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Preface

Experimental progress over the past few years has made it possible to test a num-
ber of fundamental physical concepts related to the motion of electrons in low
dimensions. The production and experimental control of novel structures with
typical sizes in the sub-micrometer regime has now become possible. In particu-
lar, semiconductors are widely used in order to confine the motion of electrons in
two-dimensional heterostructures. The quantum Hall effect was one of the first
highlights of the new physics that is revealed by this confinement. In a further
step of the technological development in semiconductor-heterostructures, other
artificial devices such as quasi one-dimensional ‘quantum wires’ and ‘quantum
dots’ (artificial atoms) have also been produced. These structures again differ
very markedly from three- and two-dimensional systems, especially in relation to
the transport of electrons and the interaction with light. Although the technolog-
ical advances and the experimental skills connected with these new structures are
progressing extremely fast, our theoretical understanding of the physical effects
(such as the quantum Hall effect) is still at a very rudimentary level.

In low-dimensional structures, the interaction of electrons with one another
and with other degrees of freedoms such as lattice vibrations or light gives rise
to new phenomena that are very different from those familiar in the bulk mate-
rial. The theoretical formulation of the electronic transport properties of small
devices may be considered well-established, provided interaction processes are
neglected. On the other hand, the influence of interactions on quantities such as
the conductance and conductivity remains one of the most controversial issues
of recent years. Progress has been achieved partly in the understanding of new
quasiparticles such as skyrmions, composite fermions, and new states of the in-
teracting electron gas (e.g., Tomonaga—Luttinger liquids), both theoretically and
in experiments. At the same time, it has now become clear that for fast processes
in small structures not only the interaction but also the non-equilibrium aspect
of quantum transport is of fundamental importance. It is also apparent now
that, in order to understand a major part of the experimental results, transport
theories are required that comprise both the non-equilibrium and the interaction
aspect, formulated in the framework of a physical language that was born almost
exactly one century ago: quantum mechanics.

This volume contains the proceedings of the 219th WEH workshop ‘Interac-
tions and transport properties of low dimensional systems’ that took place on
July 27 and 28, 1999, at the Warburg—Haus in Hamburg, Germany. Talks were
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given by leading experts who presented and discussed recent advances for the
benefit of participants from all over the world, among whom were many young
students. This is one reason why the present volume is more than simply a state-
of-the-art collection of review articles on electronic properties of interacting lower
dimensional systems. We have also tried to achieve a style of presentation that
allows an advanced student or newcomer to use this as a textbook. Further study
is facilitated by the many references at the end of each article. Thus we encour-
age all those interested to use this book together with pencil and sometimes the
further reading, to gain an entry into this fascinating field of modern physics.

The articles in Part I present the physics of interacting electrons in one-
dimensional systems. Here, one of the key issues is the identification of power-
laws appearing as a function of energy scales such as the voltage, the frequency,
or the temperature. A generic theoretical description of the physics of such sys-
tems is provided by the Tomonaga—Luttinger model, where in general power-law
exponents depend on the strength of the electron—electron interaction. Further
important issues are the proper definition of the conductance of interacting sys-
tems, the experimental verification of the predictions, and the search for new
phases in quantum wires, as discussed in detail in the individual contributions.

The articles in Part IT present an introduction to non-equilibrium transport
through quantum dots, a survey of spin-related effects appearing in electronic
transport properties, and new phenomena in two-dimensional systems under
quantum Hall conditions, i.e. in strong magnetic fields.

All the contributions contain new and surprising results. One can definitely
predict that many more novel aspects of the physics of ‘interactions plus non-
equilibrium in low dimensions’ will emerge in the future. At this point, let me
express the wish that this book will help to motivate readers to take part in this
fascinating, rapidly developing field of physics. I would like also to use the present
opportunity to thank all the participants and the speakers of the workshop for
their contributions, and to acknowledge the friendly support of the WE Heraeus
foundation.

Hamburg, November 1999 Tobias Brandes
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Nonequilibrium Mesoscopic Conductors
Driven by Reservoirs

Akira Shimizu and Hiroaki Kato

Department of Basic Science, University of Tokyo, Komaba, Tokyo 153-8902, Japan

Abstract. In order to specify a nonequilibrium steady state of a quantum wire (QWR),
one must connect reservoirs to it. Since reservoirs should be large 2d or 3d systems, the
total system is a large and inhomogeneous 2d or 3d system, in which e-e interactions
have the same strength in all regions. However, most theories of interacting electrons
in QWR considered simplified 1d models, in which reservoirs are absent or replaced
with noninteracting 1d leads. We first discuss fundamental problems of such theories
in view of nonequilibrium statistical mechanics. We then present formulations which
are free from such difficulties, and discuss what is going on in mesoscopic systems
in nonequilibrium steady state. In particular, we point out important roles of energy
corrections and non-mechanical forces, which are induced by a finite current.

1 Introduction

According to nonequilibrium thermodynamics, one can specify nonequilibrium
states of macroscopic systems by specifying local values of thermodynamical
quantities, such as the local density and the local temperature, because of the
local equilibrium [1,2]. When one studies transport properties of a mesoscopic
conductor (quantum wire (QWR)), however, the local equilibrium is not realized
in it, because it is too small. Hence, in order to specify its nonequilibrium state
uniquely, one must connect reservoirs to it, and specify their chemical poten-
tials (ur, pr) instead of specifying the local quantities of the conductor (Fig.
1). The reservoirs should be large (macroscopic) 2d or 3d systems. Therefore,
to really understand transport properties, we must analyze such a composite
system of the QWR and the 2d or 3d reservoirs, Although the QWR itself may
be a homogeneous 1d system, the total system is a 2d or 3d inhomogeneous sys-
tem without the translational symmetry. Moreover, many-body interactions are
important both in the conductor and in the reservoirs: If electrons were free in a
reservoir, electrons could neither be injected (absorbed) into (from) the conduc-
tor, nor could they relax to achieve the local equilibrium. However, most theories
considered simplified 1d models, in which reservoirs are absent or replaced with
noninteracting 1d leads [3-12].

In this paper, we study transport properties of a composite system of a QWR
plus reservoirs, where e-e interactions are present in all regions. By critically
reviewing theories of the conductance, we first point out fundamental problems
of the theories in view of nonequilibrium statistical mechanics. We then present
formulations which are free from such difficulties, and discuss what is going on
in mesoscopic systems in nonequilibrium steady state. In particular, we point

T. Brandes (Ed.): Workshop 1999, LNP 544, pf_8-22, 1999.
O Springer-Verlag Berlin Heidelberg 1999
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Fig. 1. A two-terminal conductor composed of a QWR and reservoirs.

out important roles of energy corrections and non-mechanical forces, which are
induced by a finite current.

2 A Critical Review of Theories of the DC Conductance

In this section, we critically review theories of the DC conductance G of in-
teracting electrons in a QWR. Note that two theories which predict different
nonequilibrium states can (be adjusted to) give the same value of G (to agree
with experiment). Hence, the comparison of the values of G among different
theories is not sufficient. For definiteness, we consider a two-terminal conductor
composed of a quantum wire (QWR) and two reservoirs (Fig. 1), which are de-
fined by a confining potential u¢, at zero temperature. Throughout this paper, we
assume that u® is smooth and slowly-varying, so that electrons are not reflected
by u® (i.e., the wavefunction evolves adiabatically). We also assume that only
the lowest subband of the QWR is occupied by electrons. A finite current I is
induced by applying a finite difference Ay = py, — pgr of chemical potentials be-
tween the two reservoirs, and the DC conductance is defined by G = (I)/(Ap/e)
[13], where (I) is the average value of I.

Let us consider a clean QWR, which has no impurities or defects. For non-
interacting electrons the Landauer-Biittiker formula gives G = €2 /7h [14], whereas
G for interacting electrons has been a subject of controversy [15]. Most theories
before 1995 [3-6] predicted that G should be “renormalized” by the e-e interac-
tions as G = K p62 /mh, where K, is a parameter characterizing the Tomonaga-
Luttinger liquid (TLL) [16-19]. However, Tarucha et al. found experimentally
that G ~ e?/rwh for a QWR of K, ~ 0.7 [20]. Then, several theoretical pa-
pers have been published to explain the absence of the renormalization of G
[8-12,21]. Although they concluded the same result, G = e?/mh, the theoreti-
cal frameworks and the physics are very different from each other. Since most
theories are based either on the Kubo formula [22] (or, similar ones based on
the adiabatic switching of an “external” field), or on the scattering theory, we
review these two types of theories critically in this section.
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2.1 Problems and Limitations of the Kubo Formula when
Applied to Mesoscopic Conductors

When one considers a physical system, it always interacts with other systems,
R4, Ro, -+, which are called heat baths or reservoirs. Nonequilibrium proper-
ties of the system can be calculated if one knows the reduced density matrix
CA = TrR,1+R2+---[€tota1]- Here, ftotal is the density operator of the total system,
and Trri4Ro4... denotes the trace operation over reservoirs’ degrees of freedom.
To find é , Kubo [22] assumed that the system is initially in its equilibrium state.
Then an “external field” Eey is applied adiabatically (i.e., Eex o< e~<*), which
s a fictitious field because it does not always have its physical correspondence
(see below). The time evolution of ¢ was calculated using the von Neumann
equation of an isolated system; i.e., it was assumed that the system were iso-
lated from the reservoirs during the time evolution [2]. Because of these two
assumptions (the fictitious field and isolated system), some conditions are re-
quired to get correct results by the Kubo formula. To examine the conditions,
we must distinguish between non-dissipative responses (such as the DC magnetic
susceptibility) and dissipative responses (such as the DC conductivity o). The
non-dissipative responses are essentially equilibrium properties of the system; in
fact, they can be calculated from equilibrium statistical mechanics.

For non-dissipative responses, Kubo [22,23] and Suzuki [24] established the
conditions for the validity of the Kubo formula, by comparing the formula with
the results of equilibrium statistical mechanics: (i) The proper order should be
taken in the limiting procedures of w,q — 0 and V' — oo, where w and ¢ are
the frequency and wavenumber of the external field, and V' denotes the system
volume. (ii) The dynamics of the system should have the following property;

t£%<AB(t)>eq = <A>eq<B>eq7 (1)

where (- - )eq denotes the expectation value in the thermal equilibrium, and A
and B are the operators whose correlation is evaluated in the Kubo formula.
Any integrable models do not have this property [24,26-28]. Hence, the Kubo
formula is not applicable to integrable models, such as the Luttinger model, even
for (the simple case of) non-dissipative responses [24].

For dissipative responses, the conditions for the applicability of the Kubo
formula would be stronger. Unfortunately, however, they are not completely
clarified, and we here list some of known or suggested conditions for o:

(i") Like as condition (i), the proper order should be taken in the limiting pro-
cedures. For o the order should be [25]

o= lim lim lm oOformula(q,w; V). (2)

w—0g—0V—oo
(ii") Concerning condition (ii), a stronger condition seems necessary for dissipa-
tive responses: The closed system that is taken in the calculation of the Kubo
formula should have the thermodynamical stability, i.e., it approaches the ther-
mal equilibrium when it is initially subject to a macroscopic perturbation. (Oth-
erwise, it would be unlikely for the system to approach the correct steady state
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Fig. 2. Schematic plots of the chemical potential u [30] and the electrostatic potential
¢, for (a) a macroscopic inhomogeneous conductor and (b) a mesoscopic conductor.
For case (a), the local equilibrium is established, and thus u and ¢ can be defined in all
regions. The differences eA¢ and Ap are not equal if one takes the differences between
both ends of the conductor, whereas eA¢ = Ay if the differences are taken between the
leads. For case (b), u cannot be defined in the QWR and boundary regions (although in
some cases u could be defined separately for left- and right-going electrons), whereas
¢ can be defined in all regions. Similarly to case (a), eA¢ # Ap if one takes the
differences between both ends of the QWR, whereas eA¢ = Ay if the differences are
taken between the reservoirs.

in the presence of an external field.) In classical Hamiltonian systems, this con-
dition is almost equivalent to the “mixing property” [26-28], which states that
Eq. (1) should hold for any A and B, where (-- - )oq is now taken as the average
over the equi-energy surface. It is this condition, rather than the “ergodicity”,
that guarantees the thermodynamical stability [26-28]. Although real physical
systems should always have this property, some theoretical models do not. In
particular, any integrable models do not have this property [26-28].
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(iii’) We here suggest that all driving forces, including non-mechanical ones,
should be identified [29]. In fact, the formula gives the current density in the
following form,

<J> = O-formulaEexty (3)

whereas the ezact definition of ¢ is given by nonequilibrium thermodynamics as
[1,2]

<J> = —O'V(M/e) - L12VB =oE — JV(,uC/e) - L12Vﬂ. (4)

Here, 3 denotes the inverse temperature, p is the “chemical potential” which
consists of a chemical portion p. and the electrostatic potential ¢ [1,30];

w=pc+ep (hence, Ay = Apuc + eAg for differences). (5)

Hence, to evaluate o, one must find the relation between Eqy and E, V. and
V3. In homogeneous systems, it is expected that Vu. = V3 = 0, hence it is
sufficient to find the relation between the fictitious field Eeyx; and the real field E
[2,10,31]. In inhomogeneous systems, however, V. # 0 and/or V3 # 0 in general
[32], as shown in Fig. 2 (a). Therefore, one must find the relation between Eeyt
and these “non-mechanical forces” [29,33]. (See section 5.)

Unfortunately, these conditions are not satisfied in theories based on simpli-
fied models of mesoscopic systems. For example, the Luttinger model [17] used in
much literature does not satisfy conditions (i) and (ii) because it is integrable. To
get reasonable results, subtle procedures, which have not been justified yet, were
taken in actual calculations. Moreover, the non-mechanical forces have not been
examined, although they would be important because a mesoscopic conductor
(a QWR plus reservoirs) is an inhomogeneous system.

We also mention limitation of the Kubo formula: it cannot be applied to the
nonequilibrium noise (NEN), which is the current fluctuation in the presence of
a finite current (I) (= GAu) [7,34-38]. The NEN at low frequency, (§1%)“=9 is
usually proportional to [(I)| o< |Au|. However, the Kubo formula assumes power
series expansion about Ap = 0, hence cannot give any function of |Apu| [29,39].

In sections 3 and 4, we present other formulations which are free from these
problems and limitations. These formulations clarify what is going on in nonequi-
librium mesoscopic conductors, because one can find the nonequilibrium steady
state. This is impossible by the Kubo formula because it evaluates correlation
functions in the equilibrium state.

2.2 Scattering-Theoretical Approaches

In view of many problems and limitations of the Kubo formula, it is natural to
try to generalize Landauer’s theory [14] to treat conductors with many-body in-
teractions. Namely, the DC conductance may be given in terms of the scattering
matrix (S matrix) for interacting electrons [7,11,34].
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The advantages of the scattering-theoretical approaches may be as follows:
(i) Neither the translation of Ageyt into Ap nor the subtle limiting procedures
of w,q and V is necessary. (ii) There is no need for the mixing property of the
1d Hamiltonian H;. Hence, H, can be the Hamiltonian of integrable 1d systems
such as the TLL. (iii) In contrast to the Kubo formula, one can calculate the
NEN ([7,34-36].

However, to define the S matrix, one must define incoming and outgoing
states. Although they can be defined trivially for free electrons, it is nontrivial in
the presence of many-body interactions. In high-energy physics, they are defined
based on the asymptotic condition, which assumes that particles behave like free
(but renormalized) ones as ¢ — %00, i.e., before and after the collision [40]. For
example, an electron (in the vacuum) before or after the collision becomes a lo-
calized “cloud” of electrons and positrons, which extend only over the Compton
length, and this cloud can be regarded as a renormalized electron. In condensed-
matter physics, on the other hand, the asymptotic condition is not satisfied for
electrons in metals and doped semiconductors. In fact, elementary excitations
(Landau’s quasi particles) are accompanied with the backflow, which extends all
over the crystal [41], in contradiction to the asymptotic condition. Because of
this fundamental difficulty, the scattering approaches to mesoscopic conductors
replaced the reservoirs with 1d leads in which electrons are free [7,11,34]. There-
fore, real reservoirs, in which electrons behave as 2d or 3d interacting electrons,
have not been treated by the scattering-theoretical approaches.

3 Combined Use of Microscopic Theory
and Thermodynamics [21]

The basic idea of this method is as follows: Since a QWR is a small system, and
is most important, it should be treated with a full quantum theory. On the other
hand, reservoirs are large systems whose dynamics is complicated, hence it could
be treated with thermodynamics (in a wide sense). Utilizing these observations,
we shall develop thermodynamical arguments to find the nonequilibrium steady
state that is realized when a finite Ap is applied between the reservoirs. This
is the key of this method because when the steady state is found, G' (and other
observables) can be calculated by straightforward calculations. Although in some
cases formal calculations can be performed without finding the steady state [12],
we stress that such formal theories are incomplete because another theory is
required to relate Ap of such theories with Ay of the reservoirs, by which G is
defined.

An advantage of the present method is that we do not need to find the
relation between Ageyxs and Ap because (I) is directly calculated as a function
of Au. Another advantage is that it is applicable to NEN and nonlinear responses
because nonequilibrium steady state is directly obtained.
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3.1 Conductance of the 1d Fermi Liquid

It is generally believed that a 1d interacting electron system is not the Fermi
liquid (FL) [41], but the Tomonaga-Luttinger liquid (TLL) [16-19]. For this rea-
son, many papers on 1d systems [3-6,8,9,11,12] use the word FL to indicate non-
interacting electrons, i.e., a Fermi gas. However, we do not use such a misleading
terminology; by a FL we mean interacting quasi-particles. Since the backflow
is induced by the interaction [41], the Landauer’s argument of non-interacting
particles [14] cannot be applied to a FL. On the other hand, real systems have
finite length and finite intersubband energies, in contradiction to the assump-
tions of the TLL. Hence, some real systems might be well described as a FL.
Therefore, G of a FL is non-trivial and interesting [15]. Furthermore, we will
show in section 5 that the results for the FL suggest very important phenomena
that is characteristic to nonequilibrium states of inhomogeneous systems. Note
also that the following calculations look similar to the derivation of fundamental
relations in the theory of the FL [41]. However, G of mesoscopic conductors was
not calculated in such calculations. The most important point to evaluate G is
to find the nonequilibrium steady state.

We find the nonequilibrium steady state using a thermodynamical argument
as follows: In the reservoirs, electrons behave as a 2d or 3d (depending on the
thickness of the reservoir regions) FL. Since we have assumed that u® is smooth
and slowly-varying, a 2d or 3d quasi-particle in a reservoir, together with its
backflow, can evolve adiabatically into a 1d quasi-particle and its backflow in
the QWR, without reflection. In this adiabatic evolution, the quasi-particle mass
m™* and the Landau parameters f also evolve adiabatically, and the energy is
conserved. Therefore, quasi-particles with (k > 0) < ur, are injected from the
left reservoir. Here, € is the quasi-particle energy;

B2k

2m*

e(k)

- %Z F(k, Kon(k), (6)
"

where on(k) = n(k) — O(|k| < kr), with n(k) being the quasi-particle distribu-
tion. The last term of this expression represents energy correction by interactions
among quasi-particles [41]. On the other hand, a quasi-hole below py, should not
be injected because otherwise the recombination of a quasi-particle with the
quasi-hole would produce excess entropy, in contradiction with the principle of
minimum entropy production. Similarly, quasi-particles with e(k < 0) < upr
are injected from the right reservoir, with no quasi-holes are injected below ug.
Therefore, the nonequilibrium steady state under a finite Ay = pr, — pr should
be the “shifted Fermi state”, in which quasi-particle states with e(k > 0) < pr,
and e(k < 0) < ug are all occupied. Hence, the right- (left-) going quasi-particles
have the chemical potential py = p, (u4 = pr). Considering also the charge
neutrality, we can write the distribution function as

n(k) = O(|k - g| < k). (7)
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Then, Eq. (6) yields

12k2
2m*

where fi = f(kp,kr) and fo_ = f(kr, —kr) = f(—kr, kr). Hence,

Ay = 2hg [hkF+f++ f= ]
m* 2

=+ hg

s = {ZIL{:F St — f+} 7

2T

On the other hand, considering the spin degeneracy, (I) is calculated as

Iy = 27T{Z“F M] (10)

2

Here, the fii-dependent terms represent the backflow. Since the same factor
appears in Eq. (9), we find that the conductance is independent of m* and fi4;
(I) e?

G= Aple T T (1)

Since we have identified the nonequilibrium steady state, we can calculate not
only G but also other nonequilibrium properties such as the NEN [21].

It is instructive to represent Eqgs. (8)-(10) in terms of the bare parameters.
As in the case of 3d Fermi liquid [41], we can show that [42]

@:%_’_]{F‘F_fli“*’ (12)
m m* 2m

Hence, we can rewrite Eq. (10) as (I) = 2e(q/7)(hkr/m). Therefore, quasi parti-
cles (whose group velocity is kg /m*) plus their backflows carry exactly the same
current as the bare particles, for the same ¢, i.e., for the same shifted Fermi dis-
tribution. On the other hand, Eq. (8) is rewritten as uy = h2k3/2m* +h?qkp /m.
Although py # [y of bare particles|, Ay = [Apu of bare particles] for the same
q. These facts result in the independence of G on the Landau parameters.

3.2 Conductance of the Tomonaga—Luttinger Liquid [21]

We now consider a clean TLL. The low-energy dynamics of a TLL is described
by the charge (p) and spin (o) excitations (whose quantum numbers are N/ and
N7, respectively, where ¢ # 0 denotes the wavenumber), and the zero modes
(quantum numbers N7, N7) [16719}. The eigenenergy is given by

E=Y"wv Zh|q|N”+ (WK (NY + N¥)? + 0% (NY — N“)?],  (13)
v=p,o v=p,o

where v¥, = v”/K, and v} = K,v” (v = p,0). Here, the parameters v” and
K, are renormalized by the e-e interactions (except that K, = 1 by the SU(2)
symmetry). The DC current is given by

(I) =2ev}(NY — N?)/L. (14)
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We apply a thermodynamical argument to find the nonequilibrium steady state.
Unlike the FL case, there is no adiabatic continuity between the TLL in the
QWR and the FL in the reservoirs. We therefore argue differently: In the linear
response regime the steady state must be the state with the minimum energy
among states which satisfy given external conditions. Otherwise, the system
would be unstable and would evolve into a state with lower energy. For our
purpose, it is convenient to take the value of (I) as the given external condition.
Then, from Egs. (13) and (14), we find that the steady state should be the state
with N¥ = N7 = 0 (for all ¢), N{ + N” =0, NY + N = N{ — N7 = 0, and
NP — N” > 0. This state may be called the “shifted Fermi state” of the TLL.
Furthermore, in the steady state, electrons in the left reservoir and right-going
electrons in the TLL should be in the “chemical equilibrium”, in which electrons
in the FL phase are transformed into right-going electrons in the TLL phase at
a constant rate. Therefore, their chemical potentials should be equal [43];

OF wh
=1 = e = TN + N £V N, (1)

where we have used Eq. (13). Hence,

2rh

By dividing Eq. (14) by this expression, we obtain the same result for G as Eq.
(11), in agreement with experiment [20)].

Since we have identified the nonequilibrium steady state, we can calculate
not only G but also other nonequilibrium properties such as the NEN [21].

4 Projection Theory [44,45]

Although we have successfully found the nonequilibrium steady state of inter-
acting electrons in section 3, a possible objection against the formulation may
be that the theory is rather intuitive. In this section, we present a full statistical-
mechanical theory, which is free from such an objection. In this theory, we start
from the Hamiltonian of 3d interacting electrons confined in the composite sys-
tem of the QWR and reservoirs, Fig. 1. This original system is projected onto an
effective 1d system, and the equation of motion for the reduced density operator
of the 1d system is derived. From this equation, we can find the nonequilib-
rium steady state as a function of Ay between the reservoirs. This allows us to
evaluate various nonequilibrium properties.

