with very different bosonic excitations or fermionic con-
figurations are considered), the matrix elements of the 1D
operators are slowly varying compared to the extension
of the tunnelling contacts described by the transparencies
Ti(r). Then the influence of the tunnelling contacts at the
tube ends can be taken into account by introducing the
parameters (cf. Appendix A)

P (€) =
[ [@rmwne) Y i e)oar) A Aw)

qle
/ * /
x> sgn(FF)pgn(ryr,p (V) Oagn () o (8 )1 Er (A),
FF’

(58)

where the phase factor vjpp (A) = eidramsgn(F—F)A o
counts for the band mismatch A. With the new parame-

ters @77 (g), equation (20) can be rewritten as

I z(gf:kEﬁwl =
1 EN Ej
3 Z/deplﬂa(E)@W'(E) (Cropm

o

/ o0

" (w;/al)ENJrl EN/ dt/ea%(a—e\/l—(E;V+l—EN))t/ (59)
nk 0

with p° () = pi(e)f(e) as defined below equation (16).

Additionally we have introduced the notations s, :=

Yroxy (1) /A(z;) and ; = 0, L for | = s, d. For (21) the

parameterization can also be performed yielding,

(0)En EN—1 _
Fl k'mnk -

3 [ @) (la)

o

oo .
X (wf/al)E;\FlEN / dt/ea%(7E+6V17(E3V717EN))tl
0

nk )

(60)
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where pi(g) = pi(e)(1 — f(€)). The integrals over £ and ¢/
in (59) and (60) can be carried out by using

/dsg(s)/ dt/ en (=B :wﬁg(E)JraihP/Eg(—Ej)Eds,
0 —

(61)
where P denotes the Cauchy principal value. The first
term on the right hand side of (61) corresponds to pro-
cesses which conserve the energy. Additionally, we have
the principal value terms which can be attributed to so
called virtual transitions since they cancel in the expres-
sion for the current but nevertheless can affect the trans-
port properties indirectly via the time evolution of the
RDM.

From now on we assume furthermore that the leads
are properly described by a 3D electron gas (think of gold
leads for example). In Appendix A we then find for a re-
alistic range of the lead electron wavenumbers g,

D (€) = S Di(e), (62)
with
&1~ Y TR + 1) A2(R,),
R,p

(63)

simplifying equations (59) and (60) further. We should
note that the case

D () # 7 Di(€) (64)
corresponds to leads which are polarized with respect to
the band degree of freedom 7, in complete analogy to spin
polarized leads. Hence it will be interesting to discuss in

the future for which type of contacts, (64) eventually could
be fulfilled.

4.2 Excitation lines

If certain transitions are possible depends among other
things on the available energy and hence on the applied
gate and bias voltages. From (59) and (60) together with
the evaluation of the appearing fooo dt’ ... integral accord-
ing to (61), we know the resonance condition for tunnelling
in/out of lead [. In detail, at temperature T' = 0, transi-
tions from a state with N electrons and eigenenergy En
to a state with M = N +£1 electrons and eigenenergy Ejs
are possible under the condition

eVi < Exy — Eny1+pg, for M = N +1,

eVi > En—1— En + pg, for M =N — 1. (65)
We expect that for low temperatures the current can only
change considerably at the position of the corresponding
lines in the eV-p4 plane. But we should mention that in
principle the so called virtual transitions (cf. (61)) are sen-
sitive to the values of the bias and gate voltage outside of
the excitation lines, if coherences of the RDM influence
transport. However, in our case of unpolarized leads we
do not find a significant change of the current between
two excitation lines. Furthermore not all of the resonance
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conditions lead to a considerable change of the current
at the corresponding lines in the eV; - p4 plane. Rele-
vant transitions are those between states with consider-
able overlap matrix elements (N, m| ¢z, r(z) [N’,m’) and
for which the occupation probability of the initial state is
large enough.

In order to add another electron to a N particle ground
state the extra energy dun = ES — By — (EQ — EX ;)
has to be payed. Here EY; denotes the ground state en-
ergies. From the SWNT Hamiltonian Hg, equation (44),
we deduce

Optams1 = Optamy3 = E,
Optams2 = E. + 2|Aleo,

Sppam = Ec + (1 — 2|A])eg (66)
The energy dun is a direct measure of the height and
the width of the Coulomb diamonds in the eV4-pg plane.
Thus a repeated pattern of one large Coulomb diamond
followed by three smaller ones is expected for A =0, 1/2.
Otherwise the pattern will consist of a large diamond fol-
lowed by a small, a medium and again a small one. In the
experiments of [11] sample C showed the first pattern re-
peating very regularly, whereas samples A and B revealed
the second pattern.