4.1 Decomposition of the 3d Electron Field [44]

We start from the 3d electron field ¢(r) subject to a confining potential u¢(r)
(which defines the QWR and two reservoirs connected to it), impurity potential
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u!(r) (whose average ul is absorbed in u(r), hence ui = 0), external electrostatic
potential ¢ext (r), and the e-e interaction of equal strength v(r —r’) in all regions:

i / & ot (r) [_;nvuwr)+ui<r>+e¢m<r> i(r)
1 /o~ APy
*5/ dg’”/ &' pr)o(r —r')p(r'), (17)

where p(r) is the charge density. We will find the nonequilibrium steady state
for Ap > 0. For this state, (4(r)) # 0, which gives rise to a long-range force. We
extract it as the renormalization of the electrostatic potential

ed(r) = edexs(r / @ o(r — ) p(r')), (18)

and a c-number V. Namely, H is recast in terms of dj(r) = p(r) — (p(r)) as
H= /dsr Pt (r) [ — V% 4 u(r) 4+ ul(r) 4+ ed(r) | P(r)
+3 /d3r/d3r’ dp(r)v(r —1")op(r") + Vay. (19)

To decompose zﬁ(r), we consider the single-body part of H. Recall that u(r)
is assumed to be smooth and slowly-varying, to avoid undesirable reflections at
the QWR-reservoir boundaries. In this case, the single-body Schrodinger equa-
tion

h2 .
[ 92 L) + i) + e¢><r>] o(r) = () (20)

2m

has solutions that propagate through the QWR having the energy € ~ er [46];

ortr) = e [i [ Kulohts| o 5:0). (21)

Here, o (y, z;z) is the wavefunction of the lowest subband at z, representing
the confinement in the lateral (yz) directions, and £ is the normalization length
in the z direction. All the other modes are denoted by ¢, (r), which includes
solutions that are localized in either reservoir, and extended solutions whose &
are not close to ep. Since any function of r can be expanded in terms of ¢k (r)’s
and ¢, (r)’s so is the r dependence of the electron field operator;

ch<,0k +Zduéﬂu = o' (y, z 2)1 () + Pr(r). (22)

The 3d electron ﬁeld has thus been decomposed into the 1d field and the 3d
field ¢g(r), which we call the “reservoir field.” It can be decomposed into the
low-energy components wRL and z/JRR (which are localized in the left and right
reservoirs, Ry, and Ry, respectively) and the high-energy component z/JRH as

YR = VR, + VR + Uy (23)

For low-energy phenomena, we can take ﬁR = ,([JRL + @RR.
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4.2 Hamiltonian for the 1d and the Reservoir Fields [44]

By expressing Hin terms of wl and wR, we obtain the single-body part of 1/)1
(denoted by H?), the ;-1 interaction (V), the ¢-¢g interaction (V%), the
Ur-Yr interaction (VRR) and the single-body part of ¢r (H o). By the screening
effect of VRR, V1R is renormalized as the screened interaction Vig. Slmﬂarly, by
the screening effect of ViR, Vn is renormalized as the screened interaction V11
We therefore recast VH + VloR + VRR as Vi1 + Vig + VRR, where Vig and Vig
have no screening effects on Vn and VlR In this way, His decomposed as

H=H1—|-V1R+HR7 (24)
where H; = HY + V4, is the Hamiltonian for oy (z), Hg = ﬁ% + Vgg is the one

for ’(/AJR(I'), and ViR is the interaction between 1/31 (z) and z/A)R(r). In particular,
H; is evaluated as

R R 2 2 .
= [ o d](@) |- g+ @) (0] i)

+%/dm/dm’ dp1(z, t)vr1(z, 2")py (2, t). (25)

——F
—
8
~
<
—
—
&
~
~
—
»n

Here, ut is the subband energy [44], 6p1(x,t) = 1 (2)1(z) — (¥
the density fluctuation of the 1d field, and

d@) = [ [y ot sl v, (26)
mea) = [ [ [ [dvdzayas 140z Poster) [t/ #0020

are the impurity and two-body potentials for the 1d field, where v*¢ is the
screened two-body potential for ).

It is seen that u!(z) is the average of the random potential u}(r) over the
lateral wavefunction ¢, which, as a function of ¥, is localized in a region of
width ~ W (z) for each . Here, W(x) denotes the width of the region in which
electrons are confined (Fig. 1). From these observations, we can show that

ul(z) ~ul(r) forz € QWR, (28)
[ul (x)] oc 1/\/W(x) for x € a reservoir. (29)

In a similar manner, the two-body potential for the 1d field behaves as

v (z,2') S v([|z — 2| + W(0)2]?) for z or 2’ € QWR, (30)

vir(x,2") ~ (r/W)vse,  for z ~ 2’ € a reservoir. (31)

where r°¢ denotes the range of v*¢, and v5¢ the average of v*¢ in the region
|r — r/| < r¢. We now assume that the width of the reservoirs is very large;

W(x) — oo as x — Fo0. (32)
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Then, Egs. (29)-(31) yield u}(x) — 0 as * — 4oo, and v11(z,2') — 0 as
or 2’ — +oco. Namely, H; represents interacting ¢ (z) field that gets free as
2 — 4o00. On the other hand, the interaction Vig between 11 (z) and tg/(r)
becomes stronger in the reservoir regions, whereas it is negligible in the QWR
because at low energies 1/A)R(r) does not penetrate into the QWR. Therefore,
the 1d field 1[11 (z) is subject to different scatterings in different regions of z: In
the QWR, 1y is scattered by the 7,&1—1211 interaction and the impurity potentials,
whereas 11 is excited and attenuated by the reservoir field in the reservoir regions
through the ;-1)g interactions (Fig. 3).

4.3 Equation of Motion for the Reduced Density Operator [44,45]

We have successfully rewritten the Hamiltonian f:I in terms of 1&1 and z/AJR. We
must go one step further because H = Hy+ Vigr + Hg describes very compljcated
dynamics, and thus the von Neumann equation for the density operator ¢,

2 &) = [+ Vi + B C() (33)

is impossible to solve. This unsolvability guarantees the thermodynamical stability
(mizing property) of the total system [26-28]. We turn this fact to our own
advantage, and reduce the theory to a tractable one. The basic idea is as follows:
H; describes the 1d correlated electrons, and is most important. Hence, it should
be given a full quantum-mechanical treatment. Concerning Vir, on the other
hand, multiple interactions by Vir seem unimportant. Hence, we may treat it
by a second-order perturbation theory [47]. For Hyg, it describes the 2d or 3d
interacting electrons, for which many properties are well known, and we can
utilize the established results. Moreover, since the reservoirs are large, we can
assume the local equilibrium: both reservoirs are in their equilibrium states with
the chemical potentials ur, and pg, respectively. We denote the reduced density
operator of the reservoir field for this local equilibrium state by CAR

From these observations, we may project out the reservoir field ﬁR as follows.
Consider the reduced density operator for the 1d field; ¢;(¢) = Trr[C(¢)]. Up to

AU A TR ‘J\'\;\'\:\:‘J"'\"
N\

impurity potential for \/|>1

Reservoir Reservoir

I
I
I
Quantum Wire |

Fig. 3. Schematic diagram of the strengths of scatterings of the 1d field.
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the second order in Vir [47], the equation of motion of ¢; in the interaction
picture of Hy + Hg, is evaluated as

Cl( ) = h;,l /t dt'Trg ([Vm(t)a {VlR(t/)aéRél (t)H) ; (34)

where we have used the fact that fl(t) in the interaction picture varies only
slowly, so that 1 (t') ~ ¢, () in the correlation time of (Vig (£)Vig(¢')) [48]. This
equation represents that CAl is driven by two reservoirs, which have different
chemical potentials p1, and ug, through the ¥1-1g interaction. Since the trace
is taken over the reservoir field, Eq. (34) is a closed equation for Uy and (. Tts
steady solution represents the nonequilibrium steady state of the 1d field driven
by the reservoirs.

4.4 Current of the 1d Field [44]

We now turn to observableb We are most interested in the total current I which
is given by I =/ dydzJ (r,t), where J, denotes the z component of the
current denblty. Note that I is different from the current of the 1d field defined
by

Ii(z,t) = im [1/31 (z,1) {?gxz&l(x,t)} + h.c.] . (35)

The expectation values of I , I 1, and In (the current carried by the reservoir field)
are schematically plotted in Fig. 4, which shows that (I) is mainly carried by
(11) in the QWR and by (Ig) in the reservoirs, respectively. The transformatmn
between I1 and IR is caused by V1R, and thus Il is not conserved: Il+ atpl #0.
At first sight, these facts might seem to cause difficulties in calculatmg (I) and
(612) from (1. Fortunately, however, we can show that for any (nonequilibrium)
steady state (I) and (612)“=0 are independent of z, and that

(I) = (I) at . ~0 (36)
(6T1%)9=0 = (§12)*=0 at x ~0 (37)

where 2 = 0 corresponds to the center of the QWR. Therefore, to calculate (I)
and (§1?), it is sufficient to calculate (I;) and (§17)“=Y at x ~ 0, which can be
calculated from CAl. Therefore, we have successfully reduced the 3d problem, Eq.
(17), into the effective 1d problem, Egs. (24), (34) and (35).

Actual calculations can be conveniently performed as follows. Although (I)
and (§1?) have both low- and high-frequency components, we are only inter-
ested in the low-frequency components, which are denoted by I(¢) and §I%(t),
respectively. They are given by

i - [ T f( — omiEe)), (38)
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<> | |
<IR> an ><
| | €T
Reservoir ‘ Quantum Wire ‘ Reservoir

Fig. 4. Schematic plots of the expectation values (I), (I1), and (Ir), of the currents
carried by v, ¥1, and ¥r, respectively.

and similarly for 61%(t). Here, f(t' —t) is a filter function that is finite only in
the region t — 7/2 <t/ < t47/2, where 1/7 ~ the highest frequency of interest.
From Eqs. (24), (34)-(38), we can construct the equations for I(t) and 612(t).
They can be solved more easily than the equation for 61, and the solutions fully
describe the low-frequency behaviors of (I) and (512).

In the following, we present the results for I(t) for the case of impurity
scatterings and for the the case of e-e interactions.

4.5 Application of the Projection Theory to the Case where
Impurity Scatterings are Present in All Regions [45]

When electrons are scattered by impurities (one-body potentials) in all regions
including reservoirs, whereas many-body scatterings are negligible, the 1-yr
interaction is given by

Vig = /d‘g’r@[}{(m)w“(y, 2 2)u! (r)Yr(r) 4 hec. (39)

If we put Yo (r) = o *(y, 2z; 2)u (r)¢r, (r) (@ = L, R), then Eq. (34) becomes

41( ) = h21 Z/_tilf’/d?’r/d?’r'{<Ai(r7t)§>a(r’,t’)> [1&1(:6 ), 98 (@' )¢, (8)

+ <Ya(r, t)Y;(r’,t’)>a [1&1 (2,1),11 (x',t')él(t)}} + h.c. (40)

where (- -+ ), denotes the expectation value for the equilibrium state of reservoir
R, which has the chemical potential u,. After careful calculations using Eqs.
(35)-(38), and considering the spin degeneracy, we find

d - _ _
%I(t) = [I(t) - Isteady] 5 (41)
where I_steady = (e/mh)TAp, and v =~ (27/h)nimp|u! |2DF Here, nimp is the
impurity density, u' denotes the potential of an impurity (u'(r) = Y, u'd(r—r;)),
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and D is the density of states per unit volume, D(ur,) ~ D(ur) = Dr. It is seen
that I approaches Igtcady as t — oo. Therefore, the DC conductance is given by

o2
G=T—, 42
= (42)
in agreement with the Landauer-Biittiker formula [14]. Moreover, we find that
the steady state is stable: For any (small) deviation from the steady state, I
relaxes to the value Igtcady, With the relaxation constant ~.

4.6 Application of the Projection Theory to the Case where e-e
Scatterings are Present in All Regions [45]

When the e-e interaction is important in all regions including reservoirs, whereas
impurity scatterings are negligible, we find that the most relevant term of the
11-YR interaction is given by

Vig = /dgr /dBT'z/;I(m)cpJ‘*(y, z; @) g (r)v(r, r’)zﬁ;(r’)iﬁR(r’) +he  (43)

By this interaction, an electron is scattered into the QWR through the collision
of two electrons in a reservoir, or, an electron in the QWR is absorbed in a
reservoir. By putting Ya(r) = fd%’gp“(y,z;x)q/?Ra (r)vSC(r,r')dA};a (I'/)Q/A)Ra (r')
(for a = L, R), which differs from Y,, of the impurity-scattering case, we obtain
the equation of motion for ¢; in the same form as Eq. (40). To derive the equation
of motion for I from that equation, we need to calculate the correlation functions
in the reservoirs, (Y ()Y, (') o and (Y.} (£)Ya(t'))o. We can easily calculate them
using well-known results for the 2D or 3D FL because the reservoir electrons are
believed to be the 2D or 3D FL. We also need correlation functions of the 1d field.
They are quite different depending on the nature (FL or TLL) of the electrons
in the QWR.

In the case where ¢, behaves as a 1d FL, we obtain the equation for I(t)
in the same form as Eq. (41), but now v is a function of the e-e interaction
parameters, and

Tacaty =25 3~ 61, — <(k)) ~ Oun (B (49)
k>0

Here, m is the bare mass, © is the step function, and e(£k) denotes the 1d quasi-
particle energy, Eq. (6), in the shifted Fermi state. Note that if we simply took
e(+k) = R%k?/2m*, then Igeaay = (m*/m)(e/mh)Apu, hence the conductance
would be renormalized by the factor m*/m. However, the correct expression
(6) shows that e(£k) are modified in the presence of a finite current, and the
correction terms are proportional to ¢ o< I. As a result, the injection of an
electron becomes easier or harder as compared with the case of I = 0. This
automatically “calibrates” the number of injected electrons, and we obtain

hkr | hkp 1

IstcadyZQW o +%(f++—f+f)

-1

e
ﬁﬂﬂ = ﬁAﬂa (45)
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where we have used Eq. (12). Therefore, G = e?/rh. Here, the interaction pa-
rameters of the 1d field are canceled in G, and those of the reservoir field are
absorbed in 7. These observations confirm the results of section 5: the shifted
Fermi state is realized as the nonequilibrium steady state, and the conductance
is quantized.

The application of the projection theory to the case where 1 behaves as a
TLL will be a subject of future study.

4.7 Advantages of the Projection Theory

A disadvantage of the projection theory is that calculations of G become rather
hard as compared with the simple theories that are reviewed in section 2. How-
ever, the simple theories have many problems and limitations, as discussed there.
The projection theory is free from such problems and limitations, and has the
following advantages: (i) The value of (I) for the nonequilibrium state is directly
calculated as a function of Au. Hence, neither the translation of Ageyy into Ap
nor the subtle limiting procedures of w,q and V is necessary. (ii) There is no
need for the mixing property of the 1d Hamiltonian H,. Hence, H, can be the
Hamiltonian of integrable 1d systems such as the TLL. (iii) In contrast to the
Kubo formula, which evaluates transport coefficients from equilibrium fluctua-
tions, the projection theory gives the nonequilibrium steady state. This allows
us to discuss what 1d state is realized and how the current is injected from
the reservoirs. Moreover, we can calculate the NEN and nonlinear responses.
(iv) The projection theory can describe the relaxation to the nonequilibrium
steady state. This allows us to study the stability and the relaxation time of the
nonequilibrium state.

5 Appearance of a Non-mechanical Force

We here discuss the applicability of the Kubo formula to inhomogeneous systems.
The general conclusion of this section is independent of natures (such as a FL
or TLL) and the dimensionality of the electron system. Hence, we will use the
results for the 1d FL, which are obtained in section 3.1 and confirmed by a full
statistical-mechanical theory in section 4.6.

The original form of the Kubo formula gives a conductivity that corresponds
to the following conductance; (I) /Adext = GKubo [2,22]. Izuyama suggested that
the conductance should be (I)/A¢ = Gruyama, by considering the screening of
@ext [10,31]. On the other hand, the exact definition of the conductance is G =
(I)/Ap [1,2]. For macroscopic inhomogeneous conductors, eA¢ # Ap in general
if one takes the differences between both ends of the conductor, as sketched in
Fig. 2(a). Therefore, G # GKubo, Glzuyama 0t such a case. Hence, to obtain the
correct value of G by the Kubo formula, one must find the relation between Ageyt
and Ap. Unfortunately, no systematic way of doing this has been developed.

The same can be said for mesoscopic conductors, Fig. 2(b), for which eA¢ #
Ap in general if one takes the differences between both ends of the QWR. There-
fore, G # Gxubos Gizuyama- 1t is only for fortunate cases that Gxubo Or Grzuyama
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coincides with G. For example, Kawabata [49] calculated Gisuyama for the case
where the backward scattering with amplitude V(2kg) is present, which had
been neglected in the previous calculations. He found that

GIzu ama — g
Y wh

< {1 + ‘;(72752)} . (46)

However, this result disagrees with G obtained in the previous sections. The ori-
gin of this discrepancy may be understood as follows. By taking the Fourier trans-
forms of both sides of Eq. (18), we can see that only the ¢ ~ 0 component of the
two-body potential v contributes to the screening of the electrostatic potential.
On the other hand, both ¢ ~ 0 (forward) and ¢ ~ 2kr (backward) components of
v contribute the Landau parameter fi_,ie., f1_ = ffﬁward + f_lﬁ"‘_CkW"“d. There-
fore, Eq. (9) shows that Au has a term (proportional to f_?afkward) which cannot
be interpreted as coming from the screening of ¢eyi. If we interpret this term
in terms of nonequilibrium thermodynamics (although it is not fully applicable
because the local equilibrium is not established), the term may be interpreted

as a non-mechanical force in Eq. (5):
Apic — —(hq/m) f20 4o (47)

Here, --- accounts for possible contributions from f,. and/or fffﬁw"“d. Since
q x {I), so is Ape. This means that a finite current (I) induces a finite non-
mechanical force Apc, and (I) is driven by both eA¢ and Ay, in the steady
state. Hence, G = (I)/(Au/e) is not equal to either Gkubo = (I)/Aext Or
Gryuyama = (I)/A¢. Therefore, the Kubo formula cannot give the correct value
of G if the ¢ ~ 2kr component of the two-body potential is non-negligible, even if
the screening of Ay is correctly taken into account, because a non-mechanical
force is inevitably induced. Note that this is not the unique problem of the Kubo
formula, but a common problem of many microscopic theories which calculate a
nonequilibrium state by applying a mechanical force.

A possible way of getting the correct result by the Kubo formula would be to
apply the formula to a larger system that includes the homogeneous reservoirs or
leads [50]: in that case, eA¢p = Ap, as sketched in Fig. 2, and thus G = Guyama-
However, this seems very difficult because it is almost equivalent to trying to
solve the Schrédinger equation of the total system, including complicated pro-
cesses that lead to the mixing property and to the equality eA¢ = Au. Another
possible solution may be to apply Zubarev’s method [2], which, to the authors’
knowledge, has not been applied to interacting electrons in mesoscopic conduc-
tors. However, one must also include (a part of) reservoirs into the Hamiltonian
because Zubarev’s method assumes that macroscopic variables (such as u) are
well-defined in the nonequilibrium steady state. As compared with these ap-
proaches, the formulations presented in sections 3 and 4 would be simpler ways
of getting correct results which include effects of non-mechanical forces.
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6 Deviation from the Quantized Conductance

For a clean QWR, we have obtained the quantized value G = €2 /7h in both cases
of the FL. and the TLL in sections 3.1, 3.2 and 4.6, using different formulations.
The essential assumptions leading to this result are the following. (i) The QWR
is clean enough and the temperature is low enough (zero temperature has been
assumed for simplicity), so that scatterings by impurities, defects or phonons
are negligible and e-e interactions are the only scattering mechanism. (ii) The
boundaries between the QWR and reservoirs are smooth and slowly-varying
so that reflections at the boundaries are absent. (iii) The reservoirs are large
enough, so that they remain at equilibrium even in the presence of a finite
current between the reservoirs through the QWR.

When some of these assumptions are not satisfied the observed conductance
may deviate from the quantized value. For example, if boundary reflections are
non-negligible, the transmittance T' (calculated from the single-body Schrodinger
equation) between the reservoirs through the QWR is reduced. This results in
the reduction of G by the factor T' for non-interacting electrons. For interact-
ing electrons, G will be further reduced for the TLL because the TLL will be
“pinned” by the reflection potential at the boundaries. This can be understood
simply as follows: Although the TLL of infinite length is a liquid, for which a
long-range order is absent, it behaves like a solid at a short distance. Hence, the
TLL is pinned by a local potential, like a charge-density wave is. This is the
physical origin of the vanishing G (at zero temperature) for the case where a
potential barrier is located in the TLL [4,5]. Since the pinning occurs irrespec-
tive of the position of the local potential, the TTL would be pinned also by the
boundary reflections. Note that if one neglects the weakening of v1; in reservoirs
(due to the broadening of W (z), as shown in section 4.2), the TTL would then
be pinned also by impurities in reservoirs [50].

Another example is dissipation by, say, phonon emission. By the dissipation,
the 1d system will lose any correlations over a distance L,ix, where Ly is the
“maximal energy relaxation length” [7,34], which is generally longer than the
simple dephasing length (over which an energy correlation may be able to sur-
vive). In such a case the 1d system of length L (> Lyix) will behave as a series
of independent conductors of length L,j,. One will then observe Ohm’s law [21]:

Gobs =~ (Lyix/L) x (e*/7h). (48)
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A Linear Response Theory of 1D-Electron
Transport Based on Landauer Type Model

Arisato Kawabata
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Mejiro, Toshima-ku Tokyo 171-8588, Japan

Abstract. Effects of the interaction on the electron transport in one-dimensional sys-
tems are discussed on a model like that of Landauer’s theory. The model consists of
one-dimensional channel with electron reservoirs at its ends. As the driving force of
the current, we assume a chemical potential difference between the reservoirs, and we
apply Kubo’s linear response theory to calculate the current. As for the effects of in-
teraction, it is shown that the conductance at 0K is not affected by the interaction if
the electrons in 1D-channel behave like Fermi liquid. The case of Tomonaga-Luttinger
liquid is not simple. Within the present model, the conductance depends on the length
[ of 1D-channel like [™7, where ~ is a positive constant dependent on the strength of
the interaction.

1 Introduction

Electron transport in one-dimensional interacting electron systems is not yet
fully understood in spite of its simplicity. Even in the absence of the potential
scattering, until recently it has been believed that the conductance is renormal-
ized by the electron—electron interaction like 2Ke?/h, where 0 < K < 1 for a
repulsive interaction [1]. The experiments by Tarucha et al. [2], however, indicate
that the renormalization is absent.

An explanation for the absence of the renormalization was given by the au-
thor: As long as the conductance is concerned, L-T (Tomonaga—Luttinger) liquid
theory is equivalent to the self-consistent theory. The apparent renormalization
is due to the wrong definition of the conductance, and the renormalization can
be got rid of by defining the conductance correctly with respect to the renormal-
ized electric field [3], according to the remark by Izuyama [4]. Maslov and Stone,
Ponomarenko, and Safi and Schulz also proposed a theory based on a different
model.

All the theories mentioned above are based on models of an infinitely long
one-dimensional system with an electric field as a current driving force. On the
other hand, the systems used in the experiments are rather similar to Lan-
dauer’s model in his theory of electron transport [8-10]. Moreover, within one-
dimensional model, we need rather delicate limiting processes to obtain a mean-
ingful result for the static conductance from a dynamical conductance. Therefore,
it is important to investigate the interaction effects using Landauer type model.

The purpose of this paper is to develop a theory of electron transport in
one-dimension based on Landauer type model. We consider a model of one-
dimensional channel of finite length with reservoirs attached to its ends. As

T. Brandes (Ed.): Workshop 1999, LNP 544, pp.[2B-36, 1999.
O Springer-Verlag Berlin Heidelberg 1999
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the current driving force we assume a chemical potential difference between the
reservoirs. We will apply Kubo’s linear response theory [11] to calculate the
current. First we will investigate the case of non-interacting electrons, and then
we will extend the theory to interacting electrons.

2 Landauer Type Model

A somewhat realistic model of one-dimensional system is shown in Fig. 1: Two-
dimensional electrons in a x — y plane are confined between the shaded regions
by an electrostatic potential. The part of the system bounded by the parallel
boundaries will be called a ‘1D channel’, and the parts attached to that will
be called ‘reservoirs’. Here we take the z-axis along the 1D channel. In a 1D
channel, the solutions of the Schrédinger equation for a given energy are of the
form e'P»*¢,, (), where n is a quantum number associate with the freedom along
y-axis and p,, is real or complex. For an appropriate energy, p,, is real only for one
value of n, e.g., n = 0. The eigenstate of the whole system which is connected
to this state in 1D channel will be called ‘1D state’. The amplitude of other
eigenstates decreases rapidly in 1D channel, and they will be called ‘reservoir
states’. For the details of the separation of those states, the reader is referred to

ref. [12].

reservoir 1D channel reservoir

AN

Fig. 1. A realistic model of one-dimensional system connected to reservoirs

In this paper we consider a model in which the exchange of electrons between
1D state and the reservoir states are taken into account in the simplest way: We
approximate 1D channel with pure one-dimensional system along z-axis which
spatially overlaps with the reservoirs in the regions [/2 < x and x < —1/2 (see
Fig. 2). We introduce impurity scattering as the mechanism of the exchange of
electrons between 1D states and the reservoir states.

For the moment we neglect the spin degeneracy. The hamiltonian of the
system consists of H; for the electrons in 1D states, Hy,(Hg) for the electrons in
the reservoir states in L(R), and Hi,(Hir ) for impurity scattering in the reservoir

L(R):

H="Hi+ Hy +Hr + Hi, + Hir - (1)
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reservoir L reservoir R

7
1D channel y

Fig. 2. The model system: The 1D channels connected to the reservoirs R and L

The each hamiltonian assumes the following forms:

dp
Hy :/gepa:)ap, (2)

where €, = h?p?/2m — u, p being the chemical potential, and a, is the annihi-
lation operator of an electron of wave number p along the channel, and

Hu = Ewblbe . (3)
k

where by, is the annihilation operator of an electron in a reservoir state specified
by the quantum number k , which is not necessarily the wave number. Here the
chemical potential is included in the eigenenergy Ej. Hg is defined in the same
way.