For sample C of [11] not only the Coulomb diamonds
but also a bunch of excitation lines could be resolved. In
[11] the positions of the Coulomb diamonds and of the
lowest lying excitation lines were determined. The mean
field theory of [13] was used for comparison. Apart from
the height of the large Coulomb diamonds, all the lines
from the experimental I — V characteristics of sample C
could be reproduced by an appropriate choice of five mean
field parameters E., €9, A, J and dU. The first three
parameters also appear in our theory. The mean field pa-
rameters J and dU are the exchange energies with re-
spect to the spin and band degree of freedom. For sample
C the choice of [11] was E. = 6.6 meV, g = 8.7 meV,
2Aeqg = J = 2.9 meV and dU = 0 meV. With our theory
exactly the same Coulomb diamonds and excitation lines
are recovered by choosing E. = 9.5 meV, g9 = 2.9 meV
and A = 0. We think that in this case our choice of pa-
rameters is much more realistic than the one made in [11],
with an unreasonably high J of 2.9 meV (compare this to
J = 0.5 meV in [12], where a considerably smaller SWNT
was examined). We therefore conclude that our treatment
of the interaction, where only forward scattering events are
considered and exchange contributions are not present, is
valid here. In Section 4.4, Figure 9 shows the numerical
result for the corresponding current.

4.3 Low bias regime

In the following we consider the low bias regime, i.e. the
bias voltages and the temperature are low enough that
only ground states with NV and N + 1 particles and ener-
gies B, EY 41 can have a considerable occupation prob-
ability. In this case the importance of taking into account
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the off-diagonal elements of the RDM in (17) depends cru-
cially on the parameters @,/ (¢) from (58). From the ex-
pressions (59) and (60) for the rates it is evident that for
our assumption of unpolarized leads, i.e. under condition
(62), the time evolution of the RDM elements between
states with the same band filling vector N is decoupled
from elements between states with different IN. Since the
current only depends on the time derivative of the diag-
onal elements of the RDM, the elements mixing states
with different N will have no influence on the current and
therefore can be ignored. Because all considered ground
states do have a different N, in the low bias regime we
only have to take into account diagonal matrix elements
in the master equation. We will refer to this kind of master
equations as “commonly used master equations” (CMES)

In the low bias regime the occupation probabilities py L, M

of the groundstates containing M particles will all be the
same in the stationary solution. Therefore, we introduce
the probability for finding the system in charge state M
by

I,EY
where dj; is the degeneracy of the corresponding ground

states. Using (17), the general expression for the master
equation, we find the following CME for Py,

Py _

ZR{iﬁéN% (67)
dy

RNNNN d

With equations (18) and (19) for the Redfield tensors we
obtain

Py = — Z(EM—»M’ > ’—>M>

, dy L E°,E
=23 ) (rR P = PR P ) (09
where we have defined
E , (+)EY
Z I, I\IIWN'M : Z lNN’JKI’N . (69)
Using the relation
dM ,EY o
FZFlNA{NM:ZFH\ﬁ\VM (70)
M N N’
the stationary solution of (68) is easily obtained,
/E]\/I
PM ZN’ lNN’ ’ (71)
Ftot
with
EQEY EY L E
Lot = ZZ ( I, T+ I N) . (72)
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The current is obtained from (23). Evaluated at the source
for example it yields,

InNy1 =
N AR NN dNN’ s NN/ NN/
Ftot

(73)

0 0
The rates lﬁ(ﬁ\?w are obtained by using equations (59)
and (60),

FE?VE?V+1
I NN/

m B B, B}y B
E@lplf(gl) ; (wrcrl)N]\l(]/ N <w7UZ)N/N 5

and

0
EN+1

EO
VARNING =

0 0
Enii Ex

%@pl 1= fe)> (w“’l)NN’

ro

ES E
(wT‘Ul)N]’VN A

Here we have assumed that @; and p; are constant in the
relevant energy range. Furthermore we have defined ¢; =
eVi — AE and AE = E}, — EY,. From (54) we obtain
(remember that V5 == Yror, (1) /A(21)),

M M 4

Z Z (w’“"l) NN/

To N’

ES, EY,,
( rol)N/N M= ECM M’

where C)y p is the number of ground states with M’ par-
ticles that differ from a given band filling vector N for one
of the ground state with M particles only by a unit vector
(see Fig. 6). Therefore we get