As for the impurity scattering, it’s role is to inject electrons to 1D states
from the reservoir states and vise versa. Hence we neglect the scatterings within
1D states and those within the reservoir states. Therefore we put

—1/2
Hyp, = / (o (2)0, (@) + »(2)¥] (@)} Vi (x)dz (4)

where () is the field operator of electrons in 1D states and ¥z, (r) is those in
the reservoir state in L:

vie) = [ Frray, (5)

oo 2T

WL(r) = > Br(r)bx, (6)
k

with & = (2,0) , Bg(r) being the wave functions of a reservoir states in L. The
impurity potential Vi,(x) is of the form

Vi(z) :VOZ(S(x_xi)a (7)

where the impurities are uniformly distributed over the region x; < —I/2. The
hamiltonian H;g is defined in the same way.
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3 Linear Response Theory

As the current driving force, we introduce the chemical potential difference be-
tween the reservoirs L and R. It is described by the hamiltonian

_ A

M = S (N = Ne). 5)

where NV, is the total numbers of electrons in the reservoirs L:
M= [ Wl dr. 9)
L

and fL dr means that the integral is to be done over the region z < —1/2. Ny,

the total numbers of electrons in the reservoirs R, is defined in the same way.
If Ay > 0, the electrons in the reservoir states in L are injected into 1D

states and corrected at the reservoir R. Therefore, the current in 1D channel is

given by
dNr dNVy,
I: —_— = — —_— 1
() =) (1)

e being the absolute value of the electronic charge.
We calculate the current to the first order in Ayu. Using the linear response
theory [11], we find that

[=— lim 4K /OOO < {dNR(t), (N — NL)] > et (11)

— m
5i+0 2h dt

where (- - -) means the thermal average Tr{e % ...} /Tr{e~#"}. Therefore, from
eq. (10) it follows that the conductance is given by

G=—+

. ie? [ /[dNgr(?) st
_51320f/0 <[ dt ’NL}>6 d. (12)

Here we define a retarded Green’s function

D(w) =— 5&1301/0&@1\71%(’5)7NLDG(“_‘S)tdt- (13)

Then, integrating the right hand side of eq. (12) by part, we easily obtain
02
G = lim iw%D(w). (14)

w—

Thus the problem reduces to the calculation of the Green’s function D(w).



Theory of 1D-Electron Transport Based on Landauer Type Mode 27
4 Thermal Green’s Function Technique

4.1 Thermal Green’s Function and Retarded Green’s Function

In this paper we treat only the case of zero temperature, but in the following
we will use the thermal Green’s function formalism because it is an excellent
method to treat the many-body interaction. [13,14]

The thermal Green’s function corresponding to D(w), is defined as

Bh ,
D(wy) = 7/ (NR(7T)Nyp)e“ T dr, (15)
0
where
Ngr(1) = ™" Nge "7, (16)

and w,, is the Matsubara frequency, i.e., w, = 2wrkgTn/h, n being an integer.
D(w) is obtained by an analytic continuation

D(w) = 6l_i)r20 D(wy, — —iw +9). (17)

We calculate the Green’s function D(w,,) by Feynman graph method [14].
We will treat the impurity-scattering Hamiltonian

Hi=HiL + Hir, (18)

as a perturbation.

In addition to the thermal average, the Green’s functions have to be averaged
over the positions of the impurities. We take the limit of weak impurity potential
Vo and high impurity density ¢ so that ¢V is finite. Then the correlation function
of the potential is given by

(V(@)V(@))imp = cV5d(z —a') . (19)

As for (V(x))imp, which is divergent in the above mentioned limit, it can be
absorbed in the chemical potential. Then the correlation functions of odd order
vanish, and those of even order can be decomposed into the products of 2nd
order correlation functions with all the possible combinations of the arguments.
In Fig. 3 we show the simplest Feynman graph which describes the pro-
cess of electron transfer between the reservoirs L and R. Here the thin solid
lines represent the the Green’s functions of electrons in 1D channel Gy(z, z'; €,,),
and the thick solid lines represent those of the reservoir states Gr,(r,r’;¢,) and
Gr(r,r’;e,). The dotted lines represents the impurity potential given by eq. (19).
The Green’s functions are defined as

sh _

Golz, a5 60) = — / (Wb(x, T (2)) g T dr (200)
0
sh _

Gr(r,r’se,) = —/ <M7L(r,7')![/£(r/))oela"7d7', (20b)
0

8h
Gr(r,r’5e,) = —/ <M7R(r,T)W;(r’)>0eiE"TdT, (20¢)
0
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where g, = kT (2n + 1)/h, n being an integer.

x
)

x
(i

L ]

————————

A

X
N

X
fis

Fig. 3. The simplest Feynman graph for the electron transfer between the reservoirs L
and R

The contribution of this graph to D(w,,) is

)2 kgT
D(w,) = C‘f/LO B Z/ drdxl/dr dzy Gr(x1,1587)

X gR(ra L1;En + wn)gO(x% X1, €n)g0($1, T2;En + wn)
X GL(r', @5 6,)GL (w2, 1560 + W), (21)

where &1 = (21,0) and @3 = (22, 0).
From eq. (6) and eq. (20b) we find that

hB B (r'
k n

Then from the orthogonality of Bg(r)’s it follows that

/ On(r', @o;6,)G1 (22,15 60 + Wy, ) dr’

By (x2) B(x2)
Z {ife,, — Ek}{lh(€n +wy) — Ep}’ (23)

As is seen from eq. (14), in order to obtain a finite value for the conductance,
D(wy,) must be proportional to 1/w, after the analytic continuation w,, — —iw+4
is made. In fact, such singular behavior of D(w,,) can arise from the right hand
side of eq. (23), because it is divergent in the limit &,,w, — 0. The important
contribution to this divergence comes from FEj ~ 0. Here we assume that the
contribution of the states with Eg ~ 0 to the electron density is spatially uniform.
Namely, we define

E)= Y Bi(t)Bu(x)(E — Fx), (24)
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and we neglect the dependence of F(E) on r. Then the right hand side of eq.
(23) can be written in the form

hE(E) 1 1
/ iwn |:1h6n - K a lh(fn + wn) —F dE’ (25)

and for very small but finite ¢,, and w,,, we find that
/ GL(r', @25 ,)GL (2, 158 + wy,) dr’
L

0, (en(en +wyn) > 0) (26)

B {27th(0) Jwn, (En(En +wn) <0)
where we neglect the term which is not singular for w,, — 0.
Thus we can do the integrals over r and r’ in eq. (21), and for w, > 0 we
obtain

D(wn) = — (27TCV02F(0)>2 ksT >

fw h
" —wp<en<0

></dxl/dxzQo(:vz,afl;an)%(:m,wz;en+wn)-
R L
(27)

The Green’s function Gy(z, 2';€,) for a small positive value of €, is given by
Go(z, 2’ £e,) = ;Fie(iipren/vF)\I*I'l , (28)
vp

where pr and vp are the Fermi wave number and the Fermi velocity, respectively.

We easily find that the integrals in eq. (27) diverge if we put eq. (28) into it,
and to be consistent we have to calculate Go(x, z'; €, ) also in the lowest order in
the impurity scattering.

4.2 Calculation of the Green’s Function in 1D Channel

The Green’s function G(x, 2’; £,,) of 1D states with impurity-scattering correction
can be obtained by solving the equation

g(x,x’;sn) - go(l’,$/;€n) + /go($7$1;5n)
X X(w1,19;6,)G (22, 2';6,) dy dag (29)

where X(x1,x2;€p) is the self-energy part (divided by /). As was mentioned
in the above, we calculate X(x1,z9;¢,) to the lowest order in the impurity
scattering. It vanishes unless x; and x5 are in the same reservoirs after averaged
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Fig. 4. The Feynman for the self-energy of the Green’s function of 1D states

over the positions of the impurities. When z; and x5 are in the reservoir L, it is
of the form

cV§
Y(x1,x058n) = h—gé(xl — 22)G1 (21, T2 En) - (30)
The Feynman graph for the self-energy is shown in Fig. 4.
As was mentioned in the above, the important contribution to D(w,,) comes
from very small €,,. Then, from eqs. (20b) and (24) we obtain

i7rcV02F(O)

E(I1,$2;€n) == A

sgn(e,)0(x; — x2) . (31)

We neglect the real part of the self-energy part, for its dependence on ¢, is weak
and it can be included in the chemical potential.
Then eq. (29) becomes

g(xy 1'/; En) = gO(xa CE/; 577«)

—isgn(en)F/ Go(z,2",e,)G (2", 2 e,) da” |
1/2<]"|
(32)
with
2
F
I — eV F(0) _ (33)
h
From egs. (20a) and (32), we easily find that
g(‘rax/agn) = g(l’l,l’,fn) ) (34)

and hereafter we will consider the case ' < .

We assume that I" is small enough so that the behavior of G(x, 2, &,) is not
very much different from that of Go(x,x’,£,). Then, in the regions x < z’ or
a2 < o', the integrand of the integral in eq. (32) oscillates rapidly. Therefore we
will neglect the contributions from those regions.

Within this approximation we can solve eq. (32) assuming a form

G(x,2"5e,) = Go(x, 2 e,) F(z,2) . (35)
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As is seen from eq. (27) we need G(z,x’;e,) only for o' < —1/2,1/2 < x, and
here we show the result in those regions:

.7:(51)7.'17,) _ e(l/2—x)/2ke(l/2+x')/2)\’ (36)
where
VR
A= —. 37
5T (37)

Now we are ready to calculate the conductance.

5 Calculation of Conductance—Landauer Formula

We calculate D(wy,) by replacing Go(z, 2';&,) with Gz, z';€,,) obtained above in
eq. (27). The summation over €, in eq. (27) is limited in the region —w,, < &, <0,
and to calculate the conductance we take the limit of small frequency after the
analytic continuation is made (see eqs. (14) and (17)). Therefore, the small values
of w, are relevant, and we can replace €, and €, + w, in the Green’s functions
with infinitely small negative and positive frequencies, respectively.

Then from eq. (27) we easily find that

Dlwn) = —2= (Vo;;(‘)))Q

W
x [ dx / dza|G (1, w23 +0) % . (38)
R L

and from egs. (33) and (35)-(37) that

Wn VR 2mwn,

Doing the analytic continuation eq. (17) and putting it into eq. (14) we
obtain the expression for the conductance. In order to take into account the spin
degeneracy, which we have neglected so far, we only have to double D(w). Then
we have

62

(40)

Thus we obtained Landauer formula for the case without potential scattering .

6 Effects of Electron—Electron Interaction

6.1 Vertex Corrections

Here we consider only the interaction between the electrons in 1D states. In
this case D(wy,) consists in two parts. The first part, to be called Di(wy), is
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X2 s X X
I I

I I

I I

I I
X 4 X
I I

I I

I I

| I
X2 X6 X3 X1

Fig.5. The Feynman graph for D(w,) with vertex correction

the same as D(wy,) in §4 except that the interaction is fully taken into account
in G(z,2';e,). The other part, Da(wy,), is the one with a vertex correction, for
which the Feynman graph is shown in Fig. 5. We can show that Ds(w,,) does not
contribute to the conductance. For the details the reader is referred to Ref. [15].

Therefore only D; (w;,) contributes to the conductance, and, even in the pres-
ence of the interaction, the process of deriving eq. (27) from eq. (21) does not
affected by it, and (38) is valid if the interaction and the impurity scattering are
taken into account in G(z,z';ep,).

Note that the conductance is determined only by the one-electron Green’s
function. It is one of the important outcomes of the present theory.

Below we will see how the conductance is affected by the interaction.

6.2 Conductance of 1D Fermi Liquid

Although it is widely accepted that interacting 1D electron system is not a Fermi
liquid, it is instructive to apply the formula obtained above to Fermi liquid. At
zero temperature, one-electron Green’s function of Fermi liquid in momentum
representation is of the form [14]

a

gO(p7 gn) = iEn . U*(|p| _pF) )

(41)

for p ~ pr and &, ~ 0, where a is a positive constant and v* is the renormalized
Fermi velocity.

As we have seen in §5, we need the Green’s function only in the limit &,, — 0.
Therefore, when |z—2'| > 1/pr, the Green’s function in real space representation
is given by

> dp aeiP(@=e)
,a'; 20 =/ o
Golo: 7520V = | 2n 50— o+ (] = pr)

= :FiﬂeiipFlm*r’\ ’ (42)
v*

because the main contribution to the integral comes from the regions |p| ~
pr. Thus the calculation of the conductance reduces to that of non-interacting
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electron by replacing vg with v*/a. In fact, if we assume eq. (35) we easily find
that it satisfies eq. (32) with A = v*/(2al"). Here if the impurity potential is
weak enough and A > pr, the regions |z — 2’| ~ A > pp mainly contribute to
the integral in eq. (32). In addition it is the case also in the integral in eq. (38).
Therefore the use of the approximate form of Gy(z, 2';e,,) for |z — 2’| > 1/pF is
justified.

As we have seen in eq. (40), the expression for the conductance does not con-
tain vp. Thus we find, as long as we assume the Fermi liquid, that the interaction
gives no effects on the conductance.

6.3 Conductance of Tomonaga—Luttinger Liquid

The one-electron Green’s function of T-L liquid is very much different from that
of Fermi liquid: It does not have a simple pole as a function of ¢, even for low
lying excitations. The details of the behavior of the Green’s function depends
on the form of the interaction potential. In the following, we will investigate the
case treated by Luther and Peschel. [16]

In this case, U,, the Fourier transform of the interaction potential, is defined
in terms of two real positive parameters v and r through a function ¢(p) as

U, = —mop tanh 2¢(p) , (43a)
sinh? @(p) = ye~PI", (43b)

In weak coupling cases, i.e., v < 1, we easily find that U, = 27Tvp\ﬁe_|p|"“/2,
and that the interaction potential is a Lorentzian in the real space.
The retarded Green’s function in space-time representation is given by

Go(x,2';t) = if(t)m LelPrle—+'l

7 * Ay —1 |£L'_-T/| 2 iw*t 277
xIm | (Jz — 2’| —v™t +10) + {1+ — )
r r

where v* = vpsech ¢(0). The retarded Green’s function Gy(x,2’;€) in frequency
representation and the thermal Green’s function Go(z,a’;e,) agree with each
other in the limit ¢ — 0, ¢, — +0, and it follows that

(44)

lim Go(z,2'5¢e,) / Go(z,2';t)dt. (45)

en—+0

For |z — 2’| > r, the main contribution to the above integral comes from the
regions v*t 2 |x — 2’|, and from the dimensional analysis we easily find that

2y
hm Go(z,2'5e,) = i%eipFlwﬂr’l ( r > 7 (46)

En— |x — /|
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C' being a numerical constant. The power law decay of the amplitude of the
Green’s function is one of the general properties of T-L liquid. [1]

The equations eq. (32), and eq. (38) are valid also for T-L liquid. It is not easy
to solve eq. (32), but, if I" is small enough, the behavior of G(x, 2'; ;) will not be
very much different from that of Go(x, 2'; €, ). Then, neglecting the contributions
of rapidly oscillating term in the integral, from eq. (32) we find that G(z,z"; e,,) =
Go(x,2';e,) for —1/2 < x, 2’ < 1/2, and that G(1/2,—1/2;+0)G(—1/2,1/2; —0) ~
(%)47 /v*2. Therefore, within a crudest approximation, we estimate the conduc-
tance:

e? /r\H
G wh (l) ' (47)
Thus, the present theory predict that the conductance of T-L liquid is much
smaller than e?/mh for sufficiently long 1D channel. It has been known that the
conductance of T-L liquid in infinitely long 1D channel vanishes in the presence
of potential scattering , however weak may it be. Since we have introduced
impurity in the reservoir, the results obtained above is not surprising.

7 Summary and Discussion

We have formulated a Landauer type approach to electron conduction in 1D
channel, explicitly taking into account the reservoirs in microscopic level. For
non-interacting electrons, the present theory gives the same results as those ob-
tained using the models of infinitely long one-dimensional systems. The present
theory is, however, free from the delicate limiting processes.

One of the important outcome of the theory is that at zero temperature the
conductance is expressed in terms of one-electron Green’s function with zero
frequency in 1D channel, even in the presence of electron-electron interaction.
It is reasonable because we calculate the current as the number of electrons par
time transferred from one of the reservoirs to the other: At zero temperature and
for infinitesimally small chemical potential difference, the electrons are injected
from the reservoir just onto the Fermi level of 1D channel and vice versa. This
process can be described by the one-electron Green’s function. On the other
hand, Kubo formula consists in two-electron Green’s functions. In most cases
it is much easier to calculate one-electron Green’s functions than to calculate
two-electron Green’s function, and it is the advantage of the present formalism.

As for the effects of the interaction, we found that the conductance of Fermi
liquid is the same as that of non-interacting electron, while that of T-L liquid
decreases by power low as the length of 1D channel increases. In the theories
based on Kubo formula, the electrons are driven uniformly by the electric poten-
tial, and the current carrying state is the ground state in a moving frame. Hence
the conductance is the same as that of non-interacting electrons. In the present
theory the current carrying state is very much different. Suppose an electron is
injected onto the Fermi level of the ground state of T-L liquid of N electrons.
Then the resultant state is not the ground state but a linear combination of
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eigenstates of IV + 1 electrons in a moving frame. In fact, the density of states
of T-L liquid is zero for p = +pr and w = 0, which means the amplitude of the
ground state is zero. Thus it is reasonable that we have obtained an essentially
different result for the conductance. It should be note that the quantized con-
ductance G ~ 2¢?/h is observed experimentally at rather high temperatures, [2]
for which the present theory is not applicable.

The model system in this theory is somewhat different from the typical one-
dimensional system like the one shown in Fig.1. We can find, however, real
systems similar to our model: One of the examples is the system used in the
experiments by Yacoby et al. [17]. Their sample is composed of 1D-channel and
two-dimensional electrons attached to it, which play the role of the reservoirs
(see Fig. 6). Another example is the experiments on carbon nanotube by Frank
et al. [18]. They dipped one of the ends of nanotube in liquid mercury. At least
this end is concerned the system is similar to our model. Thus we can expect to
observe L-T liquid effects in such systems.

1D channel

AN A

2D electrons

Fig. 6. A schematic view of the sample used in the experiments by Yacoby et al. [17]
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Abstract. We investigate possible nontrivial phases of a two-subband quantum wire.
It is found that inter- and intra-subband interactions may drive the electron system
of the wire into a gapped state. If the nominal electron densities in the two subbands
are sufficiently close to each other, then the leading instability is the inter-subband
charge-density wave (CDW). For larger difference in the densities, the interaction in
the inter-subband Cooper channel may lead to a superconducting instability. The total
charge density mode, responsible for the conductance of an ideal wire, always remains
gapless, which enforces the two-terminal conductance to be at the universal value of
2¢% /R per occupied subband. On the contrary, the tunneling density of states (DOS)
in the bulk of the wire acquires a hard gap, above which the DOS has a non-universal
singularity. This singularity is weaker than the square-root divergency characteristic for
non-interacting quasiparticles near a gap edge due to the “dressing” of massive modes
by a gapless total charge density mode. The DOS for tunneling into the end of a wire in
a CDW-gapped state, however, preserves the power-law behavior due to the frustration
the edge introduces into the CDW order. This work is related to the vast literature on
coupled 1D systems, and most of all, on two-leg Hubbard ladders. Whenever possible,
we give derivations of the important results by other authors, adopted for the context
of our study.

1 Introduction

From a theorist’s point of view, electrons in quantum wires should provide a
simplest realization of a Luttinger liquid [1,2]. Indeed, as the motion is con-
fined in the direction transverse to the axis of a wire, the system is effectively
one-dimensional; the electron-electron interaction is strong enough (typically, of
the order of the Fermi energy) for the interaction effects not be washed by the
temperature; and the state-of-the-art wires (at least the semiconductor version
of them) are clean enough for disorder effects to be sufficiently weak. A clear
experimental proof of the existence of the Luttinger-liquid state in quantum
wires would be provided by tunneling into a wire, either in the middle or into
the end. As is well-known, the tunneling density of states (DOS) of a Luttinger

T. Brandes (Ed.): Workshop 1999, LNP 544, pp[37-78, 1999.
O Springer-Verlag Berlin Heidelberg 1999
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liquid reveals a pseudogap behavior, i.e, it is suppressed at energies close to the
Fermi-energy, which should result in a sublinear (power-law) bias dependence of
the tunneling current, and in a power-law temperature dependence of the Ohmic
conductance. This finite-bias and finite-temperature measurements has already
been performed on a very special realization of quantum wires — carbon nan-
otubes, and observed non-linear current-voltage dependences were interpreted in
terms of the Luttinger-liquid theory [3,4]. Features of resonant tunneling, char-
acteristic for a Luttinger liquid, have recently been observed on GaAs quantum
wires [5] prepared by cleaved edge overgrowth technique. Also, a Luttinger-liquid
behavior has been reported in tunneling into InSb wires naturally grown in a
porous material (asbestos) [6]. Tunneling pseudogap of a quantum wire has been
described in terms of a Luttinger-liquid model both for a single- [7] and multi-
subband wire [8], the latter system exhibiting a smooth healing of the pseudogap
as the number of the occupied channels increases. In anticipation of more and
better controlled tunneling experiments on quantum wires, and also from a gen-
eral point of view, we would like to ask if there are any processes which could
open a true gap, but not a pseudogap, in the electron spectrum of a wire, and if
yes, what are the properties of the corresponding gapped phases.

To this end, we consider in this paper a two-subband quantum wire, having
in mind semiconductor nanostructures studied recently in, e.g., Refs. [9-11].
To some approximation, this system is similar to other two important classes
of 1D two-band systems studied extensively over the last few years, i.e., two-
leg Hubbard ladders [12-18] and (single-wall) carbon nanotubes [19-23] (for
an account of earlier results on coupled 1D systems, see, e.g., [24]). Studies
of two-leg Hubbard ladders provided the classification of scattering processes
in 1D two-subband systems and identification of processes capable of driving
the system into a gapped state. Phase diagrams of a generic ladder, containing
a multitude of gapped states, were constructed in Refs. [14-16]. A similarly
formulated problem, with applications to a 1D system with electron and hole
bands (valence-fluctuation problem), was investigated some time ago in [25].

The goal of the present paper is two-fold. First of all, we would like to un-
derstand which of the gapped phases, found in Hubbard ladders, have a chance
to occur in quantum wires. The main difference between these two systems is
that the Coulomb interaction in wires is (i) (supposed to be) purely repulsive;
(ii) relatively long-ranged (even in the presence of a metallic gate); (iii) rel-
atively well-known at distances larger than the lattice spacing (which is the
range relevant for quantum wires); this imposes constraints on the choice of cou-
pling constants for the Hubbard model. Also, because the electron wavelength
in wires is larger than the lattice spacing, Umklapp scattering is unimportant.
All these constraints reduce the variety of possible gapped states to (a) inter-
subband charge-density wave (CDW), and (b) superconducting state. [We will
come back to a more detailed description of these states shortly.] The main differ-
ence between carbon nanotubes and quantum wires is that the former, because
of its special crystal structure, has two conducting subbands with commensurate
Fermi-momenta. Although, as we will show, a quantum wire with nominally dif-
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ferent subband Fermi-momenta may be driven into the commensurate state by
inter-subband backscattering, this process occurs in a competition with other
processes and requires special analysis.

Having determined which gapped phase can in principle occur in a quantum
wire, we focus on the calculation of measurable quantities in each of these phases,
which is the second goal of the present paper. Our main emphasis is on the
tunneling density of states, which turns out to exhibit an unusual threshold
behavior due to coexistence of gapped and gapless modes and also be sensitive
to the presence of open boundaries. In addition, we consider the two-terminal
conductance both in the absence and in the presence of impurities.

Although this paper is not supposed to be a review, we present, when pos-
sible, derivations of important results by other authors, e.g., Refs. [22,26-28]
adopted to the context of our study. Hopefully, this would help a reader, who
is not an expert in this field, to understand connections between different ap-
proaches.

Having formulated the goals and scope of this paper, we now return to a
generic two-subband quantum wire with incommensurate Fermi-momenta kip
and kop in subbands 1 and 2, respectively. In the basis of occupied transverse
states, this becomes the problem of two Luttinger liquids coupled by inter-
subband interactions. To understand possible phases of such a system, one should
consider all possible scattering processes involving electrons from different sub-
bands, i.e., forward scattering, backscattering, and “Cooper scattering” (cf. Fig-
ures 1,2,3). Forward scattering simply renormalizes the parameters of Luttinger
liquids formed by electrons of each subbands but does not result in new phases,
although it does change the conditions for occurrence of new phases. (To be
more precise, forward scattering between Luttinger liquids in different subbands
is responsible for the crossover into the Fermi-liquid state, but this crossover
occurs smoothly as the number of channels increases).

The momentum transfer in a backscattering event involving electrons of dif-
ferent subbands is equal to k1p £ kop. If |k1p — kop| > T/min{vip,vor}, then
there are no final states available for electrons involved in such a process (here
vip and vep are the Fermi velocities in the two subbands). Thus, if the tem-
perature T is low enough, interchannel backscattering is forbidden. However,
it may become energetically favorable for a system to equalize the charge den-
sities, and hence the Fermi momenta of different subbands. This may occur if
the Fermi-momenta difference is small enough and the amplitude of backscat-
tering is large enough. After the densities are adjusted, backscattering becomes
possible. As a result, inter-subband charge-density wave (CDW) phase may be
formed, in which charge densities of the subbands form a staggered pattern, see
Fig. 4. Similarly to classical charge-density waves, this phase is very sensitive to
a random potential, resulting in pinning of the CDW and strong suppression of
conductance with disorder.

The “Cooper” scattering event, on the other hand, always conserves momen-
tum and energy. In this process, two electrons starting in, e.g., subband 1 with
momenta kg and —kir, scatter on each other and end up in the other sub-
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band, also with opposite momenta kop and —kop. “Cooper scattering” can be
considered as formation of a fluctuational Cooper pair in one of the subband
followed by its tunneling into the other one. When kinetic energy gain due to
such tunneling overcomes Coulomb repulsion between electrons forming pairs,
the wire is in a Cooper (or superconducting) phase. This phase is characterized
by locking of fluctuating charge currents in different subbands to each other as
well as by spin gaps in each of the subbands. The Cooper phase is favored when
Fermi-momenta imbalance is largest, i.e. when the second subband just starts
to fill up. Disorder has a less pronounced effect on Cooper phase than on CDW
one, similarly to what happens in higher dimensions.