2 Z FZNN/N+1 =nf(e)Cn,N41 (74)
as well as
E% L EX
2y I Y =m (= f(@) Cniaw,  (75)
N

with v, = 73®p;. Inserting the rates (74) and (75) into
expression (73) for the current results in

CNN+1CN+1,N7s7a [f(es) — f(ea)]

N E) N1+ (= f(E))Cnran]
(76)

InNy1 =

4.3.1 Linear conductance

In the regime |eV| <« kT < ¢y we can further sim-
plify (76) by linearising Iyny+1 in the bias voltage. We
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Fig. 6. Ground states of the SWNT for different numbers of
electrons. For each charge state we show one representative
ground state, on top for aligned bands and on the bottom
for mismatched bands. In brackets the corresponding degener-
acy is given. Full black and orange arrows represent occupied
states. The bold (orange) arrows indicate electrons which can
contribute to transitions N — N — 1 in the low bias regime.
Incoming electrons for the transitions N — N + 1 can be ac-
commodated by the states represented by the dashed arrows.
So the number of bold and dashed arrows is equal to Cny,n—1
and Cn,n+1 respectively.

choose —eV; = eV = eVb and obtain

IN N1 =

2 —AE
e“BON N+1CN+1,NVsVd e

Zl Y (foCn.Ny1+ (1 — fo)Cny1N) (e=4E 1 1)

with fo = f(—AE). Unlike one could expect, the maxima
of the conductance Gy, ny+1 = In,n4+1/Vs arenot at AE =
0, but at

2‘/1)7

11 Cni1,N
[ INHLN
28 Cn,Nt+1

which is only zero for Cn41,8 = Cn,n+1. The height of
the conductance peaks is

AEmax =

max

N,N+1 —
YsVdCN N+1CN+1,N

(vs +7a) (Cn,Nv4+1 + Cng1,n + 24/Cn v+1Cn 1, N)

(77)

We still have to determine the values of Cy n41 and
Cn+1,n, which depend on the mismatch between the R

and the L band. If both bands are aligned (A = 0, 1/2)
one finds from Figure 6, Cy ny+1 =4,3,2,1and Cy41,nv =
1,2,3,4for N = 4m, 4m—+1, 4m+2, 4m+3. Then the con-
ductance Gy, n+1 shows fourfold electron periodicity with
two equally high central peaks for N = 4m + 1, 4m + 2
and two smaller ones for N = 4m, 4m + 3 (cf. Fig. 7a).
The relative height between central and outer peaks is

PO | a2/ G, = 27/(10 + 4V/6) ~ 1.36. Note
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Fig. 7. Gate traces for A = 0, i.e. for aligned R and L
bands, at low bias voltage. Parameters are E. = 9.5 meV,
kT = 0.10 meV, g9 = 2.9 meV and the chosen asymmetry is
vs = bya = 4.9x10'% 1. (a) Conductance in the linear regime
eV, € kT < €. Despite asymmetric contacts, we find the re-
peating pattern of two small outer peaks and two large central
peaks. (b) Current in the regime kpT < |eV]| < €o. Asym-
metry effects appear. The fourfold periodicity is retained. The
upper and lower pattern correspond to opposite values of the
bias voltage.

that this ratio is independent of a possible asymmetry
s # ¢ in the lead contacts. In addition, the conductance
is symmetric under an exchange of the sign of the bias
voltage. ~

In the case of an energy mismatch between the R
and the L band exceeding well the thermal energy, the
degeneracy of the ground states is either 1 or 2 and
we get Oy nvy1 = 2,1,2,1 and Cn vy = 1,2,1,2 for
N =4m, 4dm+1, 4m+ 2, 4m + 3. Therefore, according to
(77), all the conductance peaks have the same height as
depicted in Figure 8a.

4.3.2 Low bias regime well outside of the Coulomb
diamonds

Now we examine the regime where still only ground states
are occupied but where we are well outside the region
of Coulomb blockade, i.e. g9 > |eV) = AE| > kT. Then
we have |f(es) — f(eq)] = 1. If e.g. Vs — AE < 0 and
eVy — AE > 0, such that electrons tunnel in from the
source and tunnel out at the drain, we have f(g;) = 1 and
f(eq) = 0 such that (76) becomes

CN,N+1CN+1,N7s’Yd
¥sCn,N+1 + YaCNt1N

IN,N+1 =€ (78)