It is important to emphasize here that inter-subband backscattering and
Cooper scattering block only modes describing relative charge- and spin- density
and current excitations, but leave the center-of-mass charge mode free. As a
result, conductance of a clean CDW and Cooper phases remains at the universal
value of 2e2/h per occupied subband.

Despite being ideal conductors, both the CDW and Cooper phases are char-
acterized by the truly gapped behavior of the tunneling density of states at
energies below corresponding gaps. This is so because a 1D electron decomposes
into charge and spin collective density excitations, and if some of these elemen-
tary collective excitations acquire a gap, the entire electron acquires it as well.

Somewhat surprisingly, we find that tunneling into the end of the CDW wire
is quite different. A tunnel barrier at the end of the wire distorts charge-density
wave profile and creates a static semi-soliton. This allows tunneling into the end
to occur even at energies below the bulk CDW gap.

In Section 6.2 we consider, for illustrative purposes, the density of states of
the “Mott” phase, which occurs in a single- or multi-subband wire subject to
an external periodic potential [29,30]. In the case of a semiconductor wire, this
potential may be provided by an additional electrostatic gate of a periodic shape
[31]. Varying the potential applied to this gate, one can tune electrons of the wire
into the half-filling condition (one electron per unit cell of the periodic potential).
Unlike the two strong-coupling phases mentioned above, the Mott phase, which
is described by the half-filled Hubbard model, does not conduct current because
its total charge fluctuations are gapped by the external potential.

2 Hamiltonian of a Two-Subband Quantum Wire

2.1 Classification of Scattering Processes

Electrons in a quantum wire are described by the following Hamiltonian
1
H= Es:/d%wl(r) (—mvﬂ’ -+ Xfwnf(u)) ,(r)

+% Z / Brd®r'U(r — )Wl (0) o], (") ('), (r), (1)

s,s’
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gate

Fig. 1. Left: Example of inter-subband forward scattering. Filled (empty) circles denote
initial (final) states of electrons. Dashed lines with arrows indicate “direction”of the
scattering. Right: Schematic view of a gated wire. The wire of typical transverse size
a is separated by distance d from the metallic gate. Distance d determines the range
of interaction among electrons inside the wire.

where Vions(r1) is the confining potential in the transverse direction and U(r)
is the electron-electron interaction potential. The Fermi-wavelength of electrons
in a semiconducting quantum wire is much larger than the lattice spacing of the
underlying crystal structure. Because of that, we do not consider umklapp pro-
cesses, in which electron momentum is transferred to the lattice (except for in
Ch.6.2). Hamiltonian (1) is Galilean-invariant, and hence our subsequent calcu-
lations have to preserve this invariance as well. We will return to this important
point later on in our discussion.

If the chemical potential in the leads is such that only two lowest subbands
of transverse quantization are occupied, the electron wavefunction is given by

28 (I‘) = Z Cbn(rl_)'(pns(x)’ (2)

where ¢, (r ) are the orthogonal wavefunctions of transverse quantization, which
we choose to be real. In this basis, the kinetic part of Hamiltonian (1) becomes

2m

2
Ho =3 [ devlu@)(- 35 — it () 3)

n,s

where €, is the energy of the n-th transverse subband.

To describe low-energy excitations in the n-th subband, we expand the lon-
gitudinal part of the W-operator, ¥ (x), in terms of right- and left-moving exci-
tations, residing around +k,r Fermi-points of the n-th channel:

VYns(T) = Rps (@) nF® 4 L, (x)e”HFnre, (4)

In this representation, the interaction (four-fermion) part of Hamiltonian (1)
reduces to a sum of two terms. The first one, U;,,q, describes the interaction of
electrons within the same subband, and contains usual forward and backward
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scattering processes. The second one, Uj,ter, describes the inter-subband inter-
action. It splits naturally into forward (UY'), backward (UP), and Cooper (U®)
parts.

Usnier = UF + UB +UC. (5)

Forward scattering involves no momentum transfer between subbands (cf. Fig.1).
This process is also an example of a direct process, in a sense that electrons stay
in the same subband, as is evident from the explicit expression for U¥

UF:%Z/

n#m Y%

/ Ménm}(x - 'T/) Z[RjLs(x)Rns(x) + Lls(z)L”S(x)]

s,s’

X [R! (&) R () + L} (&) L (27)], (6)

where the direct matrix element is given by

Dl AL C AT g

7
ry,r;

and [, = [dz [ dz'. By “backward scattering”, we understand processes with a
non-zero momentum transfer 0k = k1 +kop between subbands. These processes
can be divided further into direct and exchange parts

UP =UP +UB, (8)

In an exchange process [see Figs.2,3|, electrons change subbands. Two parts
of backscattering can be written as (for the sake of brevity, we omit here the
x — z’-dependence of the matrix elements):

1 nm i — !
UP=52.2. / MY R () L (2) L (37) Bor () €2 o ~hnr) 42
z,x’

n#Em s,s’

+(R & L)e2ilkmr—kar)(@+a))] (9)

and

1 ) -
Uf ) Z Z/ Mérbm}[{RLs(x)RnS’ (x/)RIns’ (xl)Rms(x)el(kan_knF)(m_I)
z,x’

n#m s,s’
+(R & L)e~ikmr—hknr)(@=a’)}
H{ R (@) Ryt (2 )L, o (2) Lo () o Hone) (22
+ (R & L)e ikmrthnr)(@=a’i (10)
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Fig. 2. Example of inter-subband backscattering: (a) direct, (b) exchange. Notations
as in Fig.1.

Fig. 3. Examples of inter-subband Cooper scattering. Notations as in Fig.1.

where the exchange matrix element is

Mz — ') = / U(lr = 2’ n(r L) fm (x) )b (r' ) (rr). (1)

’
I'L,I'L

Momentum conservation requires that the energy of at least one of the states,
involved into direct backscattering, should be far away from the Fermi en-
ergy, which forbids this process at not too high temperatures (T" < |kpp —
kpnrlmin{v,F, v;mp}). This is reflected in the presence of the exponential factors
in front of the fermion operators in Eq.(9), which oscillate rapidly as functions of
(z+2'). This restriction can be lifted though, if the system prefers to gain energy
from backscattering by equalizing the subband densities, so that k,,pr = k. p.

Finally, we call “Cooper scattering” (Fig.3) a process in which two electrons
with zero total momentum (a fluctuational Cooper pair) hop from, e.g., chan-
nel m , into channel n, so that the total momentum @ = —k,, + k,, = 0 —
—kp + k, = 0 is conserved. This process is also referred to as “Josephson cou-
pling” [32,24], or as “goorr process” [13],[16]. The Hamiltonian of Cooper scat-
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tering is given by

1 ; /
UC =5 2 [ METHRL )L @)eter )

n#m s,s’
ns’ (x/)e—iknp(m’—m)] X

X [Runs (@) s (2)em e @' =2) o L (") Ryps (z)e~Fme @ =2)] - (12)

+ Li (z)R!

By construction, Cooper scattering is of the ezchange type.

In what follows, we use the following abbreviations: forward scattering =
FS, direct backward scattering = dBS, exchange backward scattering = xBS,
Cooper scattering = CS.

For a generic situation of k, # k,, the only momentum-conserving inter-
subband scattering processes are FS, xBS, and CS. The amplitudes of these
processes depend on the ratio a/d , where a is a typical transverse size of the
wire (which determines the spatial extension of ¢,(r;)) and d is the range of
interactions. In the limit a/d — 0, the interaction potential can be taken out
of integrals (7) and (11), upon which M, remains finite, whereas M, vanishes.
It can be readily shown that for finite but small ratio a/d the exchange matrix
element is small: M,, ~ (a/d)?M,. The long-range interaction thus discriminates
against exchange processes. If (as it is most often the case) a wire is formed
by means of a gate deposited over the 2D heterostructure, d is given by the
distance to this gate, which screens the Coulomb interaction in the wire (see
Fig. 1). Typically, a/d = 0.1 — 1.

2.2 Bosonized Form of the Hamiltonian

We use the conventional bosonization procedure, in which

1 .

Rns (.’L‘) — 27_(_a ezﬁ(‘%’ns_gns)’ (13)
1 .

Lns(m) — 27-(-Cke_z\/;(tpns"!‘ens)7 (14)

and short-range cut-off o ~ k:;l. Boson fields ¢, and 0,5 withn =1,2; s = +1,
are decomposed into charge-(p) and spin-(o) collective modes

—(np + 5900)
ns — ~=\¥n, SPno )y
QO \/i (10 P %0
1
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Parts of the Hamiltonian, describing the free motion and intra-subband interac-
tions (Ho + Uintra), take the well-known Luttinger-liquid form:

1 Un,
an = 5 /dx{vnpKnP(azgnp)2 + Kp (aIQOnP)Q}ﬂ (16)
np

Hoo =5 [ d0{0n Kna(02610) + 725 Brpna))

KTLO'
2U (2k, )
ra)y / da cos[V 8T, (17)

which describes independent charge- and spin-density excitations (Hy, and Hy,,
respectively). The cosine term in Eq.(17) is due to backscattering within a sin-
gle subband. Explicit expressions for the Luttinger-liquid parameters will be
discussed later.

Upon bosonization, the three types of intersubband interactions take the
following form :

2
UF = ﬁ/dxazwlpam(p%); (18)

s

4 fos
Uf = 7T2f(1;2 /dm cos [\/ﬂ (p1p — p2p) +2(k1r — kor)x

X cos[V2m 1] cos[V2mpas]; (19)

1 bi+0
UI;B - _§/d$< ! - Q(az(plpaz@2p+amwlaam@2a’)

b1 — by
™

+

(02010202, + 02,0150,025)
+% cos[V27 (015 — O25)]{(b1 + ba) cos[vV/2mp14] cos[v2mpa,] —
(br — bo) sin[v/2m1,] sin[v2ma, ]} ); (20)
U — ﬁ‘}z / di{tsy cos[V2T (01, — O2,)] cos|vZrors] cos|V2mga] + (21)
+ tiy o[V (01 — 02,)] cos[VaT (815 — 02,)] — sin[v2mp1,] sinv2ma] ) 1

The corresponding amplitudes are given by
fo = / dz M (@),
fos = /dxMim}(x) cos[(kip + kar)x],
b1 = /d:ng‘E{12}(m) cos|(k1r F kar)z],
tsp = /deilQ}(x) cos(k1px) cos(kapa),

ttp :/da:Mim}(x)sin(k;lpx)sin(k‘gpx). (22)
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In the last two lines, t,(t;,) are the amplitudes of singlet (triplet) Cooper pro-
cesses.

The highly non-linear (cosine) terms in Eqgs.(19,20,21) signal potential insta-
bilities of the ground state due to interactions. For the dBS process [Eq.(19)],
this instability is of the charge-density-wave (CDW) type, quantity ¢1, — @2,
being the phase of the CDW (particle-hole) condensate. If subbands are equiv-
alent (k1p = kop), the energy is minimized by adjusting the CDW-condensate
phase is such a way that the cosine takes its minimum value (—1, for repulsive
interactions). For non-equivalent subbands (k1 # kar), the global minimiza-
tion of the energy is impossible due to the position-dependent phase shift, and
thus the CDW instability is suppressed. Nevertheless, if the energy gain due to
opening of the CDW gap is large enough, the system may choose to adjust the
subband densities, which makes the CDW instability possible. Density equili-
bration is most likely to occur if the cross-section of the wire is approximately
symmetric. For example, if it is a perfect square, the ground state is doubly
degenerate. Deformation lifts the degeneracy but the energy splitting between
the states is small for small deformations. Such states are almost equally occu-
pied, and a small difference in densities is likely to be eliminated by opening the
CDW-gap. It seems that cleaved edge quantum wires investigated by Yacoby et
al. [11] satisfy this requirement.

In the “two-chain model”, the CDW-process of this type is known as “decon-
finement” [13]: degeneracy of bonding and antibonding subbands implies that the
amplitude of interchain tunneling, ¢, , is renormalized to zero by interactions,
and electrons thus remain “confined”to their respective chains.

The xBS process (20) contains both harmonic terms, arising from backscat-
tering of electrons with parallel spins, and cosine terms, arising from backscat-
tering with antiparallel spins. The latter contain only spin fields and thus can
lead to the instability only in the spin channel. In the terminology of Ref. [16,14],
this instability corresponds to the “orbital antiferromagnet phase” (OAF). The
OAF instability occurs only if backscattering is sufficiently strong [16,14]. For
a quantum wire, in which all amplitudes are given just by the corresponding
Fourier components of the same interaction potential, this conditions means that
U(2kp) > 2U(0) (for identical subbands), which is never the case for any physi-
cal U(r). In what follows, we will not therefore consider the OAF phase. (Note
that in a “two-chain model”, amplitudes of various scattering processes may be
determined by entirely different physics, e.g., some of them may result from di-
rect electron-electron interaction and some from exchange of virtual phonons.
Hence, the ratios of amplitudes may be arbitrary, and the OAF instability is
possible, at least a priori.)

Finally, the CS process [Eq.(21)] may lead to a superconducting instabil-
ity (of both singlet and triplet types), accompanied by opening of spin gaps in
each of the subbands, in a analogy with a superconducting transition in higher
dimensions. The quantity ¢, — 62, plays the role of the superconducting con-
densate phase. Inter-subband forward scattering [Eq. (18)] plays an important
role in developing a superconducting instability—it reduces electron repulsion in
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the relative charge-density fluctuation channel, making it possible for Cooper
scattering to become relevant. The superconducting phase is also known as
“C1S0-phase” (meaning: one gapless charge mode and no gapless spin modes)
[15] or “d-wave superconductor” (indicating that order parameter is odd upon
interchanging subband index of electrons, forming a Cooper pair) [16,14]. This
particular instability received much attention recently as one of the models of
HTC superconductivity [17]. We also note in passing that the idea of super-
conductivity in a two-band system has a long history, starting from the 1968
paper by Frolich [33] (for a review, see Ref. [34]). The idea, employed in earlier
work, is that if the masses of electrons in two subbands are significantly different,
there always—even in 3D—exists a gapless plasmon excitation (a direct analog of
a Langmuir-Tonks ion sound wave in plasma), which serves as a mediator of ef-
fective attraction. The superconducting phase in 1D two-band system is already
composed of gapless excitations and is not limited by the condition of different
masses (although, as we will see shortly, there is no lack of other constraints).

Note also that UP (19) and U® (21) mix charge and spin modes, and thus
spoil the spin-charge separation present in the Hamiltonian of a single subband.

Processes (18 - 21) have been written down in the literature in many different
ways, so it is worth to make a connection to previous work here. Identification of
our notations with the g-ology ones (used by Schulz in his two important papers
[16714]) is as follows: tsp = J12 + g23, ttp = @§23 — g12, bl = J13, and his gi1-
process (backscattering with opposite spins) should be equated with our U (2k,, )
in Eq.(17). There is no correspondence to our amplitude be, which describes
exchange inter-subband backscattering of the type RILSRLS,RM/RWS +(R— L),
see Eq.(10). That such a process is absent in Ref. [16] is clear from Eq.(2) of
that reference.

We can make one more connection by noting that (somewhat lengthy) Eq.(20)
can be also represented compactly as

Ub = —/dx{(bl + b2)(p1p2 + S152) + (b1 — b2)(jerfe2 + Jsids2)} (23)

where p,, (S,) is the charge (spin) density, and jen (jsn) is the charge (spin)
current in the n-th subband, using notations of Emery, Kivelson, and Zachar
[17].

3 Spinless Electrons

Model In this section we consider a “toy”model of two subbands of spinless
electrons, which contains all interesting effects we want to discuss and, at the
same time, allows a rather complete analytic treatment. In this model, various
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parts of the Hamiltonian reduce to

— 2 % 2

Hy — Hy = /dx {QK (Oppon)” + 5 (0:0,) } (24)
ur . gF = 0 / d20,p10,05 (25)
UdB — ~dB = 7:;22 /dx COS[\/E(QDl — (pg) + 2(]{31}7 — k’gF)I} (26)
UB 8 = % dx[(bl + 02)0p 01000 + (b1 — bg)azalaweb} (27)

27(2 2

U¢ - 0% = /dxcosxﬁ(@l—ﬁg) (28)

so that
H=Hy+UF +UP +UB +U°. (29)

Amplitude fc plays now the role of ¢, for spinless electrons. Analysis of poten-
tially “dangerous” (in a sense of inducing instabilities) intersubband processes
reduces to estimating the scaling dimensions of corresponding cosine operators
in terms of the parameters of the harmonic part. In their turn, these parameters
are related to the Fourier components of the electron-electron interaction poten-
tial. As it turns out, the latter relation is not that straightforward, and we will
clarify this point in the next Section.

Galilean invariance and Pauli principle: single-subband Luttinger lig-
uid To begin with, we consider the simplest case when there is no intersub-
band interaction and the Hamiltonian is given by the sum of two single-subband
Hamiltonians (24). (As our discussion is referred now to a single subband, we
suppress temporarily the subband index.) For a given effective 1D interaction
potential U (z), the Luttinger-liquid parameters (K and v) depend on the ¢ =0
and ¢ = 2kp Fourier components of U, as well on the bare Fermi velocity vp:

K = K[U(0)/vr,U(2kr)/vr], (30)
v = UFV[U(O)/’UF, U(2]€F)/’UF], (31)

where K(z,y) and V(z,y) are some dimensionless functions of their arguments.
Relations (30),(31) have to satisfy (i) the Pauli principle and (ii) Galilean invari-
ance. The Pauli principle for spinless fermions means that for the case of contact
interaction, i.e., when U(0) = U(2kp), the system should behave as if there is
no interaction at all. Accordingly, K = 1 and v = vr for this case, or

K(z,z) =V(z,z) = 1. (32)
Galilean invariance stipulates that Kv = vg, or

K(z,y)V(z,y) = 1,Vx,y. (33)
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Physically, condition (33) comes about either by requiring that the shift of the
ground state energy due to the motion of a system as a whole does not depend
on the interaction [35], or by requesting that the dc conductivity of a uniform
system’ does not depend on interactions (Peierls theorem) [1,36]. (Also, one
can use the interaction-invariance of the persistent current in a ring threaded by
the Aharonov-Bohm flux).

Conventional bosonization of the g-ology Hamiltonian (see, e.g., review [1])
leads to

2mvE + g4 — go g4 — g2 ga + g2
\V 27vp + g4+ g2 v=ory[(L+ 2mup )1+ 2mUE ) (34)

In terms of the Fourier components of the interaction potential the g-parameters
are expressed as g4 = U(0) (right-right and left-left amplitude) and g, = U(0) —
U(2kp) (right-left amplitude), and Eq.(34) gives

14 UQkr) 1/2

2TV
1+

- 7

2U(0)—U (2kr)
2TV

U(Qkp)} v [1 | 2U(0) ~ U(2kr) 1/2
2WUF ’

v =R {1 + (35)

QWUF
One can see that the expressions above do not satisfy conditions (32), (33).
Indeed, it follows from Eq. (35) that v # wvp for U(0) = U(2kp) and that
Kv # vg as long as U(2kgr) # 0. Usually, the spinless Luttinger liquid model
does not include backscattering explicitly. The rationale for such a simplification
is that for spinless particles in 1D this process is indistinguishable from forward
scattering, see, e.g., Ref. [37]. We do not find this approach satisfactory, as it
is clear that the behavior of the system should be determined both by forward
and backward amplitudes. Also, correct expressions for K and v should include
both U(0) and U(2kr), otherwise the Pauli principle cannot be satisfied. This
argument can also be re-phrased in terms of direct and exchange contributions
to the self-energy [38].

What did we do wrong to arrive at the Luttinger-liquid model which does
not satisfy two basic physical principles? As one can show by using the Ward
indentities (conservation laws) for the system of interacting electrons with linear
spectrum [37], the problem occurs already at the level of fermions and is thus
not inflicted by some subtleties of bosonization. Rather, it is a manifestation of
an anomaly, i.e., a violation of the conservation law caused by regularization,
which one is forced to used in a model with linear and unbound spectrum [37].

One way to deal with this problem is to replace Eqs.(35) by expressions
which do not follow directly from the original fermion Hamiltonian with linear
spectrum, but do satisfy all necessary criteria. This is an accord with the point
of view [40] that one should consider K and v as phenomenological parameters,

9% Here we consider a uniform Luttinger liquid. The role of reservoirs, to which the wire
is attached to, will be discussed in Sec.5.
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which are renormalized from their bare values by irrelevant or marginal operators
neglected in the course of linearization. We will be able to find ezact expressions
for K and v, satisfying the minimal set of requirements.

First, we notice that the Pauli principle requires C(z,y) to be a function of
either z —y or x/y. The latter choice contradicts to the requirement that K must
have Taylor expansions both around x = 0 and y = 0. Therefore,

K(z,y) = x(x —y), (36)
1. (37)

X
—~

=}
N

I

Then we notice that the model with forward scattering only, i.e., the original
Luttinger model [39], does respect Galilean invariance. Therefore one can take
the Luttinger model expression for K as the correct one, which means that

K(z,0)=1/vV1+z. (38)

Combining Eq. (37) with Eq. (38), we see that

K(z,y) =1/y/1+z—y, (39)

—1/2
K = {1 + U(O)_U@kF)} , (41)
TR
_ 1/2
v =R [1 + U(O)MZW] . (42)

The physical meaning of Eq.(41),(42) is obvious: the effective interaction is equal
to backscattering minus forward scattering. One can check that a Luttinger-
liquid model with parameters given by Eq.(41),(42) reproduces correctly results
for a 1D electron system, obtained without linearization but in the limit of weak
interactions. For instance, the (inverse) compressibility of a Luttinger liquid,
parametrized by K and v from Eq.(41),(42), is given by

i = 7 = o + U(0) - U(2kr). (43)
As one can check, Eq.(43) coincides with the inverse compressibility of electrons
with a quadratic spectrum obtained in the Hartree-Fock approximation. A per-
turbative (linear in U) form of Eq.(42) has recently been derived in [41]. It can
also be read of from the tunneling exponent of a 1D system with a quadratic
dispersion [42].

Galilean invariance and Pauli principle: coupled subbands Now we al-
low for harmonic coupling between subbands, i.e., take into account intersubband
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forward [Eq.(25)] and exchange backscattering [Eq.(27)]. For the contact inter-
action, the amplitudes of these two processes coincide: by = by = fy and, as a
result, inter-subband interaction drops out. The Pauli principle is thus satisfied.
Intersubband exchange backscattering does violate Galilean invariance, and the
correction procedure, similar to that for a single subband, is necessary. We will
not do it here however, because for a long-range interaction (a/d < 1), the vio-
lation is “weak”: the deviation from the Galilean-invariant result is proportional
to the exchange amplitudes, which are small compared to the direct ones.

3.1 Nearly Equivalent Subbands

First, we discuss the CDW-instability, which may occur if the density equilibra-
tion between subbands is energetically favorable. To simplify the discussion, we
consider the case of a long range interaction (a/d < 1), when amplitudes of
all exchange processes are small. In the leading order, fc = b; 2 = 0 and the
only “dangerous” process to be considered is direct intersubband backscattering.
Furthermore, we assume that subbands are nearly equivalent and put vip = vop
and K; = Ks but keep 0kp = k1p — kap in Eq. (26) finite. It is convenient to
introduce symmetric and antisymmetric combinations of boson fields

01 £0y

P11+ P2
=" 0y = , 44
Ot 7 0 NG (44)

which correspond to fluctuations of total (+) and relative (-) subband charge
and current. In terms of these fields,

H =H, +H._
1 v
He=3 /dx {KJr(aﬁPJr)Q + v+K+(8$6‘+)2} , (45)
+
1 v_ 2 2 fbs
H.o = / dx{K_(axcp) +o-K_(9:0-)+ 55 cos[\/87w+25kw}}<46)
where

2U/(0) — U(2kr)] /2 U(2kr)] ™"
K, = {1 + ()(F)] and K_ = {1 _ U F)] . (47)
TR TUR
and vy = vp/Ky. Note that K_ > 1 for U(2kp) > 0, which signals effective
attraction in the (—) channel.

Collective adjustment of densities as a commensurate-incommensurate
transition To understand how the CDW-instability works, we consider first a
model situation when K_ < 1, so that operator cos[v/8m$_] is relevant in the
RG sense. Finite dkr stops the RG-flow at scale £ ~ 1/1In |0kF|«, thus precluding
the system from reaching its strong-coupling limit. However, this consideration
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Fig. 4. An illustration of the charge density wave in two coupled subbands. A stag-
gered configuration lowers the energy due to short-range repulsion, if the densities are
commensurate.

does not take into account the possibility of a collective density readjustment
between subbands. Such a readjustment may occur, if the kinetic energy loss
2 = vpdkp is compensated by the gain in the potential energy due to opening
of the gap in the (-) channel. In other words, when the difference in electron
densities is sufficiently small, the total energy is minimized by equating the den-
sities and opening the charge gap. Obviously, such process cannot be considered
at the level of single-particle description of transverse quantization. Instead, one
should now treat eigenstates and eigenenergies of the wire as being determined
by a self-consistent procedure, involving both single-particle and many-body ef-
fects.

The mechanism described above can be considered as a commensurate-incom-
mensurate transition. The incommensurability, defined as Z = L~1( f dx0p_),
where L is the length of the wire, is known to have a threshold behavior [43,44]:

T~ /022 —0220(2—1.), where 2. = \/2n K_Acpw and the gap follows from
mapping on exactly solvable Heisenberg spin chain [45], Acpw ~ (fps)/20—K-),
As follows from the definition of the incommensurability, Z = 0 implies dkr = 0,
i.e., equal subband densities. Therefore, the re-adjustment takes place if 2 < 2.
Backscattering is then enabled and relevant (for K_ < 1), even for a non-zero
initial value of dkp.

What is the physical meaning of this instability? A simple picture can be
obtained in the limit of strong (both inter- and intra-subband) interactions,
when the potential energy dominates over quantum fluctuations. In this case,
electrons of each of the subbands form a regular lattice (Wigner crystal). Boson
fields ¢, also have periodic structures with period equal to /7 (recall that a
shift of /7 corresponds to adding one electron into the system). For fs > 0,
the energy of intrasubband repulsion

Fos COS[V8Tp_] = — fos cos|VAT (1 — o 4+ V/7/2)] (48)

is minimized by a relative phase shift of /7/2 between the subbands, which
corresponds to a shift of electron lattices by half-a-period. This is an inter-
subband charge-density wave (CDW).
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Competition between CDW and Cooper channels Let us now suppose
that the density re-adjustment did occur, i.e., dkr = 0, but Cooper scattering is
also present, so that the Hamiltonian of the (-)-channel is

_1 o= 2 2
H_ = Q/dx{K_ (Orp—)"+ v_K_(0,0-)

+ Wfbs cos V8mp_ + cosx/iﬂ } (49)

Which of the two instabilities—CDW or superconductivity—wins? The situation
of this type, when cosines of both mutually conjugated fields (p_ and 6_) are
present, was analyzed by Schulz and Giamarchi [46]. They found that the result
is very sensitive not only to the value of K_, which determines the scaling di-
mensions of the fields, but also to the ratio of amplitudes, fo/fys. As K_ > 1 for
repulsive U(r), it may seem that superconductivity is favored over CDW. The
situation is not that straightforward, however. For example, consider the situa-
tion of weak and long-range interactions, i.e., assume that U(0),U(2kr) < vp
and a < d. Because the interaction is weak, both processes are almost marginal,
CDW being on the slightly irrelevant and superconductivity on the slightly rel-
evant side. For long-range interactions, fys ~ U(2kr) and fo ~ (a/d)?U(0).
Modeling U(z) by

e?/ex, forx < d;
U(z) = {0, forz > d,

we get U(2kp)/U(0) ~ In(kra)/In(d/a). Thus

fe a\2? Ind/a
—~ = 1.
fos (d) Inkra < (50)
The RG-equation for K_ [46]
d 2 2
Tk =2 g 61)

shows that K_ decreases, if |fo| < |fps|- Even if initially K_(0) > 1, the sit-
uation with K_(I) < 1, when CDW is relevant, will be reached in the process
of renormalization. For weak and long-ranged interactions, CDW thus wins over
superconductivity.

If interactions are not sufficiently weak and/or long-ranged, only a full RG
solution can determine the leading instability. We will not analyze the general
case here.

3.2 Non-Equivalent Subbands: Renormalization Group

Now we consider a generic situation of non-equivalent subbands, when §kp is
not small enough for the density re-adjustment to occur. We find that a strong
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imbalance between Fermi-velocities of occupied subbands actually helps super-
conducting instability to develop (see case B below), despite the fact that a
naive scaling dimension estimate does not show this. This effect follows from the
next-to-leading order perturbative RG calculations, which we present here.

Because dkp # 0, we neglect the dBS process [Eq. (26)] from the outset
but keep the Cooper one [Eq. (28)]. For long-range interaction, one can also
neglect the xBS process, Eq.(27), whose amplitude is small for this case: b; o
(a/d)?. Tts inclusion is straightforward (UZ is quadratic) but does not lead to
any qualitatively new results, while complicating the analysis significantly. The
Hamiltonian then reads

H=H,+ U +0°. (52)

Because UC contains #-fields, it is convenient to switch from the Hamiltonian to
the Lagrangian approach and to integrate out the p-fields. The quadratic part
of the resulting action is diagonalized by the following transformation

(0_1) _ <,u1 0 ) < cos 3 sinpf ) (\/v1K191> (53)
Oy )  \0 puo —sin B cosf Vo Ko0y )

where
ug 1/2
tan2( = T Uo= [Qfov UlK1U2K2/7T} ) (54)
102
and
_cosf sin 3
MTVOE T Ve
sin 8 cos 3

= . 55
= Vi Ky VoK, (55)

In terms of new fields, the action is given by

S:%/dIdT

S Rl (0,07 + un(0.6,)°) + 1S cosx/ﬂ(a‘lt%)],

w202
(56)
where
i = 5 (02 08+ \J0F — ) + ) (57)
are the velocities of new collective modes and R,, = 1/(u,u2) are the new

stiffness coefficients.

We are now ready to perform the momentum-shell RG, i.e., to develop per-
turbatively in coupling constant fo and integrate out high-energy fluctuations
with 2-momentum k within a thin strip A —dA < k < A (dA/A < 1). The first-
order contributions renormalize fo, whereas the second-order one renormalize
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stiffnesses R,,. The main difference from the conventional RG-treatment of the
sine-Gordon action (see, e.g., Ref. [47]) is that the fZ-contribution produces
(among others) mixed gradient terms of the type 9,60,0,0, (v = 7, ), which are
absent in bare action (56). To eliminate these terms, we transform fields one

more time :
01 _ o cosh 3 t'sinh /3’ 0,
(éz) N (1 + I tl, sinh 3’ cosh 3’ 0y ) (58)
where
R dA [ fo\? 1
Y= Uz 112 15 =%“(lc 1
o and 0 T\ s iRy (59)

are chosen in such a way that the coefficients in front of mixed gradient terms
vanish. When written in terms of 8,,, the action is brought into its original form
but with renormalized parameters. The resulting RG equations read

2
%Ril - _fgél(R%(élwﬂL )" R%(12+ 7" Rij)’ (60)
2
%Riz - _fQJ;(R?(li )" R%(il 7" Rlll%ﬂ)’ (61)
e ) @

where f = (1/7T)fc\/u1_2 + u2_2 is the dimensionless coupling constant and v =
uy /us. To the f2-accuracy, all terms multiplying f2 on the right-hand-side of
the first three equations above have to be treated as a constants determined by
the initial conditions. The system of RG-equations has an obvious integral of
motion

2 2
c="yL_p (64)
C1 C2

where = 1 —1/Ry, y = 1 — 1/Ry and c¢; o are the coefficients in front of f2
in Egs. (60,61), respectively. Note also that © = (¢1/c2)y + p (we denote z =
x(1), y = y(I) whereas initial conditions are denoted by sub-index 0, i.e., z(0) =

xo, etc.). Constants of motion C and p are determined by initial conditions.
The flow described by (60-63) is quite similar to that of a canonical Kosterlitz-
Thouless system: x and ¥ increase with f regardless of its sign. If zo, 3o > 0, f
grows unrestrictedly, flowing into the strong-coupling regime with a gap in the
61 — 6 channel. Such initial conditions correspond to R; 2 > 1, i.e., to the attrac-
tive interaction in the 6,-channels. It is worth emphasizing here that due to the
presence of inter-subband forward scattering, such effective attraction may arise
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in a purely repulsive system, as we shall demonstrate shortly (case A below).
Another relevant limit is represented by the “repulsive” case (case B), where
initially zo < 0, yo < 0. For a strong repulsion (R 2 < 1), f quickly renormal-
izes to zero and the resulting phase is a two-subband Luttinger liquid. However,
there is a region of anomalously small zg,yo ~ fo (which requires strong inter-
subband scattering), where Cooper scattering may still be important. One finds

that if
(c1+ Cz)ﬁgz > (zo + yo)Q, (65)

the Cooper process wins over repulsion and initially negative variables x,y
change sign during renormalization. In this case, the Cooper scattering ampli-
tude initially decreases with [, but then passes through the minimum and finally
flows into strong-coupling regime f > 1. Equation (65) is a condition for the de-
velopment of superconducting fluctuations in the system with purely repulsive
interactions.

Now we again apply our analysis to a wire with weak and long-range inter-
actions. Two limits are possible.

Case A: Acpw/k'p L viFp — var K Uy.

The first inequality allows one to neglect direct backscattering, which leads
to inter-subband CDW, whereas the second one allows to consider subbands
as “nearly equivalent”. Denoting vp = vip, dvp = v1F — vop, and the 2k, p-
component of electron interaction potential in the n-th subband by Uz(Z;, one
finds

S LZQ,M,%%<2 (66)
Rl RQ 27T’UF (a 27TUF ’
which corresponds to an effective attraction. Thus, thanks to inter-subband for-
ward scattering, the Cooper process is relevant in the system with purely re-
pulsive interaction. Note that a small velocity imbalance dvp > 0 enhances the
relevance of Cooper scattering . (As our second subband is chosen to have a
higher energy, dvr is always positive.)

Case B: vip — vop > U(0). Van Hove singularity.

In this limit an analytic solution is also possible. Generally, one finds that
1/R1+1/Rs > 2, which corresponds to effective repulsion. Neither CDW nor su-
perconducting instability can develop, and the resulting phase is a two-subband
Luttinger liquid. This is not true, however, in the limit of a strong velocity imbal-
ance, when vop /v1p < 1, which corresponds to opening of the second subband
for conduction. Then u,, &~ v, and v = uj /us ~ v1p/vop > 1. Hence ¢; ~ v and
it follows from (65) that Cooper process wins over repulsion, if fo > U(0)/\/7.
For long-range interactions, this inequality reduces to

% < (%)4. (67)
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The physics of this scenario is well known - interactions are enhanced due to the
large value of the density of states (x 1/vap) in the upper subband (Van Hove
singularity). We should warn here that our calculations do not describe the very
onset of conduction in the upper subband, because its proper description requires
accounting for the nonlinearity of the electron spectrum, which is beyond our
bosonization analysis. However, such a calculation was performed by Balents
and Fisher [15], who analyzed the case of a contact interaction. They found that
superconducting fluctuations are indeed enhanced in this limit.

We thus see that superconducting fluctuations do have a good chance to
overcome the electron-electron repulsion and drive the system into a strong-
coupling phase with the gap in the spectrum of relative current fluctuations,
0, — 05.

There is another important feature of the RG-flow described by Eqs. (60-63):
the interaction tries to equilibrate densities in the subbands. This is seen from
equation (62): dv/dl is proportional to 1 —~2, which makes v = 1 a stable fixed
point. v tends to increase, if initially 79 < 1, and it tends to decrease, if 79 > 1.

4 Electrons with Spins

Guided by the results of the previous Section, we now comment briefly on what
happens if spin is included. As should be clear from the complexity of Eqs.(16-
21), this question has no simple answer. For a quantum wire with 0 < U(2kr) <
U(0), possible phases are (i) Luttinger liquid, (ii) inter-subband CDW, and (iii)
Cooper phase (superconductor). As with spinless fermions, subbands must be
nearly equivalent in order for the CDW phase to occur, whereas the Cooper phase
needs effective attraction in the relative charge-density excitation channel. When
neither of these conditions is met, a two-subband Luttinger liquid is realized.
At different degrees of generality, renormalization group analysis of the model
defined by Egs.(16- 21) has been performed in the past and we refer to papers
[25,15,17] for a detailed description.

Long-range interactions If the interaction is long-range and weak, a con-
siderable simplification occurs. In this case, amplitudes of forward intra- and
inter-subband processes are the same [see discussion after Eq.(12)] and a simple
perturbative estimate of the scaling dimension d¢ of the Cooper process (21) is
possible.

For weak interactions, K,, =1 — (2U(0) — Q(Z;)/(%rvnp), and fo = U(0).
The SU(2)-invariance requires that K,, = 1. One finds

(1) (2) (1)
59 Uk + Vs dvp Uy
C dnvp vp 4mup

< 2. (68)

Observe that this result coincides with Eq.(66) upon replacing U(0) — 2U(0).
Thus, Cooper scattering is relevant for repulsive long-range interactions (and
assuming also that 0 < dvp < Up).
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However, if K,_ is sufficiently close to its non-interacting value, i.e., to unity,
backscattering is strong (fps = tsp, tep), and 0kp is small, the CDW-channel can
take over the Cooper one, similarly to what happened in Subsection 3.1.

Electron ladder There is an interesting qualitative question where an RG
consideration is very helpful. Suppose that condition (68) is satisfied and thus
tunneling of fluctuational Cooper pairs is relevant. What happens to spin ex-
citations? To answer this question, we relax the SU(2)-invariance condition
and perform the RG calculation for two nearly equivalent subbands so that
Uy = Uy, Ky = K, where v = p,0. Nevertheless, we assume that dkp is
still finite and neglect direct backscattering (19), similarly to Subsection 3.1.
The problem then becomes identical to that of two coupled equivalent chains
(“electron ladder”). Also, for the sake of simplicity, we consider only the sin-
glet channel of Cooper scattering. Due to enhanced symmetry, the total current
fluctuation mode 6, = (01, +62,)/ v/2 decouples from the rest and is described

by a harmonic action with Kp_f = K, + 2fo/(wvr). Relative current fluctua-

tions 0, = (61, — 02,)/\/2 are described by the sine-Gordon theory [ts, term
n (21)] with K;f = K,? - 2fo/(mvp) and v, = v,[l — 2foK,/(mvp)]Y/2. In
addition, we have to keep track of spin-density sector, which contain the cosine
term corresponding to intra-subband backscattering (17). For convenience, we
denote the amplitude of this term by g,, its initial value being g,(0) = U(2kp).
After tedious but straightforward calculations we arrive at the following system
of RG equations:

o =201~ Ky 7, (69
Si=(-K, - Klp_ 9, (70)
LK) = 3@+ P), ()
%(1— Ki—) =12, (72)

where g = g,/(mvp) and t = t,/(mvr). Let us recall what happens in the ab-
sence of Cooper tunneling first and set t5, = 0 everywhere in this system. In the
weak-coupling limit, K, = (1—g)~'/? ~ 14 3/2 and (69) becomes dg/dl = —g?,
which gives go = go/(1+gol). For repulsive interactions (go > 0), g < £~1 — 0 as
{ — oo: intra-subband backscattering is marginally irrelevant. Observe now that
when the Cooper process is present and relevant, i.e., when ¢ increases, the flow
of g is modified: the #2-term on the right-hand-side of Eq. (69) changes the sign
of dg/d¢. Hence g, is bound to become negative in the process of renormalization
and grows unrestrictedly in its absolute value. Intra-subband spin backscattering
is thus driven relevant by singlet-pair tunneling, which results in pinning of ¢, in
Eq.(17) and opening of the spin gap. Thus, similar to the true superconducting
state in higher dimensions, the Cooper phase is characterized by gaps in both
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charge- and spin-channels. The only massless excitations are those of the total
charge channel. This phenomenon is not restricted to the degenerate electron
ladder but rather is a generic feature of the system of coupled subbands and/or
chains, see, e.g., [15,17].

5 Conductance

Having realized the importance of inter-subband interactions, we now proceed
with the analysis of its effect on observable properties of quantum wires. The
first property we consider is conductance G.

5.1 No Disorder

Our results for the conductance of a clean wire can be understood from the
following simple considerations. The dc conductance of a single-subband wire is
equal to 2¢2/h regardless of the interactions in the wire [48-50]. Consider now
a wire with several subbands occupied. Those interband interactions, which do
not open gaps, lead only to a renormalization of Luttinger-liquid parameters. As
these parameters do not enter the final result for G, the conductance remains
quantized in units of 22 /h per occupied subband. Other processes, such as direct
backscattering and Cooper scattering, open gaps in channels of relative charge
fluctuations as well as in spin channels. Neither of these gaps, however, affects
the motion of a center-of-mass of the electron fluid through the wire, thus G
remains unrenormalized by this type of interactions as well.

Now we demonstrate the proof of the statements made above. Consider the
case of a superconducting instability, when the cosine term of Cooper scattering
in Eq. (12) is relevant and the 6,_-field is thus gapped. Gaussian fluctuations of
the gapped field can be described by expanding the relevant cosine term around
its minimum value:

(4fc/m*a?) cos[V2m (01, — 02,)] = const +m?(61, — 0a,)?, (73)

where m is the mass of the field. The strong-coupling (superconducting) phase
corresponds to m # 0, whereas in the Luttinger-liquid phase m = 0. Expanding
cos[V/2T ] around their minima as well, we find that at the Gaussian level
charge and spin modes decouple again. Note though that now these are massive
modes.

As spin excitations do not affect charge transport, we concentrate on the
charge sector of the theory, whose Hamiltonian is given by the sum of Egs. (16,18)
and (73). In order to simplify notations, we suppress index p in this section, so
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that 8, — 6_, etc. Using v, K,, = v,r, we write the charge Hamiltonian as

H, = %/dw{w [(0,0:)2 + (9,0-)°]

L1 (“1 + ”2) [(Pap1)? + (Do )]

2\ K, K,
2
+ % [(00p4)? = (00p-)*] + (v1F — v2r) 000+ 006
n v 292
+ <K1 K2> Opp1O0zp— +m 0_}. (74)

The total charge current is given by j = e\/2/m ) Owpn = e(2/y/m)0ipy.
In order to find the current-current correlation function, one needs to know
the retarded Green’s function G,y (zt) = —iO(t){[¢+(xt), ¢4(00)]), which is
coupled to another Green’s function G_ 4 (xt) = —iO(t){[¢—(zt), ¢4 (00)]) by
the following equations of motion

o2 vt 1 v v 2fy
( 18,5) G++ = 72 6($)6(t> 281 {Kl + AKQ + 77_[_ (Ul + UQ) 8ZG++
1 2 2 2
PR R

v v3 2fo

— 1
(_iat)2G—+ = D) 6($)5(t> - 58;( {Kl + E - 7(1)1 + '02)} 83;G_+

1 v? v3 2 fo
— 58/1‘ {[(1 - ?2 + 7(111 — Uz)} 61G++ (75)

2 1 (% V2 2f0 2 1 U1 V2

s ) et () e
In the massless limit (m = 0), this system of equations is solved readily. In
order to model the effect of non-interacting electron reservoirs, which the wire
is attached to, we assume that K,,v, vary with x adiabatically and approach
their non-interacting values K, = 1,v, = v for £ — +oo [48-50]. In the
zero-frequency limit, the solution is particularly simple: G4 (z,w — 0) =
1/2iw, G_y(x,w = 0) = 0. As a result, the conductivity o(x,y;w — 0) =
(€/h) (2/+/7)%iw/2iw = 4€? /h is x-independent, and the conductance is simply
G =2 x 2e2/h.

In order to see the effect of the gap, we consider first the case of equivalent
subbands (“electron ladder”), introduced in Sec. 4. One observes immediately
that conditions v; = vo, K7 = K> lead to complete decoupling of the equations
for G44+ and G_4. As a result, the total charge mode ¢4 is not affected by
the gap. Taking the boundary condition for K and v into account gives again
the universal result G = 4e?/h. The result for the “electron ladder ”thus gives
us a hint that G remains at its universal value despite the presence of the gap

in the relative charge channel. In order to prove this statement in the general
case, we neglect for the moment the boundary conditions for K, and v,, i.e.,
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consider a uniform wire with two coupled subbands. System (75 ) is then solved
by Fourier transformation. The key feature of the result for G (q,w) is that it
still has a pole corresponding to a massless mode w x ¢, despite the presence of
the massive term. The conductivity becomes

wF(w, q)
w? — 02¢%) (w? + Wi, — u%g?)’

o(q,w) ~ ( (76)
where v, u are some renormalized velocities, w,, is some energy proportional to
m?, and F(w,q) is a smooth function of its arguments. As a result, o(q,w) =
G4(q) in the limit w — 0, where G has a meaning of the conductance. Because we
neglected the boundary conditions corresponding to presence of non-interacting
leads in this calculation, G depends on all interaction parameters — vy, K,
and m?-and is of course different from 4e?/h. It is clear though that once the
boundary conditions are restored, this non-universal value is replaced by the
universal factor of 4e?/h. The only other possibility is G' = 0, which, however,
is ruled out by the fact that G (¢,w) has a massless pole.

We thus conclude that the conductance of a clean wire remains at the univer-
sal quantized value irrespective of whether the relative charge mode is gapped
or not. The case of a CDW instability can be treated in a similar manner.

5.2 Disordered Wire

A disordered two-band system in the presence of interaction-induced instabilities
was considered by Orignac and Giamarchi [28] and by Egger and Gogolin [22].
Our discussion of a disordered two-subband wire follows largely these two papers.
Results of the subsequent analysis can be summarized as follows. If Cooper
scattering opens a gap, the system does not become a real superconductor: at
T — 0 a single weak impurity splits the wire into two disconnected pieces at low
enough energies and weak random potential leads to localization of electrons,
similar to the case of a gapless Luttinger liquid. Nevertheless, effects of disorder
are less pronounced than for a gapless Luttinger liquid. On the contrary, the
CDW-state is more sensitive to disorder than a gapless Luttinger liquid.

Spinless electrons We begin by considering a single impurity described as
a potential perturbation w(z,r, ). The impurity causes backscattering of elec-
trons within the occupied subbands, as well as inter-subband backscattering.
The amplitudes of the corresponding processes are given by

Wy (2knr) = /dxdrlw(x,rL)qSi(rL) cos(2k,px), n=1,2; (77)
Winter = /dfduw(% ri)pi(ri)dz(ry)cos [(kip + kep)z].  (78)

If w varies slowly across the wire, then Wipter < W, due to the orthogonality
of transverse wavefunctions, and we consider intra-subband backscattering first.
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The bosonized form of intra-subband backscattering is

o = W (2knr) cos[Vdmp,| = Wa (2knr) cos[V2m(pr £ )], n=1,2;
Ta

intra

T
(79)
so the total backscattering operator is given by
Winsa = 32 Wiy = 22020 = WACRE) Gy Jinfy e |
n=1,2
 Wa@hor) T WAar) (o1 oo ] coslv/amp . (30)

luyes

Note that Wiptrs is local in space and thus cannot change the RG-flows of bulk
parameters of the wire. Depending on these bulk parameters, however, Wit a
will either grow, splitting eventually the wire into two disconnected pieces, or
decay, in which case the impurity effectively disappears.
(i) Cooper phase.

In the Cooper phase, 0_ is gapped, hence p_ fluctuates strongly. [This follows
from the fact that _ and ¢_ are canonically conjugated fields, see Sec. 6.] On
the first sight, it may seem that these strong fluctuations render Wiy, to zero.
To see that it is not so, consider a second-order impurity contribution, e.g.,

2
<W1(2k1F)> /dT/dT/<<eim¢,(T)€4m¢,(T')>

yes

x cos[V2mp s (7)] cos[V2mp (7')]) (81)

As we will be explained in more details in Sec. 6, the correlator of ¢_—fields in the
Cooper phase decays exponentially, i.e., (eimsO*(T)e_imW*(T/)) ~ e‘ASC\T-TW,
where Ag¢ is the Cooper gap in the §_—channel. As a result, the double integra-
tion over 7, 7" in Eq. (81) is effectively contracted into a single one, which gives
Agl (W (2kyp)/7a)? [ dr cos[v/8mp(7)]. The mechanism of generating higher
order impurity backscattering was discovered in [28,22]. (v/87 under the co-
sine indicates that this is a two-particle backscattering process.) Following the
RG-calculations of Kane and Fisher [7], one finds that impurity backscattering,
generated in this way, becomes relevant for K, < 1/2. Note that this requires
rather strong electron repulsion. For weaker repulsion, impurity scales to zero
and the wire retains the universal conductance of 2¢?/h. Without superconduct-
ing correlations, i.e., when 6_ is not gapped, an impurity is effective for K < 1.
Thus the Cooper phase weakens but does not eliminate impurity scattering.
(ii) CDW phase.

In this phase, dkr = 0 and _ is pinned by the bulk nonlinear term cos[\/ggo,],
so that ¢_ acquires average value (p_) = /7/8. Allowing for fluctuations
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around the average value, we substitute ¢_ = (p_) 4+ dp_ into (80)

Wy (2kp) — W1 (2kF)

Wintra = p— sin[v/2m, | cos[vV2mdp_]
— WQ(QkF);Wl(%F) cos[\/ﬂcp“ sin[\/ﬂégo_] (82)

Observing that for small fluctuations one can replace cos[v27ép_] =~ 1, we see
that the first term in (82) gives the strongest contribution to backscattering,
which is relevant already for K < 2. The second term requires more work. To
the second order in the amplitude of this term, an expression similar to (81) is
generated, but now it involves the following average

(snlZrd (1)) sinlErdg_ (1)) ~ SCP siublo( Acowlr = )] (53

where Acpw is the CDW gap, 4y is the ultraviolet energy cutoff, and Ky(z) is
the modified Bessel function, [Ky(z) ~ e~*/+/z for x > 1]. This result is due to
the fact that in the massive phase

<@im6¢_(7)eﬂm5¢_(ﬂ> ~ exp [~ Ko (Acpw /Ao) F Ko(Acpw|T — T/I)g . )
84

As a result, correlation functions of sines and cosines of massive fields are
different: the first ones decay exponentially with distance, whereas the second
ones reach constant values. Thus the double integral over 7,7’ in (81) can be
reduced to the single one again, and, similarly to the Cooper-phase case, two-
particle impurity backscattering, relevant for Ky < 1/2, is generated.

It is also straightforward to analyze the effect of inter-subband impurity
scattering

Winter = 2Winter(if + kar) cos[V2mp4] cos[v2ml_]. (85)

Similarly to Eq.(81), we have to average over the strongly fluctuating 6_—field,
which generates again the two-particle backscattering term ~ cos[v/8mg ], rele-
vant for K < 1/2.