The height of the plateaus in the current of Figures 7b and
8b are described by (78). If the R band is aligned with the
L band, we still find a fourfold electron periodicity. But
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Fig. 8. Gate traces for A = 0.2, i.e. for mismatched R and
L bands, at low bias voltage. Other parameters are E. =
9.5meV, kT = 0.10 meV, g9 = 2.9 meV and the chosen asym-
metry is vs = 5vq = 4.9 x 10'°s7*. (a) Conductance in the lin-
ear regime eV}, < kpT < €¢. The conductance peaks are all of
the same height. (b) Current in the regime kT < |eV}| < eo.
The contact asymmetry leads to alternating large and small
current maxima.

only for v; = 74 the pattern with two central peaks and
two smaller outer peaks is preserved. The corresponding
ratio of the heights is 3/2. If v4 # 74 this latter symmetry
is lost.

For mismatched bands and s = 4 we find like for
the conductance peaks that all current maxima are of the
same size. In the case of asymmetric tunnelling contacts,
Ys # 74, a pattern of alternating small and large peaks is
found.

If we invert the sign of the bias voltage, the current is
obtained by flipping its direction and exchanging s with
~va in (78). Then, if v4 # 4, the current does not only
change its sign but also changes its magnitude because of

Cn,N41 # COnyiN.

4.4 High bias regime

In the bias regime eV > ¢y not only the ground states will
contribute to transport but also states with bosonic ex-
citations and band filling configurations N different from
the ground state configurations. We refer to the latter type
of excitations as fermionic excitations. Since the number of
relevant states increases rapidly with increasing bias volt-
age, an analytical treatment is not possible any more and
we have to resort to numerical methods in order to cal-
culate the stationary solution of the master equation (17)
and the respective current. From (65) we know that at low
temperatures the current only changes considerably near
the excitation lines given therein. Therefore we can reduce
drastically the number of (eV, p,) points for which we ac-
tually perform the numerical calculations, saving comput-
ing time. In Figures 9a and 10, the current as a function
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Fig. 9. (a) Current in a bias voltage-electrochemical potential
plane for the symmetric contacts case. b) Difference plot of the
current with and without coherences. Here kgT = 0.01 meV
and the interaction parameter is g ~ 0.21. Other parameters
are as for Figure 7.

of the applied bias voltage and the electrochemical po-
tential in the dot is depicted. The chosen parameters for
FE., g9 and A are the ones we have obtained for fitting
the data of sample C and sample A of [11], respectively.
Hence Figures 9 and 10 show the current for SWNTs with
the R and L band being aligned (A = 0) and mismatched
(A = 0.17). In both cases a symmetric coupling to the
leads, i.e. 75 = 74, is assumed. In the transport calcula-
tions the lowest lying c+ excitations are taken into account
using g = 0.21 for the Luttinger parameter (cf. Eq. (50)
for the definition of g).

In addition we have also determined the current us-
ing the CME, hence ignoring any coherences in the RDM.
For the current corresponding to Figure 9, the quantita-
tive difference between the calculations with and without
coherences is considerable in the region of intermediate
bias voltage as we show in Figure 9b. On the other hand
the deviation of the CME result from the calculation in-
cluding coherences is by far less pronounced for the pa-
rameter choice of Figure 10. The crucial point here is that
the charging energy F. is smaller than g¢, the level spacing
of the neutral system. Then the subsequent considerations
are not strictly valid. Now we explain why coherences can’t
be generally ignored if considering interacting electrons in
a SWNT.

4.4.1 Why and when are coherences needed?

As in the low bias regime we assume to have unpolarized
leads, i.e. we use condition (62), such that we can ignore
coherences between states with different fermionic con-
figurations IN. Unlike in the low bias regime, we are not
only left with diagonal elements of the RDM but there still
might be coherences between degenerate states which have
the same N but different bosonic excitations m. For the
importance of these kind of coherences it is illuminating

The European Physical Journal B
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Fig. 10. Current as a function of the bias voltage and the
electrochemical potential in the SWNT for symmetric con-
tacts. The parameters here are chosen to fit the positions of
the Coulomb diamonds of sample A in [11], i.e. E. = 4.7 meV,
209 = 2.8 meV, g9 = 8.2 meV.

to discuss our system without electron-electron interac-
tions, i.e. for the moment let us assume that an eigenbasis
of Hy is given by the Slater determinants of the single
electron states |<p,QHBC> |o) . Furthermore, we concentrate
without loss of generality on the case A = 0, and we as-
sume that the charging energy F. exceeds £g. Each of the
Slater determinants can be denoted by the occupation n
of the single electron states. In the case condition (62)
holds, it is again easy to show that coherences vanish in
the stationary solution of the master equation (17), if the
RDM is expressed in the |n) basis. But of course we still
could use the states [N, m) from (51) as eigenbasis, now
with four neutral modes c+,c—, s+,s — . In the [N, m)
basis it is crucial to include the off diagonal elements in
order to get the right stationary solution as we show in
the following example.

We adjust the voltages such that only transitions are
possible from the ground state with 4m particles and en-
ergy EJ. to ground and first excited states with 4m + 1
particles and energies EY, .| and E},, ., = E3,, . 1+¢, re-
spectively. From the 4m+ 1 ground states only transitions
to the 4m ground state shall be allowed as depicted in Fig-
ure 1la. Note that this situation is only stable, because
we have made the choice E. > £3. The master equation
expressed in the |n) basis reveals that only four of the 16
states with the lowest particle hole excitation are indeed
occupied in the stationary limit (cf. side b) of Figure 11,
because not all of the corresponding energetically allowed
transitions from the N = 4m ground state can be me-
diated by one-electron tunnelling processes. Whereas in
the |IN, m) basis, all 16 states with the energetically low-
est bosonic excitations are equally populated. Since the
degenerate states of the two bases are connected by a uni-
tary transformation, the same must be true for the cor-

. . . IE}
responding matrix representations of pJ *"*'. From the
representation of the RDM in the |n) basis, we know that

LE; .
the rank of pg *™*" must be equal to 4. Because an uni-

tary transformation does not change the rank of a matrix,
the stationary solution in the |N, m) basis can maximally
have 4 linearly independent columns. Since all diagonal
elements are nonvanishing this is only possible if there are
also nonvanishing coherences.

Switching on the electron — electron interactions,
the |n) states are no longer an eigenbasis of the SWNT
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Fig. 11. (a) Scheme of relevant energy levels, if transitions
from the ground state with N = 4m particles to the first ex-
cited state with N = 4m+1 particles are energetically allowed,
while no transitions from the N = 4m + 1 ground states to ex-
cited states with N = 4m electrons are possible. (b) Possible
transitions between the N = 4m and N = 4m + 1 electron
states of the noninteracting system, which are energetically al-
lowed in situation (a). The degeneracy of the eigenstates is
given in brackets.
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Hamiltonian and hence we must work in the [N, m) ba-
sis. But then, as we know from the discussion above, the
coherences are expected to be of importance.

4.4.2 Negative differential conductance

Spin charge separation and therefore non-Fermi liquid be-
havior could also manifest itself in the occurrence of nega-
tive differential conductance (NDC) at certain excitation
lines involving transitions to states with fermionic exci-
tations, as was predicted for a spinful Luttinger liquid
quantum dot [24] with asymmetric contacts. We also find
this effect for the nonequilibrium treatment of the SWNT
quantum dot. Since in our case only the energy spectrum
of the ¢+ mode depends on the interaction and the other
three modes have the same energies as the neutral system,
rather large asymmetries are needed in order to observe
NDC. In Figure 12 we show the current across the first ex-
citation line for transitions from N = 4m+1to N = 4m in
the A = 0 case. The corresponding trace in the up-V4 plane
is indicated in the inset of Figure 12a. Here the origin of
the NDC is that some states with fermionic excitations
have lower transition rates than nonexcited states, since
due to the increased energy of the ¢+ modes less channels
are available for transport. In Figure 12b we show some
of the excited states with N = 4m electrons which are
responsible for the NDC, because their transition ampli-
tudes to states with N = 4m + 1 electrons are reduced
compared with the one of the 4m ground state. Apart
from the asymmetries all other parameters are chosen as
for Figure 9. Only for asymmetries a = v4/vs larger than
around 45, clear NDC features are seen.

5 Conclusions

In this article we have analyzed the linear and nonlin-
ear current as a function of the gate and bias voltage
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Fig. 12. (a) Differential conductance as a function of the bias
voltage for different asymmetries a = v4/7s of the coupling to
the leads. The trace in the wup-V, plane across the boundary
between regions A and B is indicated in the inset. Only for
asymmetries larger than around 45 negative differential con-
ductance occurs. All parameters here are chosen as for Fig-
ure 9, except for kT a value of 0.026 meV was used. (b) The
transitions responsible for NDC. (i) In region A of the inset
from (a) only transitions between ground states are possible at
low enough temperature. The transition rate from the N = 4m
ground state to the NV = 4m + 1 ground states is given by 4+,
(see Eq. (74)). (ii) In region B additionally excited states be-
come occupied. For some of the states with N = 4m electrons
and fermionic excitations the transition rates to states with
N = 4m + 1 electrons and neutral bosonic excitations is de-
creased compared to the ground state rate as a consequence of
the larger energies of ¢+ excitations, which are not available
for transport yet. Notice that we only show the most important
types of transitions from N = 4m to N = 4m + 1 that take
place in region B. Since we are considering a nonequilibrium
situation other types of transitions are possible in principle.