Hence, the perturbative correction to the conductance of a CDW wire behaves
as

—0Gepw w?ef+ 72 4 (’w2/ACDw)2 €4K+72, (86)

where € = max{T,bias} and where we have also indicated the order of the
impurity potential. Please note that the exponent of the weak-link counterpart
of (86), derived in Eq.(134) of Section 7, is not related to the leading exponent
K — 2 here by the conventional duality relation [7]. We conjecture that this
violation of the duality signals phase transition separating regimes of weak and
strong tunneling.
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For the Cooper-phase case, cos[v/270_] is replaced by sin[v/27d0_]. Hence,
Winter also generates the effective two-particle term in the second order of pertur-
bation theory (cf. with our analysis of the second term in (82)). The correction
to the conductance is given by

—0Gsc (w2/A50)264K+_2. (87)

To summarize, the Cooper phase is insensitive to a single impurity as long as
K, > 1/2, whereas the CDW one is stable only for K} > 2.

We now turn to the case of weak random potential produced by many im-
purities. To establish the boundary between delocalized and localized regimes
for the case of weak disorder, it suffices to replace ¢ — 1/L in Eqgs. (86,87)
and to multiply G by the total number of impurities [51], proportional to L.
Depending on whether §G increases or decreases with L, the wire is in the lo-
calized or delocalized phase. By doing so, one concludes that a wire is localized
for K, < 3, if it is in the CDW phase, and for K, < 3/4, if it is in the Cooper
phase. For comparison, a (spinless) single-subband Luttinger liquid is localized
for K < 3/2.

Electrons with spins The bosonized form of impurity backscattering is given

by
4W; 2k
wi) = kL) oy o, ko coslVR(ors £ 0r ) (59)
Winer = 102 2D ol (i, 46, cos[y/T(6o + 0o )]s (59)

where +(—) in the argument of cosines refers to the 1st (2nd) subband and all
operators are evaluated at the position of the impurity.

In the Cooper phase, the 6,_— and ¢,4+-modes are gapped, whereas the
conjugated modes, i.e., ¢,— and 8,4+ , exhibit strong fluctuations. Integrating
out ¢,— and s+ , we find: Wingra ~ Agé [W(2k1 2 F)]Qcos[\/ﬂgofﬁ], which is
relevant for K, < 1. The same is true for Wiyter, where strong fluctuations of
0,_ produce a similar operator. The correction to the conductance behaves as

—0Gsc (’w/Asc)2 62Kp+_2, (90)

i.e., as if we were dealing with a single channel gapless Luttinger liquid, charac-
terized by parameter K, , subject to an effectively reduced impurity potential.
Weak random potential leads to localization for K, < 3/2.

In the CDW-state, the situation is different. In this case, the ¢,_- and s +-
modes are gapped [14,28], whereas the 6,_- and 6,4+- modes fluctuate strongly.
As a result, intersubband backscattering is renormalized into cos[\/ﬂgpp+], as in
the Cooper phase, but intra-subband one remains unchanged and is determined
by the dynamics of the only gapless ¢,4 mode:

Wintra X COS[\/E@/J-F}' (91)
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Pinning of ¢, at the impurity site leads to the suppression of the conduc-
tance. Wiptra is relevant, i.e., an impurity eventually splits the wire into two
disconnected wires for K, < 4. The correction to the conductance behaves as
—0G x wze%_? This is to be contrasted with the case of a gapless Luttinger
liquid, when the impurity is relevant only for repulsive interactions (K < 1). This
reflects the fact that a real (gapped) charge-density-wave is pinned stronger than
the fluctuating one (Luttinger liquid). Finally,a weak random potential localizes
the CDW-wire for K, < 6. It is worth pointing out here that such large values
of critical K, , separating localized from pure behavior, imply strong effective
attraction between charge fluctuations in the p+ channel. It might well be that
for such an attraction instead of CDW instability charge segregation will take
place [52].

Thus, for electrons with spin, the Cooper phase is more stable to impurities
than the CDW one, similar to a spinless case, but both are unstable in the
physically relevant region of K, < 1.

6 Single-Particle Density of States

We now turn to the discussion of tunneling into a quantum wire. To the leading
order in barrier transparency 7, the differential tunneling conductance is

GV) = 55 = [TPpepleV), (92)

where p, is the density of states (DOS) in the contact (which we assume to be
energy independent), p(e) is the DOS of the wire, and V is the applied voltage.
When the wire is in the gapless Luttinger-liquid phase, p(€) o |¢|?. This behavior
has recently been observed in tunneling into carbon nanotubes [3]. Tunneling into
the edge of a fractional quantum Hall system also exhibits a power-law current-
voltage dependence [53], which might be an indication of a chiral Luttinger-
liquid state at the edge. Here, however, the situation is not that straightforward,
and other explanations, different from a chiral Luttinger liquid, have also been
suggested [54,55].

Suppose now that a two-subband quantum wire is in one of the possible
gapped phases, i.e., CDW or Cooper phase. The goal of this Section is to analyze
what would a tunneling experiment show in this case. The answer turns out to
depend crucially on the geometry of the experiment. If the tunneling contact
probes the interior of the wire, the gapped behavior is predicted: G(V') = 0 for
eV < A, where A is the appropriate energy gap. For eV > A the behavior is
non-universal: the threshold behavior of p is determined by gapless charge and
spin modes. More surprisingly, tunneling into the end of the CDW-wire exhibit
a gapless behavior, similar to the Luttinger-liquid case. The tunneling exponent
though is different from that for the gapless phase.



66 Starykh et al.

6.1 Tunneling Preliminaries

The local single-particle (or tunneling) density of states is given by

() =~ Tm{Greal, )}, (93)

where Gyet(w, ) is a Fourier transform of retarded Green’s function Gt (t, ) =
—iO(t) X ({W,(t, ), ¥l (0,2)}). Representing the electron of the n-th subband as
a sum of right- and left-movers and accounting for the orthogonality of trans-
verse wavefunctions, the Green’s function becomes Grei(t,2) = 3 [GEn(t, z)

+GEn(t,2)], where the summation is over all occupied subbands and G2z (¢, x)
= —iO(t) Lo{{Nns(t,z), NJ (0,2)}), N = L, R, see (13,14). The contribution of
the off-diagonal terms ~ (R, L}) is less singular and is thus neglected. p(w, ) is
a sum of contributions from right and left movers of all occupied subbands. To

find p(w,x), it is convenient to calculate first the Matsubara Green’s function
GR(T7 x) = _<TTRS (T7 I)RI (Oa 0)>7 (94)

and then to make the analytic continuation to real frequencies. Left- and right-
moving fermions give identical contributions to p, thus the result obtained from
(94) is simply multiplied by a factor of two at the end.

The key feature of gapped phases in multisubband 1D systems is the co-
existence of gapped and gapless modes, which also makes the calculations to
be slightly less trivial. The single-particle Green’s function under these circum-
stances has recently been considered in Ref. [27,26], and our analysis follows
largerly these two papers.

6.2 Warm-Up: DOS of a Half-Filled Hubbard Chain

To warm up, we consider the simplest system in which gapped and gapless modes
co-exist — a single-band Hubbard chain at half-filling. In the context of nanostruc-
ture physics, such a system is produced by imposing an artificial periodic poten-
tial of period ag over a quantum wire [31]. At half-filling, the Fermi-momentum
krp = m/2a is commensurate with the reciprocal lattice spacing, which gives rise
to Umklapp scattering. An Umklapp process occurs as simultaneous backscat-
tering of two right- or left-moving electrons, the total momentum transferred to
the lattice being +4 X 7/2ag = +2m/ag. This process is responsible for opening
of the (Mott-Hubbard) gap in the charge excitations spectrum. On the other
hand, spin excitations remain gapless, and are described by the SU(2)-invariant
Luttinger-liquid Hamiltonian (K, = 1).
The corresponding Hamiltonian of the charge sector is

1
H = [ do{, (0.0, + 72 0u,? + geoslVomp )l (99)
p
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where the last (cosine) term represents Umklapp scattering. Substituting Eq. (13)
into Eq. (94), one finds that G factorizes into a product of spin and charge parts

GR(T, x)=— 5927;(07;) F,(1,2)F,(7, z);

™

b, = <eXp[i\/§(%(1) = ¢u(0))] expl—iy [ 5 (6,(1) = 0,(0))])us v = p, 5 (96)

where shorthand notations 1 = (7,z), 0 = (0,0) have been used. F, is gapless,
whereas F), contains massive fields.

Bosonic calculation To calculate F), in the bosonic language, we adopt the
semiclassical approximation, i.e., expand the cosine in (95) around its minimum
to the second order in fluctuations. This is equivalent to replacing g cos[\/ggpp] —
m?@?, which defines the mass m?* = 4rg. Now the averaging is straightforward:

Fy(r,xz) = (97)

exp {_;T / (;lj:;(l — coslk - z])(Ge(k) + Gy (k) + QiGG(MQJ[(:%)]:iW)} ’

where k = (ko, k1) = (wn,q), z = (7,z) and
vK

th(wﬂmq) = <TTSDPSDP>Uan = U2q2 +w% + mQUK' (98)
The Green’s function of 6,-fields can be written as
v 1 w? m?
Gown, @) = (T-0,0,)0 o = 7( n )
olonsd) = Trboboluns = T\ 2@ 107 T 22 (P2 T B) (022 T 2 + )
= G5 (wn, @) + G5 (wn, q), (99)
where m? = m2?vK. The first term in Eq. (99) is just a free Green’s function,

whereas the second one is present only in strong-coupling phase and contains a
strong infrared divergence at ¢ — 0. This divergence is often explained by the
“uncertainty principle”: in a gapped phase, a position-like field (¢,) acquires an
average value, hence its canonical conjugate, momentum-like field (6,) fluctu-
ates strongly, hence its correlation function diverges. Let us analyze the Fourier
transform of Gy in more details, and define

I(z,7) = /57:;’2(1 — coslk - 2) G (w, ). (100)

Changing to polar coordinates w, = kcos¢,q = ksin¢g, 7 = zcosd,z = zsind,
we get

m222 (%" cos?¢ )  dy 1—cosy
I=9) = 5o /0 Wz p s 0= 9) /o y y? + m2z2 cos? (¢ — 0)

(101)
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The integral over ¢ diverges at ¢ = 0, which, if taken literally, means that I = oo
and thus F,(r,z = 0) = 0 for any finite 7. However, this divergence is absent
at ¥ = /2, which corresponds to 7 = 0,z = z. Let us therefore continue the
calculation at this special point. Despite the cancellation of the infrared diver-
gence, the integral is still controlled by the region of small ¢: ¢ ~ 1/(z) < 1.
Expanding sin¢ ~ ¢ and extending the limits of angular integration to +oo,
we find that I(z,9 = 7/2) = mx/4 + O(1/(mz)) for mz > 1. Collecting reg-
ular contributions from G, and Gél), we find that the equal-time exponential
correlator of §,-fields is given by

2 a2

In(z?/a?) — me . (102)

iab,(2,0) ,—iab,(0,0)y _ _a
(e e ) = exp R

An important feature here is that the expected exponential decay of this corre-
lator is modified by the power-law prefactor, given by the usual Luttinger-liquid
correlator. Symbolically, (e (@0 ¢=ia0,(0.0)y o — (gia0p(2.0) ¢=iab,(0.0)y -,
x e~ ™% One should be careful in using Eq.(102): the Luttinger-liquid parame-
ter K, which appears here, should in fact be understood as the strong-coupling
fixed-point value, K*, which is often unknown.

Fortunately, the fixed-point value of K is known for a half-filled Hubbard
chain: K* = 1/2. For mx > 1 then

(V@) mVEO) L const,
(VE0@ =VEO)  exp[—mima/4]/V/z, "

and the full Green’s function behaves as

a exp|—mmax /4] 1
G™(0,z) x NG X 7 (104)
in agreement with Ref. [57]. The second x~!/2-factor in Eq. (104) is due to
gapless spin excitations.

So far all calculations have been straightforward. Now we would like to argue
that the infrared divergence of I(z,9 # 0) is an artifact of the semiclassical
approximation, which ignores degeneracy of cos[v/8my] with respect to a uniform
shift ¢ — ¢ + \/gN with integer IN. The proper theory of both massive and
massless phases should be Lorentz-invariant. We thus propose that the correct
result, valid for any z = va? + v272, is given by Eq.(102) where x is replaced
by Euclidian distance z: x — z. Therefore,
a2 22 4 p2r2 a2

In( 5—) — —=mVa? +v3r?| . (105)

iaf(x,7) ,—1a6(0,0)
{e c ) AT K « 4K

= exp [—

Similar arguments in favor of such replacement were given by Voit [26].
We now use Eq. (105) to evaluate Eq. (97), and find [compare with (103)]

F(7,0) ~ %' exp|—mmw|T| /4]. (106)
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The spin sector average is non-zero and universal (thanks to K, = 1), there-
fore Fy(1,0) ~ y/a/v|T|. The corresponding DOS will be calculated later, see
Eq.(117). The correctness of the procedure described above is verified in the next
Section.

Re-fermionization. To check that our proposition makes sense, we now switch
gears and derive Eq. (106) in a completely different way. To this end, we use the
Luther-Emery refermionization procedure [58], which works for K = 1/2, that
is at the fixed-point of a half-filled Hubbard chain. This procedure begins with
an innocuous looking transformation ¢, = ¢/ V2, 0, = V20, which changes
Umklapp scattering in Eq.( 95) into backscattering of some auxiliary particles
(solitons): cos(v/8myp,) = cos(vV4my). Right- and left-going solitons are defined
by

Yy =

\/217@ exp {ivA(p T 0)} . (107)

In terms of new bosons, the original fermion operator (13) becomes

—im/8
R, =° explis E(go,, —6,)] exp(zigo) exp(—iy/70). (108)
2T 2 2
It can also be written in terms of solitons
R, = ¢'™/8 exp[is\/g(% —0,)] exp(—i@gp) Uy, (109)

where ¢ is expressed in terms of soliton density fluctuations as (1/y/7)0.p =:
¢iw+ + wTJp_ :. The usefulness of these formal manipulations is based on the
fact that Hamiltonian (95) is quadratic in massive solitons 14, and the mass (or
the gap A) in their spectrum is determined by coupling constant g: A = g/(27a).
Due to the presense of the gap, charge density fluctuations are suppressed, which
results in the suppression of fluctuations of . Therefore, at energies below the
gap the phase factor exp(—iy/7¢/2) in Eq. (109) can be replaced by its average
value. The charge part of the Green’s function (F},) coincides with the Green’s
function of massive fermions

Fp(7'7 x) -~ / dOJndq eiwn‘r-‘r’iqﬁf( _ M) . (110)

(2m)2 w2 + A? + v2¢?
At z =0,
1 dwpe™T ewT cos(wn, T )
F,(1,0) ~ —— 8 /
(7.0) \/w2+A2 " VwE + A2
A
= ;sgn(r)Kl(A [71]). (111)

Asymptotically, F,(7,0) ~ (A/vy/Alr])e 2", in agreement with our earlier
proposition (106).
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It follows from Egs.(110)-(111) that upon continuing to real frequencies

Fret(w = iwy) = —(w/20) (A% - w2)_1/2. Hence, the DOS of massive fermions
is given by

1 w
pp(w,x =0) = %Q(W - A)ﬁ.

Up to a factor of 1/2, which is due to the fact that this is the contribution of
right-movers only, the obtained result is just the DOS of free massive particles
with dispersion €(q) = /v2¢% + A2. Since there are no particles above energy A
at zero temperature, there are no interaction corrections to the density of states
as well [59]. Another way of deriving this result consists in using the Ising-model
representation of ¢, 6 fields (see Ref. [60] for details). In this representation,

(112)

exp(—iv/ml) = o1pe — ipi09,
exp(iv/mp) = p1pig + 10102, (113)

where u; (0;) are order (disorder) fields of the d = 2 Ising model, whose corre-
lators are known. At long times, i.e., when A7 > 1,

(i (T)p15(0)) ~ i <M>27
(0i(7)0;(0)) ~ dij Ko(A[7]). (114)

As a result, F,(1) ~ sgn(T)Ko(A|7|). Because of the condition A7 > 1, there
is no discrepancy between Egs. (114) and (111), since the leading asymptotic
term of K, (x) is v-independent. Hence one again finds a square-root singularity
in F;¢*(w) for w — A < A. The correspondence with the Ising model allows one

to estimate neglected terms as e 347,

A more illuminating way to understand the square-root singularity is pro-
vided by the real-time calculation. Starting from Eq.(111), it can be shown that
[61]

A . .
Im{F ()] = 1— dte“"t(Kl(—zAt)—Kl(zAt)>

w

20vw? — A2’

where Yj(z) is the Bessel function of the second kind. Since asymptotically
Yi(x) ~ sin(z)/+/z, the origin of the singularity at w = A can be easily un-
derstood. For w — A < A, the integrand of (115) oscillates very slowly, with
period tg = 27/(w — A). The integral is thus determined by long times, ¢ ~ tq,
and can be estimated as foto 1/4/t ~ \/ty. We see that the threshold behavior of
the DOS is determined by times much longer than 1/A, which justifies our use
of the long-time asymptotics of Bessel functions to evaluate the DOS at w =~ A.

_ % /0 " dtsin(wt) Vi (At) = 0w — A) (115)
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DOS of a physical electron To find the density of states of a physical electron,
we have to convolute Eq.(112) with the contribution of the gapless spin mode:

de,
plw,z =0) = / %Fp(en,x = 0)F, (wp — €n, @ = 0)|w ——iww

2 @ ret ret — €
== /O deIm[F° (e)| Im[FL (w — €)]. (116)

Since Fy(€,) ~ v/ a/ive,, we find

2 @ € 1
=0)=—4/— —A . 11
plw,x =0) — \/ U@(w ) i dem N (117)

For w — A < A, where our derivation is valid,

plw,x =0) = T/ O(w — A). (118)
v\ v

Instead of a square-root singularity Eq. (112), the DOS of a physical electron
exhibits a regular behavior approaching a finite value at the threshold. This mod-
ification is due to dressing of the gapped charge mode by gapless spin excitations.
At energies much above the gap DOS increases, p(w,z = 0) ~ y/w, which means
that the spectral weight is shifted to higher energies. The energy-independent
electron DOS near the threshold was obtained in [26,27]. Parenthetically, the
functional form (118) remains valid when the spin channel is gapped as well.
In this case the density of states of spin excitations is given by Eq.(112) with
A — A,. Doing the integral (116), we again find behavior (118) near the thresh-
old A+ A,. In other words, the gap in the electron’s DOS is given by the sum
of charge- and spin-sector gaps.

6.3 DOS of the Electron Ladder

We consider now the tunneling density of states of a two-channel wire. Applica-
tion of Eq.(102) requires knowledge of strong-coupling fixed point values of K,
which are not known for a general case of two non-equivalent channels coupled
by the Coulomb interaction. Just to illustrate what kind of behavior one might
expect in this case, we consider an electron ladder with Ki,, = Ks, (v = p,0)
in the Cooper phase. The right-moving fermion is represented by

ikpx
Ro—1,s = e’ V(P —=05-)/2 isv/T(¢ot—00+)/2
T V2ra
w eVT(0om—=0,2)/2 LivVT(0pr—054)/2 (119)

Now we apply Eq.(102) to the correlator F(7) = —(T; Ry (T, O)R;S (0,0)). In the
Cooper phase, 0,_ and ¢+ are gapped, hence their conjugates are exponentially
suppressed. As a consequence, e.g.,

(Vo ()0 ()2 miv/T(po (06, (0))/2) =C'g( a )1/8 exp Mg T| .
Ve |T] 16
(120)
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On the other hand ¢,4 and 0,4 remain critical. As a result,

w s 1
F(7) o< sgn(7) |7|™" exp —1—6(2m0vg +m,—v,)|T||, K= §(3 + K, +1/K,4).
(121)
Hence the DOS behaves as
Ow — Asc) _ _1
P(W)“my 7—1—H—§(5—Kp+—1/Kp+): (122)

where Age = (7/16)(2msvs +m,—v,_). Note that v < 3/8 < 1/2 for K, < 1.

Exactly at half-filling, when the p+ mode is also gapped due to Umklapp
scattering and there are no more gapless modes, our procedure gives F(7) ~
e=AI71/3/|7], in agreement with recent exact result [62]. The corresponding DOS
is that of a free massive particle, ppf(w) ~ O(w — A)/Vw — A.

Comparison of (122) with (118) shows that softening of the square-root sin-
gularity is less pronounced for the electron ladder than for the Hubbard chain,
because there are three gapped and only one gapless mode now. As repulsion in
the p+ channel becomes stronger, i.e., as K, decreases, the singularity becomes
weaker and disappears at K, = (5 - \/ﬁ) /2~ 0.2. For even smaller K, , we
have p(w = Age) = 0. This behavior, though, is not very realistic as it requires
very strong repulsion. For weak repulsion, i.e., when K, ~ 1,

p(w) x Ow — Asc)/(w — Asc)/?, (123)

and the threshold singularity is still present albeit softened compared to the free
massive particle case. We note that p(w) (122) is similar to the DOS of high
unoccupied subbands of the wire, considered recently by Balents [63].

One would expect that the long-range order of the Cooper phase affect tun-
neling. Indeed one finds that pair correlations are determined by the Luttinger
parameter of the total charge fluctuations only [18],

(Ris(T)L1,—5(7) LI _(0)R] ((0)) ~ (e V0ot (V0o (0)) o 771/ (Hs),
(124)

whereas all other two-particle combinations decay exponentially. Thus, although
the single-particle density of states is strictly zero, the two-particle one is not.
In principle, this effect can be checked experimentally by tunneling into a two-
channel wire from the superconducting tip - one should observe then a nonzero
tunneling current of Cooper pairs. Its magnitude, however, will be much smaller
than the current in a system of a normal tip and gapless wire, because the prob-
ability of two-particle (Copper pair) tunneling (|7]*) is exponentially smaller
than that of single-particle tunneling (|77?).

7 Tunneling into the End of a Gapped Wire

Tunneling into the end of a Luttinger liquid is different from tunneling into
the bulk. The reason for this difference is the open boundary condition ¥ = 0
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for the electron wavefunction. For the boson modes describing charge and spin
displacements, this condition means pinning at the boundary. The difference
between the edge and bulk tunneling was considered first theoretically by Kane
and Fisher [7], and has been recently observed in experiments with the tuneling
into a carbon nanotube [3]. A rigorous treatment of a Luttinger liquid with
open boundary conditions, which involves re-formulation of the bosonization
procedure, can be found in Refs. [64-66].

Suppose now that a two-subband wire is driven into a CDW state by direct
backscattering processes accompanied by density adjustment, as described in
Sec. 3.1. The relative mode of charge excitations is described by Hamiltonian
(46), in which we put dkr = 0. From the equivalence of Egs. (95) and (46) (with
0krp = 0), we expect the fixed point-value of K_ in the CDW-phase to be the
same as for a half-filled Hubbard chain, i.e., K* = 1/2. The total charge mode
(¢4 ) remains gapless and plays the same role as the spin mode of the Hubbard
chain [see Egs. (118) and (122)]: it softens the threshold singularity of the DOS.
For w < Acpw, the density of states is equal to zero. Thus if the tunneling
contact probes the interior of the wire, a gapped behavior is observed.

However, the DOS at the end of a wire exhibits gapless behavior, i.e, peng x
|w]¥e, as we will demonstrate in the rest of this Section. Consequently, I(V) «
|[V|*¢+1 for tunneling from a macroscopic (Fermi-liquid contact) into the end of
the wire, and I(V) o |V [*®4*1 for tunneling through a barrier located somewhere
within the wire.

This very different behavior of the DOS in the bulk and at the end of the
wire can be understood physically for tunneling through a barrier located within
the wire (cf. Fig. 4). Without the barrier, the CDW is free to slide and the
conductance is the same as in the absence of any interactions. Squeezing one
electron into the middle of the wire leads to creation of a soliton-like compression
in one of the two modes, and to accompanying it “stretch” in the other mode,
which requires an energy of the order of the charge gap Acpw . However, such an
excitation needs not be created when the barrier distorts the uniform profile of
the CDW. Indeed, the boundary condition imposed by the barrier pins the mode
@ at © = 0 to a value which is different from the one in the bulk, p_ (2 — c0) =
/7 /8 (the latter follows from the minimization of the CDW energy, as illustrated
in Fig.5). Therefore, the regular order of CDW is already frustrated near the
barrier: there is a built-in compression in one of the modes, and depression
in the other. The electron that tunnels through the barrier arrives into the
“stretched”mode. Upon the proper shift of both modes, the system arrives into
a state with the same energy but with a switched “polarity”of frustration. This
consideration is true if the barrier is strong enough to destroy the CDW order
in its vicinity, i.e., the barrier height is larger than Acpyy.

We now give a derivation for the current through the barrier. To model the
boundary conditions corresponding to a wire cut into two semi-infinite pieces, we
choose the potential barrier in the form w(z,r) = maWd(z), so that Wy,—1 2 =
maW and Winter = 0 [cf. Eqgs. (77,78)]. To find the current in, e.g., the 1st
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Fig. 5. Illustration of the CDW in the vicinity of a barrier : while the bulk value for
p— is 4/7/8, the barrier forces ¢_ to vanish at x = 0.

subband, through the barrier at x = 0
I x tlim (Opp1(z =0,1)) /e, (125)

we need to calculate the rate at which ¢;(z = 0,%) increases in the station-
ary limit in the presence of a potential drop ~ —eV [dx (9,4 /2y/T)sgn(z),
proportional to the applied voltage V' (due to their equivalence, it does not
matter which of the two modes we use for measuring the current). Eq. (125)
reduces the transport problem to that of the dynamics of a quantum particle
q(t) = p1(x = 0,t) subject to “damping” by all of the remaining bulk degrees of
freedom, including those of the second mode. Therefore, we can employ methods
of dissipative quantum mechanics [67,7] to solve this problem.