across metallic SWNT quantum dots. The properties of
the SWNT itself were derived from a microscopic model
including electron — electron interactions. Exchange and
related effects, which become relevant for small diameter
SWNTs, have not been taken into account. The energy
spectrum of a metallic SWNT, which can be obtained
with the help of bosonization, turned out to be highly de-
generate as a consequence of both fermionic and bosonic
excitations. In the linear bias regime, the degeneracy of
the groundstates leads to a characteristic pattern of con-
ductance peaks depending on whether the two branches
of the dispersion relation are aligned or not. Leaving the
linear regime, asymmetry effects become relevant. Thus
measurements of the current at low bias voltages, in the
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linear and nonlinear regime, in principle allow the sepa-
rate determination of the source and drain tunnelling re-
sistances as a function of the gate voltage. At higher bias
voltages also excited states become relevant. The correct
calculation of the nonequilibrium dynamics of the system
then requires the inclusion of coherences in the reduced
density matrix between degenerate states with bosonic ex-
citations. At intermediate bias voltages there is a consid-
erable deviation between the transport calculations with
and without coherences. We emphasize that for a non-
interacting system with unpolarized leads, coherences do
not have to be considered if expressing the reduced den-
sity matrix in terms of Slater determinants, formed by the
one electron wave functions of the noninteracting system.
Another consequence of the electron correlations is the
formation of a non-oscillatory spatial dependence of the
tunnelling amplitudes along the nanotube axis. For tran-
sitions between states with energetically low excitations
we find a strong suppression of the tunnelling amplitudes
near the SWNT ends. Furthermore we have addressed the
influence of the tunnelling contacts on the transport. We
have shown that extended contacts described as 3D Fermi
gas do not lead to a polarization of the contacts with re-
spect to the two branches of the dispersion relation. We
think that a further investigation of this point for other
types of contacts is worthwhile.

Useful discussions with S. Sapmaz and support by the DFG
under the program GRK 638 are acknowledged.

Appendix A: Description of the tunnelling
contacts

In this appendix we discuss the dependence of the rates

I l(z,)ﬁkaM " on the properties of the tunnelling contacts.

In Section 4 we have introduced the parameters @y, (&)
with equation (58). Here we show the calculation of these
parameters assuming a 3D electron gas in the leads. Fur-
thermore, we require that the tunnelling region extends
over several sites of the SWNT lattice. Starting from (20)
together with (16) and (33) we can characterize the part

of Q(Z?izkEN *' that depends on the tunnelling contact [

by the following expression,

Thnkk'm ngn (FF") /d3 /d3r'Tl )T (x")
FF/
X Z Dl (1) drq (") Z Psgn(F)i F(T) Plgn(prye o (T)
al. g

% (rro (@) (Vhpro@)) o (79)

The wave functions in the leads are denoted ¢;q and the
sum Zq‘a extends over all q values that correspond to

the energy . At low enough energies, oscillations of the

product (Y7rq (7)), (ijU(y)> k'm

can be ignored along
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the length of the tunnelling interfaces. Using (54) we thus
can rewrite (79) as

Tinkkrm(€) = LY sgn(FF)upp (A)

FF’
Z ¢lq ¢lq

/d3 /dBT/T* z'vl
ale

X Z Psgn(F)F F(r)@:gn(F')w pr (1) (Vrot) g (¢;'01> .
(80)

Here the factor yjpp(A) = eidramsen(F—F)A takes into
account a possible phase shift due to the band mismatch
A and we have used the notation ¥z, = Yrk, o (21)/A(z1),
where z; = 0, L for [ = s, d. Now the parameters @7 (g)
from (58) are recovered by the relation

= (e Z (7o) i (l/}':['/ol)k,m'

[

l nkk/'m

In the next step we exploit that the Bloch waves pgen(ry, #
from equation (28) are only nonvanishing around the po-
sitions of the carbon atoms in the SWNT lattice. On the
length scale of the extension of the p, orbitals all other
quantities in @7 are slowly varying. Hence we can rewrite
the integrals over x and y as a sum over the positions of
the carbon atoms

@lif-'(f) = Z sgn FF )VlFF’(A)

L rr
X Z fpsgn(F)r Ff;’sgn(F’)r’ F’ Z T1l* (XR@)T‘I(XR',IJ/)
p,p’ R,R’
X ARL)ARL) D" 67 (X p) brq (xrs e R PR

qle
(81)

where we have defined xgr,, := R + 7,. The constant C
results from the integration over the p, orbitals. For the
3D electron gas the wave functions ¢;q(x) are simply given
by plane waves,

1
Piq(x) = ﬁequ'

Therefore we can easily perform the sum over the wave
numbers q associated with the energy e,

Z ¢lq

Q|6
27 1
/ dgo/ d cos feidlelx—ylcost
0 1

The previous expression is peaked around x = y. For
qle > 1/ |x — y| the correlations between x and y drop off
fast. It means that if ¢|. is larger than 1/ag, where ag is

¢lq

4 sin(qlc |x — y])
qle [x —yl
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the nearest neighbor distance on the SWNT lattice, corre-
lations between different carbon atom sites are suppressed
such that we arrive at the following approximation:

> ia(XR.p)bra(XR ) ~ ATOR R Op

qle

which yields
L
D (€) = 4770—
N

X ngn FF Wirpp (A
FF'

E fpsgn F)rFfpsgn(F’ r B/

x> |Tl<XR,p>|2 PTIRAZR,). (32)
R

Since we assume an extended tunnelling region, the fast
oscillating terms with F' = —F" are supposed to cancel.
Furthermore we assume that both sublattices are equally
well coupled to the contacts, such that the sum over R in
(82) should approximately give the same result for p = 1
and p = 2. Hence we can separate the sum over p from
the rest. Since the Bloch waves @ggn(r)r p and @egn(m)r F
are orthogonal to each other for r # 7/, the relation

Z fpsgn(F)'r'Ff;sgn(F)r/ F — 5rr’
p

must hold, as it can be deduced from the explicit expres-
sion for the Bloch wave, equation (28), and we arrive at

L
() = SAnOR Y [Tilxmy)l” A*(Re). (83)
R

We should mention that the treatment of the contact ge-
ometry here relies on several assumptions that might not
be fulfilled under all circumstances and so it should be
seen as a first estimate. For example we assume that the
transmission functions 7; do not depend on the q vector of
the incoming wave. But such a dependence would increase
the correlation between different atom sites. Furthermore
gle will not be much larger than 1/ag for all kind of con-
tacts (for gold the Fermi wave number is about 1.5/ay),
nor can the lead electrons always be described by a 3D
electron gas.

Here we want to emphasize, the tunnelling contacts it-
self play an important role for transport through a SWNT
quantum dot. Especially it will be interesting for which
kind of contacts the condition

7 (€) # 07 Pi(e),

of having leads polarized with respect to the band degree
of freedom 7, might be fulfilled.

Appendix B: The matrix elements
of the electron operators
In this appendix we calculate the expressions for the ma-

trix elements (N, m| ¢,z (2) |IN', m’) using the bosoniza-
tion identity (52) of the electron operators s, p(x),

123

namely

Wi KeFNzo it (@) tidror ().

As areminder, 7, is the Klein factor reducing the electron
number by one, the operator Ksp ., is given by

VYigr(x) = (84)

1 .= i
Kipy, (1) 1= ———e' T F (sanr Nro +9)a (85)

V2L

and yields a phase factor depending on the filling of the
band (o). The bosonic fields ¢7p, () are given in terms
of the bosonic annihilation operators bgq,

eisgn(FF)qa:—ozq/2
Vg

The action of ¢, p(x) on the states |N,
determined by rewriting the operators b

idror () =

q>0

(86)

bosgn(i)q-

m) is conveniently

osgn(r)q i1 terms of
the operators a;sq and a;r, 5qwhich diagonalize the SWNT
Hamiltonian Hg. As we know from the Bogoliubov trans-
formation, the b operators depend linearly on the a oper-

ators and hence we can write in general
0], (@) + i (x) =

e (v

q>0

Cl](sq + )\70F (I)a;6q> ’ (87)

where A&70(z) = (Aii‘%( )) , since ipl_p(z) +
idior(x) is anti-hermitian. The actual values of the
As are calculated below in this appendix. Plugging
the bosonization identity (84) together with (87) into
(N, m| ror(x) [N, m’), yields