The effective action of the boundary mode S.fs is obtained by tracing over
these remaining degrees of freedom

=Sl — [ Dlpi]Dliea] Sla(r) ~ 1(a = 0,7 dlgalo = 0.7)] 5, (120)

where
1 (2
= [dx | d [— 0 )2 4+ — (Dpp1)? 12
s= [ [ar 5 0n + gz 0uen) (127)
1 VR 4fbs
—(0;p_)? Opp_ )2 + L242 128
+ 5 (0rp) +2K3< p P+ le2], (o)
where + combinations are defined in ). Performing the integration, we get

Set /dT/dT d(DK(r — g7, (129)

which accounts for the influence of the bulk modes exactly. In (126) we assume a
large barrier so that incoherent single electron passages through subband 1 deter-
mine the current, while subband 2 is fixed by the barrier, cf. (126). Simultaneous
contributions from subband 2 represent coherence effects, and are of higher order
in the barrier transmission coefficient. The dynamics of ¢ is governed by

So :/dT (WcosQﬁq— v

EQ) + Ser, (130)



Gapped Phases of Quantum Wires 75

which includes the applied voltage. Eq. (130) describes a damped quantum par-
ticle on a tilted washboard potential. Tunneling between adjacent minima of the
potential corresponds to single electron transfers.

For large W, Eq. (130) maps onto a tight binding model with nearest neighbor
hopping 7, whose value can in principle be deduced from W, assuming a 6-
barrier : it is renormalized by damping compared to the bare value [68]. In this
analogy, (125) corresponds to the particle’s mobility, studied in Ref. [69]. In
leading order ~ |72, the result is

(V) = e|7|2/ dt sin(eVt) Im e *®), (131)
0

where

w(t) = /OOO TW) (1 _ gmiwry | (132)

w?

The spectral function J(w) is related to the Fourier transform K(w,) of the
kernel [67] appearing in (129),

w w? —w?
I) = =t T Ko +) = 2 + V20 0w —wn), (133
with w@ = 8 fysvp/ma?. This yields
I(V) ~ VI Ee =L (134)

which gives ag = 1/2K; — 1 at voltages V < wp/e. Above the gap, i.e, for
V > wo/e, gapless behavior of a two-subband Luttinger liquid is restored I(V >
woe) ~ VI/Ks+1/K-—1

The gapless behavior of fermion’s DOS at the end of the wire can be inter-
preted in terms of a midgap state in the (—) channel localized near the boundary.
This is a bound state with zero energy formed in the potential well created by
the static distortion of the ¢_ field subject to an open boundary condition
p_(x = 0) = 0, see Appendix D of Fabrizio and Gogolin paper [64]. Qualita-
tively, this is the same state which appears in a doped two-leg spin ladder, and
which represents free S = 1/2 spin induced by a charged impurity, see, e.g., [70].
As a result, local density of states of the (—) channel at the end of the wire
takes the form p_(€) ~ Ad(€) + p=°®, where p"°® stands for contribution of mas-
sive modes with energies above the CDW gap. On the other hand the (+) mode
remains gapless, and its end-chain DOS is given by pi(z = 0,w) ~ wﬁfl,
[7,64,66]. The factor of 1/2 in the exponent is due to “factorization”of the elec-
tron operator into (+) modes. Another consequence of such factorization is that
DOS of a physical electron is a convolution of the DOS of the (+) channels [cf.
Eq. (116)]

Pphys(T = 0,w) ~ / depy(x =0,€)p_(x =0,w — €). (135)
0
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Hence,

1

Pphys(@ = 0,w) ~ pi(x=0,w) = w>*+ ' (136)
which implies ag = 1/(2K;) — 1, in agreement with the result of the explicit
calculation of I(V') presented above, (134).

8 Experimental Consequencies and Conclusions

Apart from the rather well-known Luttinger-liquid phase, a two-subband quan-
tum wire may also exhibit either a CDW or a (Cooper) superconducting phase. In
both of these phases, certain modes of inter-subband charge- and spin-excitations
are gapped, whereas the center-of-mass charge mode remains gapless. As a re-
sult, the conductance remains at the universal value of 2e%/h per occupied
subband, irrespective of whether the wire is in a gapless or gapped phase.
However, the single-particle density of states in the middle of the wire has a
hard gap. Above the gap, the DOS exhibits a non-universal threshold behavior
p(w) ~ O(w—A)(w—A)~P, where 3 < 1/2. Softening of the threshold singularity
is due “dressing” of the gapped modes by the remaining gapless one.

We find that the DOS for tunneling into the end of a wire in the CDW phase
remains gapless, with the exponent determined by the center-of-mass mode only.
This effect is due to frustration introduced into the CDW order by an open
boundary (strong barrier).

Where should one look for such exotic phases of a quantum wire? We believe
that quantum wires [11] prepared by cleaved edge overgrowth technique may
be well-suited for observing the CDW phase. Indeed, the cross-section of such
a wire is close to a square, which implies that the lowest states of transverse
quantization should be close in energy. Hence, one-dimensional subbands can
have close Fermi-momenta, which is a necessary condition for the formation
of the CDW state. The Cooper phase, on the other hand, requires effective
attraction in the relative charge channel, and has the best chance to occur when
the second (upper) subband just opens for conduction. i.e., near the Van Hove
singularity.
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Abstract. The transport in a semiconductor quantum wire is discussed with recent
experimental /theoretical results. The transport in a single-mode quantum wire shows a
power-law dependence with a characteristic interaction parameter K, ~ 0.7. We show
temperature and bias dependences of the transport of interacting electrons through a
single mode quantum wire subject to artificially modulating potential. The spin and
charge separation is predicted to be observed in a periodically modulated system.

1 Introduction

One-dimensional (1D) interacting electron systems attract particular interests,
since in the experiments, nearly ideal (long and clean) semiconductor quantum
wire structures had been realized by virtue of recent developments in nanofab-
rication techniques. [1-3] More recently, a single wall metallic carbon nanotube
begins to be manipulated in the electrical transport measurements. [4,5] From
a theoretical point of view, an isolated 1D system is particularly interesting
since it shows exotic non-Fermi liquid behavior, namely, the characteristics of a
Tomonaga-Luttinger (TL) liquid. [6,7]

The characteristics of TL liquids, emerge in the power-law dependence of
the physical quantities with excitation energy and the spin-charge separation in
the excitation spectrum. A power-law dependence of the additional resistance
on the temperature, T5w»~1 with characteristic interaction parameter K,,, had
been demonstrated in a nearly ballistic quantum wire in which a single 1D mode
is occupied. [2] Similar behaviors and power-law dependences on the applied bias
were observed recently in a single wall metallic carbon nanotube. [5] Although
the system of the carbon nanotubes is ideal for studying TL liquid behavior
(besides its complication of the occupation of two channels), there are many
good reasons to study the semiconductor quantum wire system. We believe the
biggest one is that its Fermi wave length, compared with that of the carbon
nanotubes (~ 0.1nm), is rather long (~ 10nm), where the current nanofabrica-
tion technique can taylor the potential in this length scale. In the second part of
this paper, we demonstrate several examples related to this point. The progress
in the experiments of the semiconductor wire is not so rapid, while there are a
number of efforts accumulating. We would like to report some recent results on

T. Brandes (Ed.): Workshop 1999, LNP 544, pp[79-95, 1999.
O Springer-Verlag Berlin Heidelberg 1999
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1D transport and critically discuss the potential problems and new physics in
this system.

The article is made up of two parts. In Sec. 2, we discuss the experimental
aspects of the recent research on semiconductor quantum wires. Section 3 is
devoted to the discussion of the transport properties in a modulated quantum
wire. Finally we concludes in Sec. 4.

2 Semiconductor Wires

2.1 Ballistic Transport

In order to see the interacting 1D behavior in a quantum wire, we need stronger
lateral confinement potential to avoid multiple-channel transport for finite tem-
peratures or for finite bias conditions. Another important criterion is the clean-
ness of the system. The quantization of the transverse momentum in a ballistic
two-dimensional electron gas end ups in a conductance quantization in units of
Go = 2€?/h. The transport of a finite quantum wire of length L obeys Lan-
dauer’s formula if the interaction effect is absent. The conductance quantization
is predicted only if the effect of backscatterings in the channel is negligible AND
the contacts are ideal, namely, the incoming current flows are only governed by
the contact (quasi-equilibrium) chemical potentials and outgoing current flows
are completely absorbed in the contacts. The wires formed by cleaved-edge-
overgrowth method had shown a strange contact resistance although the trans-
port in the wire seems ballistic. [3] Similar effect of a contact resistance had been
found in V-grooved quantum wires. [8] For these experiments, a mechanism of
the contact resistance, backscatterings in the contacts, is proposed, [9] although
further studies seem necessary to clear the issue, for example, the magnetic field
dependences of the contact resistance. [10] For relatively short quantum wires
(short constrictions of L ~ 1um), there have been several reports on an anoma-
lous conductance structure at ~ 0.7Gg. [11] As for the origin of this structure, it
is controversial whether it comes from the interaction effect IN the constrictions.

Now in general, if the interaction is switched on in the wire, how is the
conductance renormalized 7 At least for a homogeneous and long wire attached
to large contacts, the experiments had shown that the conductance is quantized
with Gy if there is negligible backscattering in the channel. [2] Soon after the
experiments, the physical reason of this absence of conductance renormalization
by the interaction was presented theoretically. [12-14] If there is some source
of backscatterings, the wire conductance is drastically changed from that of the
noninteracting one.

2.2 Power-Law Dependence

In this subsection, we describe a detail of our system and discuss the experimen-
tal results.

The wire structures are formed in Alg35Gag.¢5As/GaAs modulation-doped
heterostructures. The distance between the heterostructure and the top surface
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Fig. 1. Temperature vs. the conductance of wires with three different lengths. Solid
triangles show the saturation points of the temperature dependence. Open triangles
are 17, calculated from the wire length L.

are very large (680nm) and by virtue of very thick (75nm) undoped spacer
layer, the effect of remote ionized impurity scattering is very small. The electron
mobility and the electron density of the original two-dimensional sample at 1.5 K
are 7.8 x 105cm?/Vs and 2.3 x 10 em ™2, respectively, after illumination. This
corresponds to the mean free path [ of about 60um. Successive electron beam
lithography and a lift-off process define a Ti line mask, and BCl3 plasma etching
with a subsequent wet etch makes the wire structure of about 0.6um width at
the heterointerface. In addition to that, Schottky gates are selectively formed on
the chemically etched slopes adjacent to the wire, which help to form a strong
lateral confinement potential of the wire.

The conductance is measured for various temperature 7" from 0.29 to 1.2 K
using standard lock-in technique. In Fig. 1, we plotted the wire conductance as
a function of the temperature for three wires with different length. The gate
voltage is chosen so that the conductance is in the most flat region of the first
plateau at T ~ 1K. Two important features can be seen. The first is that the
conductance decreases with T' from the value of the quantized conductance. The
second is that the decrease eventually saturates and for lower temperatures the
conductance falls in a more or less constant value depending on the length of
the wire, L. The characteristic temperature 77, where the conductance decrease
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Fig.2. F(T,L) vs. renormalized temperature evaluated for various wires: the circles
L = 2um, the triangles L = 5um, and the squares L = 10um. The filled and open
symbols are for dark and after illumination conditions, respectively.

stops is a monotonically decreasing function of L. These features are clearly the
evidence of the interaction effects in the quantum wire, since a two-dimensional
electron gas possesses almost no temperature dependent scattering mechanisms
at such a low temperature range. TL-liquid theory predicts a definite temper-
ature dependence of the conductance in a system with a repulsive interaction
(K < 1) and finite scattering potential (irrespective to the strength). [7] How-
ever, for a finite wire connected to large contacts, this TL-liquid behavior cannot
persist until absolute zero since the physics of the low energy scale is successively
controlled by the Fermi liquid property of the contacts. The theory predicts such
a transition occurs at kT ~ hvp/L where vp is the Fermi velocity and kp
is the Boltzmann constant. [15,16] The results shown in Fig. 1 are consistent
with the prediction. Ogata and Fukuyama have proposed a universal function
F(T,L) ~ (\/T? 4+ T? Jwp)X»~1 where hwy is the Fermi energy. [15] The con-
ductance is given by Go/(1 + F(T, L)L/2l) where [ is the mean free path. By
fitting the data with the function as shown in Fig. 2, the value of the interaction
parameter K, is calculated to 0.63 to 0.75. [2]
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The power exponent is not a universal value and depends on the micro-
scopic properties of the scattering mechanism. We found that the power expo-
nent is smaller for higher conductance plateau (G ~ nGy). [17] This result is
easily understood since for higher plateau, the electron density is larger and the
Coulomb interaction is effectively screened. Therefore, the interaction parameter
K., which is roughly estimated by (1 + 2Up/(7vr))~ /2 with a characteristic
Coulomb energy Uy, approaches to 1 with n. Microscopic calculations are found
in Ref. [18-20].

In the TL liquid, the current vs. bias is also predicted to show power-law
behavior. We also observed a non-linear characteristics if the bias exceeds a
characteristics value determined by the wire length. [17] To analyze the results,
we may need to consider the effect of the transport in the higher subbands.

3 Modulated Wires

In semiconductor quantum wires, the potential profile can be effectively con-
trolled by geometrical or electrostatic confinement which can be achieved by
etching the heterostructure or depositing metallic gates, respectively. In this
section, we discuss the effect of the double barrier potential and the periodic
potential on a 1D electron transport within a perturbation approach.

We use the following phase Hamiltonian:

Hy = [ S (0) e (V0o + KTy )] M

where 6,(z) and ¢,(z) are phase operators for the charge sector, satisfying the
commutation relation

0,(2), 6,(a")] = " Sign(x ), 2)

K,(z) being the interaction parameter and v,(x) being the velocity of charge
excitation. The effect of a slowly varying part of the potential along the wire
can be incorporated into the inhomogeneous 1D model where K,(x) and v,(x)
are position dependent. We assume constant repulsive interaction, K, = K, <
1,v, = vy = vp/Ky, in the 1D region, | # |< L/2, and non-interacting electrons
in two-dimensional contacts K,(z) = 1. [12-14] The components of the charge
density and current slowly varying on the scale of k;l are given by n(z) =

—2¢V0,(z) and j(z) = %%ﬁz). A similar Hamiltonian with phase operators

0, and ¢, and K, = 1 describes the spin sector. It is important to notice
that the spin and charge degrees of freedom are decoupled in the Hamiltonian,
Hy=H,+ H,

The Fermi operators for the right (r = +1) and left (r = —1) moving elec-
trons with spin s are given by

B (@) = e br O 3

where 05 = 0, + s0, and ¢5 = ¢, + s¢,. The constant p = (27ra) ™! is related to
a cut-off length «, which is of the order of the Fermi wave length.
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3.1 Born Approximation

We introduce a potential for electron backscattering, V' (x), finite only in the
wire region, and weak enough that we can treat it perturbatively, | V |< Ep,
where Ef is the Fermi energy. Using the field operators, the perturbing term is

H, = 4p/di(m) cos(2kpz + 20,(x)) cos(20,(x)), (4)

and now the spin and charge sector are coupled by the potential. The ¢ operators
do not emerge in H,.

The current through the quantum wire corresponds to the shift of the Fermi
point for right- and left-moving electrons away from their equilibrium position
krri)y — krrr) * %, where A is a constant vector potential. This can be
described by adding the phase factor to the bosonic field, ¢, — ¢, + % J * Ade,

see Eq. (3). The gauge transformation results in the Hamiltonian, Eq. (1)

1) = [ Sy ) (V0 + Kofo) ((a) = 5

™

Time evolution of the field operator 6, is given by Heisenberg equation. We
decompose the field 8, (z,t) like 0.(t) +0,(x, ). In the absence of backscattering
in the wire (the Hamiltonian is now Hoa = H2' + H,), the classical part is given
by 0u(t) = £t, with 2 = 2“2 A where the relation v,(z)K,(z) = vp is taken
into account. This solution describes the current j = % flowing through the
wire.

The shift of the Fermi points % for the right- and left-moving electrons
corresponds to the difference of the chemical potentials uy, —ugr = hf2 of the left
and right contacts. This agrees with Landauer’s formula ej/(ur, — pr) = Go.
The electrochemical potential, (), is obtained by —(hv,(x)/K,(z)) (VO,(x,t)) o
where the average is evaluated over the total Hamiltonians H = Hps + H,. In
the presence of the electron backscattering, the variation of the electrochemical
potential along the wire is given by

Vi (z) = %(V[Hvﬁ(%t)DH

= 47pV (x)(cos 20, (z, t) sin(2kpa + 20,(x,))) - (5)

The additional increase of the voltage difference between left and right contacts
is obtained by integrating Eq. (5) over the wire region and estimating the average
(5) in the lowest order in V(z),

by = ()~ () (6)
. L/2 L/2 t
_ ﬂ 2 2V (x .CCI SCI /
ok (4p) /L/2 4=V )/L/2 4=V )[w “

x ([cos(20,) sin(2kpx + 26,,), cos(26., ) cos(2kpa’ + 200)]) Ho n» (7)
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where 0, = 0,(z, 1), é’p = 0,(2',t') etc. for compact notations. For a linear trans-
port regime, the increase of the resistance is expressed by AR = Ryou/(hs2)
where Ry = 1/Gy. For nonlinear regime, oy is related to the backscattering
current Ips = Godu/e.

The commutator is evaluated to

%Sin(2kF(x71,/)+Q(t7t/))Im[<62iép(z,t)672i0_p(x’,t')>Hp<62i00(z,t)672i96(x',t')>Ha}

and . o
<e2100(x,7')67210,,(m ,O)>Hp = eXp(Cp(J?,J?/,T))

where 7 =t — t’ since H, is homogeneous in time. The correlator is

Co(x,2!,7) = (®)
:/MT”(HC Z:T)e Em(Ga,z) + G, 2') — 2“7 GE(z, 2')].

We introduced frequency cutoff w,. of the order of Er /i to avoid divergence. The
retarded Green’s function is given by

7K,(1—R) (1 + R?)cosq(z — 2') + 2R cos gL cos q(x + ')
4hw 1 —2R2?cos2qL + R4 ’
(9)

for | « |,] #' |< L/2 and R = (1 — Ku)/(1 + Ky),q¢ = w/vy. In the low
frequency limit (w < v, /L), InGE(z,2') ~ —(7/4hw) cos g(x — z'). For high
frequencies, (vy/(L— |  + 2’ |) < w), one can average over rapidly oscillating
component with the result InGZ(z,2') ~ —(7K,,/4hw) cosg(x — x'). For the
intermediate frequency range, (vy,/L < w < vy, /(L— | x+2' |)), InGE(x,2") ~
— (K, /4hw)[cos q(x — ') + Rcosq(L— | = + o’ |)] since the boundary effect
near the contacts becomes important. [24] Finally, for noninteracting electrons
(K = 1), the correlator C is given by

1 n7+kpT/h !
SIS 10
(z,2',7) 5 g D[Sinh(ﬁTikBT/h) 1+ iwcq—iL (10)

ImGH(z,2') = -

where 7o = 7+ (z — ') /vp.

3.2 Double Barrier Scattering

Now we apply Eq. (6) for the case of two short range impurities located symmet-
rically in the wire, V(z) = Vo[6(z+ %) +6(z — &)]. The problem has been already
considered for an infinite system in Weak and strong scattering limits.[25-27] The
backscattering current is given by

I = ——Gonmp/ dein(_QT)Im[exp(Cp(g g )+ C, (b b )

279’
b b b b
+COS<§b) exp(cp(ia_iﬂ—)+CU(§7_§ﬂT))]= (11)
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where £ = 2(kp—m/2b) and Uy, = 4pVp. The term related to the pair (b/2,5/2),
1 bISC , corresponds to the incoherent scatterings from the potential at x = +b/2.
The coherent term related to the pair (b/2,—b/2), IS, describes the electron
interference due to the scattering from two impurities. It oscillates depending on
the Fermi energy due to the factor, cos(&b).

For noninteracting electrons, It¢ = Io(7Uipmp/hwe)?/2, which is just an
Ohmic resistance independent of the bias and the temperature, where Iy =
Gohif2/e. The coherent term,

2nbkpT sin b2
hv v
Ibs - COb(gb) inh 27fkaT b_QF ’ (12)
hvp vp

decays exponentially with temperature and oscillates as a function of applied
bias.

We then consider the case of finite repulsive interaction, K,, < 1. At high
temperatures, hv, /(L —b) < kgT, the incoherent part in the linear response
regime (2 < vy, /L) is

IC T N1+Kup72 Ky—1
Ibs ~ IO(ﬂc) * Uzmp(kBT) . (13)
The power-law dependence TH5+»~1 has also been found for the cases of single
impurity and many impurity scattering. [7,15,16] The coherent part decays with
temperatures faster than in noninteracting case Eq. (12),
wbkpT

T _
IS ~ IiE <fb) BT (ot ) RS (14)

7JJ

The formula for the intermediate temperature regime fiv,,/L < kT < hvy, /(L—
b), can be obtained from Egs. (13,14), by replacing K,, by 2K,,/(1 + K,). Fig-
ure 3 is the temperature dependence calculated numerically.

For low temperatures and linear transport regime, the result is the same as
the non-interacting case. For specific values of the Fermi energy where cos(£b) =
—1 is satisfied, the perturbation considered here gives zero correction. For large
bias, vy, /(L—b) < §2, the incoherent term is IS ~ U2, (h2)5 (hwe) K+ ~1Gy /e
which gives sub-linear characteristics. For the mtermedlate regime, v,,/L < 2 <
vy /(L —b), the bias dependence is £22Kw/(Kw+1) The coherent term is now

b2 | _EKu b2 7K
2 ¢

Ibcs ~ IZ{SC cos({b)[Ap(E) OS(E - 4w)
1 1
+ A, (bQ) 53— Kuw cos(g _ M)]’ (15)
Vw VR 4

where A, and A, are constants of order unity. We show the numerical results
in Fig. 4. The oscillation with {2 has two periods, one from the charge velocity
27, /b and the other from the spin velocity 2mvp/b. The effects of the spin-
charge separation have been discussed in the context of the local density of
states near the open boundary of quantum wire,[29] and the transport in open
quantum dots.[30]
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Fig. 3. Temperature dependence of the extra resistance AR of a wire with double
barrier potential. The solid lines (§ = 0) and the dashed lines (b = 7) are from top to
bottom, K, = 0.5,0.75,1.0 and b = 0.4L. For kgT > hv, /L, they shows power-law
dependence like T5» =, For lower temperature, T2 for £b = 7 otherwise constant. The
dotted line is K., = 0.5 and &b = 7 with b = L, which shows different temperature
power TEw=1/(Kwt1) for higher temperatures.

3.3 Periodic Potential Scattering

We investigate the transport of interacting electrons through a single mode quan-
tum wire subjected to a periodic electrostatic potential due to modulation of the
donor-layer widths (Fig. 5).

The potential in the wire region is given by V(z) = Wy cos(Gz)O(5— | z |),
where O(z) is the step function and G = 27/a, with the period of the potential
a. We will consider weak periodic potential, Wy <« Ep, which can be treated
perturbatively. We will concentrate on the single-particle Bragg reflection near
the full-filling condition, 2kr = G.

The backscattering current is given by [28,32]

2r
Iy, = —g(Wopro X

X / dT/ da:/ dx’ sin(é(z — 2') + 27)Im Cr(@a' ) +Co (x,2",7) (16)
0
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Fig. 4. Bias dependence of the backscattering current I,s in a wire of double barrier
potential. The solid lines (£ = 0) and the dashed lines (£b = 7) are from top to bottom,
K, = 0.5,1.0 and b = 0.4L. For 2 > v, /L, they shows power-law dependence like
NEw  For lower bias, 2° for &b = m otherwise 2 linear. The oscillating component
is periodic with {2 and made up of two periods (for K,, = 0.5) from charge and spin
sector, although it is hard to see in the log-log plot. The dotted line is K., = 0.5 and
&b =0 with b = L, which shows different bias power 22%w/(FKw+1),

where £ = 2kp — G.

Non-interacting electrons First we consider the limiting case of non-interacting
electrons (K, = 1). In the linear transport regime at high temperatures, hvp/L <
kpT < hwp€, we obtain from Eq. (16),

7Th’UF 1 1

AR =2Z1R +
! O(SLICBT COSh2 % (L§)2

); (17)

with =1 = (WopL)?(55-)?. At even higher temperatures, kT > hop/L, hog€,
the second term in Eq. (17) should be disregarded. Therefore at full-filling, AR
is inversely proportional to the temperature. Away from the full-filling, the expo-
nential suppression of the electron backscattering with decreasing temperature

crosses over to temperature independent regime as shown in Fig. 6a.
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Gate metal

1D channel Depletion region

Fig. 5. Upper:Schematic diagram of the periodically modulated 1D system. The peri-
odic potential is made by controlling the distance of the 1D channel and the surface.
The density of the wire is controlled by the gate from the sides. Lower left:Top view of
the device by scanning electron micrograph. Bright regions are gate metals with gap
of 0.4um. Lower is the magnified view where the periodic surface modulation is visible
with the period of 60nm. Lower Right:Surface topography of the corrugated surface
by atomic force micrograph. The period is about 60nm and the depth is about 10nm.