<N7 ml W::F(x) |NI7 ml> =
_1\ZiE

7
V1—e %
Didq

% <m| eZ >0 e~ /2 > (’\iaqF(x)aJEQ"‘)‘mF (l)awq) |m >

le

ON+ers,N KipNy,

Fo—1

Remember that the factor (—1)%J=1
Klein factor. The term

Ni stems from the

(m| eZ a0 " Xy (M @assa AT @als) |m!y  (88)
does not depend on the fermionic configuration and there-
fore we have dropped the N index in [N, m). Now we ex-
ploit that in our finite size SWNTs there will always be
only a finite number of bosonic excitations. Hence, by us-
ing the Baker-Hausdorff formula, eA+? = eAeBe_[A Bl/2

we commute all annihilation operators a;sq to the right
and all creation operators a;(;q to the left in (88):
<m| ez q>0 eiaQ/Q Z (/\f«aqp (;C)anq—i-kSngq (g’)agdq) |m >

6_%Zq>0 e s

A9 (pyals MO (2)as
% HH<mj5 | etror (20500 Arei (20050 |y )
q>0 356

A ()]

(89)
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Mjsk
with |mjse) = (Mjse!)” 1/2 ( ]5;-;) ' |0) . Expanding the

exponentials Mo (@aisa in (89), all terms which are of
higher order than m’ s will vanish. Analogously, all terms
T ssa o ot
Jo4q (.
in the expansion of e ¥ (#)%sq of higher order than Mjsq
can be ignored. Hence we get

(m| 7 A |y = F(\,m,m)
:<mZ (al) & )\a ,>
i=0 =0

(90)

Here, in favor of readability all indices have been dropped.
In (90) only the terms with m — ¢ = m’ — j survive. For
m’ > m we conveniently express j in terms of ¢ and get:

— (A®A)" m'!
P, m,m’) = Zz'erm’ m)! (m —)!

(91)
and for m’ < m we write 7 in terms of j and get
F(\,m,m")
m—m’ )\@)\ m!
)\69 . (92
(A0 e} Z Gt m— ) = 2

( A% )7n m/

Defining myax/min =
rize (91) and (92) as

max / min(m, m’), we can summa-

F(\,m,m') =
(Q(m’ — M)A M 4 O(m — m) (fA*)m*m’)

(o)

mmax! i—0 Z'(Z + Mmax — mmin)! (mmin -

| Mmin |
Mmin- Mmax:

X

TR

or in terms of the Laguerre polynomials [25],

mIIl lIl

F(\,m,m') =

LTmax—Mamin (
1 Mmin

AP)

mmax

x (Q(m’ —m)A™ T 4 O (m — m) (fA*)m*m') . (94)

Similar expressions for F'(A,m,m’) were found by Kim
et al. [26] when investigating charge plasmons in a spinless
Luttinger liquid quantum dot. In the end we obtain for the
matrix elements (Y7o (2)),,, the following expression:

(N, m|¢sor(z) [N, m') =
ONtera N (—1) 2550 N Koy, (2) A(2)
1
X H ]:[F()\%U(JF(Z)’ Mjsq, m;ziq)ﬂ

>0 5
where we have defined
e—%2q>o€ qzja| (,p(l)|
A(z) = = .
1—e™1
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Appendix C: The parameters A\

We still have to determine the values of the parameters
Aii”%( ) for our case. Using equation (86) we can express

the sum iqu,UF () + i¢ror(x) in terms of the bosonic op-
erators bgq,

e—aq/2
V1
+ ezsgn(FT)qxbasgn ’l“)q) (95)

Z(z)M'F( ) + i¢TJF(x) = Z

q>0

—1 F . —‘-

X (—6 s T)qabasgn(r)q

which in turn are related to the operators a;sq and a;
via equation (45). Hence

dq

Z¢roF( ) + i¢raF( ) =

S e [ (ol + )
js

q>0
_e—isgn(Fr)gs (Squa%q + C’quaﬂ;qﬂ . (96)

By comparing (96) to (87) the values of the As can be read
off:

X4 (z) =
1 AZ‘S

\//r]/_q ro
With the coefficients Cjsq, Sjsq and /1] from (46-48) we

<7€7ngn(FT)quj5q + engn(FT)ququ) )

get for jo = c—, s+, s—,
» eisgn(FF)qac
J _ J
)\TO'F( ) - \/n_q A'FU (97)
and for the ¢+ mode we have
Xog(z) =
—L cos(qx) g n(F7)sin(qx) | . (98
o (2 contam) + 1 [P ). o)
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