In the non-linear transport regime at T = 0, Ips has the form, ElthFx

X > (Si(k+L) + cos(k+ L — 1)/(k+L))Go/e, where rq = % + ¢ and Si(x) is
the sine integral. For the full-filling condition, £ = 0, I increases linearly with
2, Iys ~ 2211(1 — cos(EL)) /(EL)? at low bias (2 < vr/L) and saturates to a
constant =17 (hvg/L)Gyp/e at high bias. Away from full-filling, the dependence of
I15(£2) shows threshold singularities at 2 ~ vp with a finite width of vp /L. [33]
The numerical results are shown in Fig. 8

These results are equivalent to that derived from the Landauer type ap-
proach. The latter expresses the extra resistance AR due to the periodic poten-
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Fig. 6. Temperature dependence of extra resistance AR. a (left): noninteracting case
K., =1 for several values of L = 0,29 — 33,97 — 100 with step 1. b (right): Interaction
dependence for L = 0 with K, = 1,0.75,0.5,0.25. We also plot for L = 97 — 100
with K, = 0.25 which shows extra power-law temperature dependence for T' ~ T7 ..

tial,
AR =R — Ry = Ro(|r(k)*)r, (18)

via the reflection coefficient r(k) for an incoming electron with wave number k
({--+)7 denotes the thermal average and (|r(k)|?)r < 1 is assumed). In the Born

approximation, r(k) = 'y%, with & =2k — G, and v = kp LW, /(2EF). At
low temperatures, kpT < 222, (|r(k)|*)r = |r(kr)|? has a sharp maximum ~>
at full-filling and AR is independent of T'.

At high temperatures kgT > F“’TF,

(r(&)[*)r =]

71'th _9 h’UFf 1
SLipT cosh ThpT + (L§)2]’ (19)

with € = &,.. Equation (19) is equivalent to Eq. (17) with replacing 72 with
2571, (the latter quantities are equal if « = 1/kr and hw. = 2FF).

Similarly, the backscattering current in the non-linear response regime at
zero temperature is given by I, = Io{|r(k)|?)y, where (- -- )y is the average over
the energy range of [ug, pr]. Again, the obtained nonlinear characteristics are
identical to the one shown previously.

Interacting electrons We will now consider the system with finite inter-
action. We first discuss spinless system, which is described by Eq. (16) with
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Fig. 7. Bias dependence of backscattering current I,s at T = 0 in a wire of spinless
electrons with periodic potential. The solid lines (£ = 0) and the dashed lines (§L = 50)
are from top to bottom, K, = 0.5,0.75,1.0. For high bias, 2 > v, /L, they show
power-law dependence like 2*FEw=1)_ For lower bias, they show 2 linear dependence.
The singular threshold characteristics are found for 2 = 50v,,/L for £L = 50 curves.

Co =0, C, — 2C, and Wy — W;/2. The spinless model could be applica-
ble to spin polarized electrons in a strong magnetic field. In the linear trans-
port regime and at high temperature, kT > F“’T“’,hvwf, we obtain AR ~
RoZk,, (hvy, /L) (kpT)?%+=3. We used an interaction dependent factor Zx, =
(WopL)?(55-)*" . In the intermediate temperature range, hv, /L < kpT <
hv,, &, the temperature dependence of the resistance crosses over from exponen-
tial suppression,
vy,

AR ~ RoZx., (hvwg/w)ZKw—Qme‘ﬁ”wﬁ/ (2ksT), (20)

for kpT™* < kT < hv,&, to power-law decay,

_ We 1 _
AR ~ RoZn4p)k,, (U §)2RKW ?(kBT)ﬂKw /(Kut1) (21)

for hw,/L < kpT < kgT*. T* is defined by the temperature when AR’s of
Eqgs.(20,21) coincide. At even lower temperatures, kpT < fivy, /L, the resistance
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Fig. 8. Bias dependence of the backscattering current Ips of a wire of spinfull electrons
with periodic potential at T' = 0. The curves are for K,, = 1,0.75,0.5,0.25 and (L =
200. The bias is normalized by hv. /L, ant the lower threshold occurs at K, hv, /L =
hUF/L.

shows characteristic oscillations as a function of filling factor £&. Away from com-
mensurable filling, the exponential suppression of AR with decreasing energy
FE is universal, however, there is power-law suppression in its cross-over to the
temperature independent limit.

In non-linear transport regime, v,,/L < {2, at zero temperature, we have
Ins ~ Exc,, (hvy, /L) (7i92)2 Ko =D [(14 28 ) Ko =14 (1 - 28 Ku=19(2—v,,£)]Go e.
The current shows power-law behavior [, o Q2Eo=1) for > v, and has
a singularity (£2 — 2.)%«~! for 2 ~ v,& The numerical result is shown in
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Reduced bias

Fig. 9. Differential conductance dI/dV of a wire of spinfull electrons with periodic
potential at 7' = 0.5hv, /L and K, = 0.7. The bias 2 is between +100v,,/L and
the filling L is between +100. The zero of dI/dV locates at the flat region of the
surface plot. Four lines of singularity at §2/(v./L) = £L& (for charge sector) and
2/(vrp/L) = £L£ (for spin sector) are clearly seen.

Fig. 7. The oscillation with a period 27v,,/L in Fig. 7.is related to a resonant
backscattering process with excitation of virtual plasmon modes.[31]

The extension to the spinfull case is straightforward. In particular the ex-
ponents (with exception of Eq. (21)) can be obtained by replacing K, with
(Ky+1)/2, i.e., for high temperatures and linear regime AR o (kgT)®%»~2 and
the intermediate anomalous regime AR o (kpT)(Kw=1/(FKuw+1) The numerical
results for the temperature dependence of AR are shown in Fig. 6b. For high
bias regime at T = 0, Is oc (h2)Kw~1. Nonlinear I-V characteristics (Fig. 8)
show additional feature, namely, two-step threshold singularities at 2 = vp€
and 2 = hw,¢,

T ~ Sitgen 22 (RSB (14 D)t 4 (1= P10 )
+ B (14 ”F§> Sy (1 K000 — upt))]Go/e, (22)

N 2

where (L | vy, — v | /up > 1, B, and B, are constants of order unity. The
two-step threshold singularities can be best seen in the plot of differential con-
ductance as a function of filling factor £ L and applied bias {2, Fig. 9. The experi-
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mental observation of such singularities would confirm the concept of spin-charge
separation in 1D interacting system.

Finally, we discuss the feasibility of fabricating modulated quantum wires.
Although the effect of impurity scattering can be distinguished since there is a
difference between the power-law dependence caused by impurity scattering and
that caused by Bragg reflection, it is preferable to use a clean wire to gain larger
signal from the Bragg reflection. We chose an AlGaAs/GaAs heterostructure
with very high mobility as the starting material. However, we could not take
advantage of the high mobility since the required carrier density is too high to
allow us to realize commensurate periodic potential with the current technique
(a ~ 40 nm). Therefore, we have to reduce the carrier density to the order of
1 x 10 em ™2, and ballistic transport is expected only for an L of less than
several microns, which gives kgL ~ 100. In our perturbative approach AR or
I, is totally proportional to v2. To obtain a reasonable value, 42 ~ 0.5, we
should have a modulation amplitude Wy of the order of 0.02 Er ~ 0.06 meV,
which is well within current technology.

4 Conclusions

We have shown that the transport in a semiconductor quantum wire is described
as a Tomonaga-Luttinger liquid and for the lowest occupied subband, the inter-
action parameter K, is about 0.7. By lowering the temperature, the conductance
initially decreases by the interaction effect, then saturates at a length-dependent
characteristic temperature. In a modulated quantum wire, we predicted that the
backscattering current, Ip,s, and the extra resistance AR exhibits power-law be-
havior AR o< T® and I, < 2%7! at high energies kT > hj.i or §2>> =, Here
an interaction-dependent exponent is a = K,, — 1 for double barrier potential
and a = K, — 2 for periodic potential near full-filling condition. At low energies,
kT < hUT‘“ and (2 < %~ the exponent of a = 0 is independent of the interac-
tion strength, which can be understood because the system’s response is mainly
determined by noninteracting contacts.
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Abstract. Single-wall carbon nanotubes are almost ideal systems for the investigation
of exotic many-body effects due to non-Fermi liquid behavior of interacting electrons in
one dimension. Recent theoretical and experimental results are reviewed with a focus
on electron correlations. Starting from a microscopic lattice model we derive an effective
phase Hamiltonian for conducting single-wall nanotubes with arbitrary chirality. The
parameters of the Hamiltonian show very weak dependence on the chiral angle, which
makes the low-energy physics of conducting nanotubes universal. The temperature-
dependent resistivity and frequency-dependent optical conductivity of nanotubes with
impurities are evaluated within the Luttinger-like model. Localization effects are stud-
ied. In particular, we found that intra-valley and inter-valley electron scattering can not
coexist at low energies. Low-energy properties of clean nanotubes are studied beyond
the Luttinger liquid approximation. The strongest Mott-like electron instability occurs
at half filling. In the Mott insulating phase electrons at different atomic sublattices
form characteristic bound states. The energy gaps occur in all modes of elementary
excitations and estimate at 0.01 — 0.1 eV. We finally discuss observability of the Mott
insulating phase in transport experiments. The accent is made on the charge trans-
fer from external electrodes which results in a deviation of the electron density from
half-filling.

1 Introduction

Single-wall carbon nanotubes (SWNTSs) are cylindrical fullerene structures with
diameters in the nanometer range and lengths of few micrometers [1]. Experimen-
tal demonstration of electron transport through SWNTs [2,3] has been followed
by observations of atomic structure [4-6], one-dimensional van Hove singulari-
ties [4,5], standing electron waves [7] and electron correlations [8-10] in these
systems. Moreover, first prototypes of SWNT functional devices - diodes [10,11]
and field effect transistors [12] - have been demonstrated recently.

On one hand, SWNTs can be viewed as giant macromolecules whose prop-
erties can be learned from the first principle calculations. On the other hand,
SWNTs are perfect one-dimensional (1D) model systems to be studied by meth-
ods of the solid state theory. This somewhat reductionist but insightful approach
provides a reasonable description for the bulk of experimental data obtained up
to date.

On a single-particle level physical properties of SWNTs are determined by
their geometry. Depending on the wrapping vector, SWNTs can either be 1D
metals or semiconductors with the energy gap in sub-electronvolt range. This has

T. Brandes (Ed.): Workshop 1999, LNP 544, pp[97}111, 1999.
O Springer-Verlag Berlin Heidelberg 1999
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been confirmed by direct observation of 1D van Hove singularities in scanning
tunneling microscopy experiments [4,5].

In this paper we address the role of the Coulomb interaction in 1D SWNTs
and review recent results on electron correlation effects. Away from half-filling
electron correlations are well described by Luttinger-like models [13-15]. In par-
ticular, the non-Fermi liquid ground state of the system is characterized by a
power-law suppression of the density of electronic states near the Fermi level.
This effect has been observed in single- [8] and, presumably, multi-wall [9] nan-
otubes, as well as in junctions between metallic SWNTs [10]. Transport proper-
ties of metallic nanotubes with impurities are affected by the Coulomb interac-
tion as well [16].

The low-energy properties of SWNTs are different at half-filling due to the
umklapp scattering. The latter is coupled to the strongly interacting total charge
mode. This makes the umklapp scattering a strongly relevant perturbation. As
a result, the Mott-like electron instability occurs in the electronic spectrum of
SWNTs and energy gaps open in all modes of the elementary excitations [13,15].
The transition to the Mott insulating phase should manifest itself by an increased
resistivity of half-filled SWNTs at low temperatures.

The plan of the paper is as follows. In Section 2 we derive an effective low-
energy model for metallic SWNTs with arbitrary chirality, which naturally in-
cludes one-electron backscattering on impurities as well as two-electron umk-
lapp scattering at half-filling. We discuss the non-Fermi liquid properties of clean
SWNTs within the Luttinger-like model in Section 3 and evaluate electron trans-
port in SWNTs with impurities in Section 4. The effect of interactions beyond
the Luttinger model is analyzed within the renormalization group scheme in Sec-
tion 5. The Mott-like electron instability is further investigated in Section 6 using
the self-consistent harmonic approximation. Finally, we discuss observability of
the Mott-insulating phase in experiments (Section 7).

2 Universal Model of Metallic Nanotubes

2.1 Microscopic Theory

Structurally uniform SWNTs can be characterized by the wrapping vector w =
Niay+ N_a_ given by the linear combination of primitive lattice vectors a1 =
(+£1,v/3)a/2, with a ~ 0.246 nm (Fig. 1). It is natural to separate non-chiral
armchair (N = N_) and zig-zag (N = —N_) nanotubes from their chiral
counterparts. Recent scanning tunneling microscopy studies [4,5] have revealed
that individual SWNTs are generally chiral. According to the single-particle
model, the nanotubes with Ny — N_ = 0 mod 3 have gapless energy spectrum
and are therefore conducting; otherwise, the energy spectrum is gapped and
SWNTs are insulating.

We consider metallic SWNT whose axis #’ forms an angle x = arctan[(N_ —
N.)/V3(Ny + N_)] with the direction of the chains of carbon atoms (z axis in
Fig. 1). We expand the standard single-particle Hamiltonian [18] Hy, for electrons
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Fig. 1. Graphite lattice consists of two atomic sublattices p = +, — denoted by filled
and open circles. SWNT at the angle x to x axis can be formed by wrapping the
graphite sheet along w = OO’ vector.

on two atomic sublattices p = + of a graphite sheet (Fig. 1) near the Fermi
points aK (with the valley index a = £, and K = (47/3a,0)) to the lowest
order in ¢ = k — aK = g(cos x,sin x). Introducing slowly varying Fermi fields
Vpas (@) = L71/2 2 g=2mn/L €% aps(q + oK), we obtain,

Hy = —ivzaeiipax/dmlw;asﬁx/¢—pasa (1)

pas

where v ~ 8.1 x 10° m/s is the Fermi velocity, and s = = is the electron spin.
The kinetic term can be diagonalized by the unitary transformation

1 - 1-p
as — e_lan/Q E ra) 2 Pras 2
d}p \/i r=i( ) 14 ( )

to the basis p,.qs of right- (r = +) and left- (r = —) and moving electrons.
The Coulomb interaction has the form

1 _
Hint = 5 Z Vpp/(QCEK) /dxlw;als¢;/a2s/wp/a35/wpa4sa (3)

pp’ {ai},ss’

with the matrix elements V,,,/(2aK) corresponding to the amplitudes of intra-
(p = p') and inter- (p = —p’) sublattice intra- (@ = 0) and inter- (& = £1)
valley scattering (here & = (a1 — a4)/2 = (g — a2)/2). In Eq. (3) we assume
that the fields ¢ are varying slowly on the scale of the screening radius R of
the Coulomb interaction determined by the distance to a gate electrode. This
corresponds to a contact-interaction approximation. Equation (3) is therefore
valid at large length scale 2’ > R, and low electron energy F < hiv/Rs.

The dominant contribution to the intra-valley scattering amplitudes V,, (0)
comes from the long range component of the Coulomb interaction, V,,(0) =~
Vo—p(0) =~ €2/C ~ (2¢*/k)In(Rs/R), C being the capacitance of SWNT per
unit length [13]. The differential part AV(0) = V,,(0) — V,—,(0) of intra-valley
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Table 1. Scattering amplitudes AV(0), Vyp(2K), Vp—p(2K) in units ae?/2rxR for all
SWNTs with 2R/a = 4 — 7. The cutoff parameter ap = 0.526a is obtained from the
requirement that the on-site interaction in the original tight-binding model is equal to
the difference between the ionization potential and electron affinity of sp® hybridized
carbon [19].

ao/a AV(0) Viop(2K) [Vo—p(2K)|

0.4
0.526
0.7

0.44265 — 0.44274
0.17378 — 0.17395
0.04880 — 0.04895

0.97060 — 0.97095
0.53549 — 0.53561
0.24778 — 0.24797

0.6—22x107°
05—1.6x1073
0.3-15x107°

scattering as well as the intra-sublattice inter-valley V,,,(2K) are estimated at
AV (0), Vyp(2K) ~ ae?/kR . Despite AV(0),V,,(2K) being much smaller than
Vpp(0), they cause non-Luttinger terms in the low-energy Hamiltonian which
will be important in the further analysis. The matrix elements V), (2aK’) have
been evaluated numerically for all SWNTs with radii R in the range 2R/a =
4—7(2R/a = 5.5 for (10, 10) SWNTs). We found that dimensionless amplitudes
2k R[AV(0), V,,p(2K)]/ae? show very weak dependence on the radius of SWNT
and its chiral angle (see Table 1). The results are sensitive to the value the short
distance cutoff ag ~ a of the Coulomb interaction.

The inter-sublattice inter-valley scattering amplitude V,_,(2K) is almost
three orders of magnitude smaller than AV(0), V,,(2K). This is due to the
C3 symmetry of a graphite lattice (V,—,(2K) = 0 for a plane graphite sheet).
The matrix elements V,_,(2K) are generally complex due to the asymmetry of
effective 1D inter-sublattice interaction potential (the matrix elements are real
for symmetric zig-zag and armchair SWNTSs). Let us note that after the unitary
transformation (2) of the Hamiltonian H = Hy + H;y;, the chiral angle x enters
only into the inter-sublattice inter-valley scattering matrix elements V,_,(2K).
Due to the smallness of these matrix elements, the low-energy properties of chiral
SWNTs are expected to be virtually independent of the chiral angle.

2.2 Bosonization

The transformed Hamiltonian H can be bosonized by introducing the phase
representation of the Fermi fields [14,15],

o Nras
Pras \/%

The phase variables 0, ¢os are further decomposed into symmetric § = 4+ and
antisymmetric § = — modes of the charge p and spin o excitations, Oqs = O,y +
5054 + a0, + asOs_, O = 0,¢. The bosonic fields satisfy the commutation
relation, [0;5(z1), ¢jre (22)] = i(m/2)sign(z1—x2)d;;:0ss:. The Majorana fermions
Nras are introduced to ensure correct anticommutation rules for different species
r, a, s of electrons, and satisfy [Nras, Nrars' |+ = 2000 0aa70ss. The quantity gp =

{9045 + T¢as} (4)

exp 1rqpx +
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7n/4 is related to the deviation n of the average electron density from half-filling,
and @ ~ a is the parameter of the exponential ultraviolet cutoff.

Neglecting the inter-sublattice inter-valley scattering we arrive at the univer-
sal phase Hamiltonian of metallic SWNTs,

. Z Z vj(;/ ~1(0p/0;5)° +Kj5(3xf¢j5)2}+ 2(73&)2 /dgcl

j=p,0d==%

{[AV(0) — V,p(2K)][cos(4gra’ + 20,4 ) cos 20,4 — cos 20, cos 20,,_]
—AV(0) cos(4gpz’ + 20,4 ) cos20,_ + AV (0) cos(4gpa’ + 26,1 ) cos 260,
—AV(0) cos 26,4 cos26,_ + AV(0) cos 26,4 cos 26,

—Vpp(2K) cos(4qrx’ + 20,1 ) 08 2¢5— + Vpp(2K) c08 2054 €08 2¢5_
+Vp(2K) cos 260, cos 2¢5— + Vpp(2K) 08 205 cOS 25— }, (5)

vjs = vy/AjsBjs and Kjs = \/Bj(;/Aj(; being the velocities and interaction pa-
rameters for different modes j,d of excitations. The parameters A;s, Bj; are
given by A,y =1+ [8V(0) — AV (0)/2 — V,,,(2K)]/27v, Ays = 1 — [AV(0)/2 +
§Vpp(2K)] /270, Bys = 1+ AV(0)/4mv, with V(0) = [Vpp(0) + V,—p(0)]/2.
The renormalization of the parameters Kjs, v;s by the Coulomb interaction is
strongest in p+ mode. Assuming x = 1.4 [14] R = 0.7 nm, and Ry = 100 nm we
obtain K,; ~ 0.2. The interaction in the other modes is weak: K5 = 1+O(a/R).

Let us note that the Hamiltonian (5) has the same form as the phase Hamil-
tonian for a two-leg Hubbard-type ladder [20], provided that the difference in
definitions of the fields 6;_ and ¢,_ (j = p, o) in terms of densities of right- and
left-movers in two energy bands is taken into account.

2.3 Impurity Scattering

Disorder in the atomic potential is described by the Hamiltonian [21,16], Hip,, =
D paa's [ dzVys (x)i/);ﬁaswpa/s. Here the impurity potential V,,(z) at the sublattice
= + is decomposed into intra-valley (& = (¢/ — «)/2 = 0) and inter-valley
(@ = %1) scattering components. First, we transform the Hamiltonian H;,,,
to the basis of right- and left-movers (r = %), see Eq. (2). When the range of
the impurity potential is much larger than the lattice constant, the backward
scattering (r — —r) is ineffective [21]. We consider the case of short range
impurity potential and retain backscattering terms in the Hamiltonian. The
forward scattering is discarded because it does not contribute to the transport.
In the limit of weak impurity potential, the interaction between the elec-
trons and the impurities can be parameterized by uncorrelated Gaussian random
fields, n(x) and £(z) expressing the intra-valley and the inter-valley backward
scattering, respectively. The fields satisfy (n(z)n(2’))imp = D1d(z — 2’) and
(€(2)€*(2")Yimp = D2d(x — '), where (- )imp is the configurational average.
The factors Dy and Dy are given by v/m and v/7p with the scattering time
71 (72) due to the intra-valley (inter-valley) backscattering. The Hamiltonian of
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impurities is given by

Himp = /d$7] Z¢ras¢ ras +/ { Zwr+sw r—s T+ hC} . (6)

TS

Note that the intra-valley (inter-valley) backward scattering is parameterized
by a real n(x) (complex &(x)) field. The Hamiltonian Hypy = Hj,,, + HZ, is
expressed in terms of the phase variables as follows,

Hl.lmp: 19 /dm] Zraexp (—2irgpx)

ras

x exp {—ir(0p4+ + sbo4 + ab,_ + asb,_)}, (7)
HY,, = ;;? /dx > rexp{—ir(2qra + 6,4 + 5651)}
x [&(z) exp{—i(pp— + spo—)} + h.c]. (8)

with the Pauli matrices oy, o, originating from the Majorana representation of
the Fermi fields (4).

3 Luttinger Model Limit

The phase Hamiltonian (5) of clean metallic SWNT consists of a part quadratic
in bosonic fields describing scattering of electrons within the same branch of the
spectrum and the non-quadratic part describing inter-branch scattering. In the
Luttinger model limit one neglects the differential part AV (0) of intra-valley
scattering and the inter-valley scattering V},,, (2K). In this case the Hamiltonian
(5) reads,

_ _Z > %/ GO0 + Kis(Oudss P}, (9)

with parameters v;5 = vy/A;5 and K;5 = 1/1/Ajs determined by A,y =1+
4V (0)/mv, Ajs = 1 for (jo) # (p+). The parts of the Hamiltonian (9) in the
four sectors of excitations (jd) are decoupled. In particular, using the relations
p = (2/m)0:0,4, j = (2v/7)0zPp4 for the charge density ep and the electric
current ej (e > 0) in SWNT, the Hamiltonian (9) in the total charge p+ sector
can be rewritten as follows,

-\ 2
_1 1o 1 (]
HP*‘z//dx 2”+2<v>

(in Eq. (9) the contact interaction approximation V(z) = V(0)§(x) has been
made). In Eq. (10) v = 4/7v is the density of electronic states in SWNT; the

+ % /dx'dx”p(ac')V(:E’ —2")p(2"), (10)
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first term describes the kinetic energy of right and left moving electrons and the
second corresponds to the Hartree part of the interaction.

Electronic properties of SWNTs in the Luttinger limit have been investigated
in e.g. Refs. [13,14]. The density of electronic states near the Fermi level is sup-
pressed in a power-law fashion. This is a signature of the orthogonality catas-
trophe which occurs due to the non-fermionic (bosonic) nature of low-energy
excitations in SWNTSs. As a result, the differential conductance in the tunnel-
ing regime shows a power-law dependence on temperature, dI/dV o T, for
eV <« T and voltage, dI/dV « V<, for eV > T. The exponent « is given
by a = (Kpjr1 + K, — 2)/8 for the tunneling from a metallic electrode into the
"bulk” of SWNT, o = (Kp_ﬁ —1)/4 for the tunneling into the end of SWNT, and
a= (K;_& —1)/2 for the end-to-end tunneling in nanotube heterojunctions [10].
Moreover, scaled differential conductance, (dI/dV)/T*, is a universal function
of the ratio eV/T . The collapse of the data taken at different temperatures to a
single universal curve provides a comprehensive check of validity of the Luttinger
model for SWNTs [8,10].

4 Effect of Impurities

In this section, the transport properties of metallic SWNTs with impurities are
studied in the Luttinger model limit [16]. The dynamical conductivity o(w) is
expressed via the memory function M (w) as follows [22],

—ix(0) (F; F)ow = (F; Fo=o) Jw
= —_— —— M —

where (4;4), = —i[dz fooo dte(w=mt([A(x,t), A(0,0)]) with  — +0, (---)

denotes the thermal average with respect to the Hamiltonian H = Hy, + H;p,p,

F = [j, H] with j being the current operator, and x(0) = (j; j)w=0 = —4v/7.
The temperature dependence of the resistivity is given by,

I?((Kpt+ +3)/4) (271-T)(Kp+—1)/2
I((Kp+ +3)/2)

; (11)

P = PBo ) (12)
wWF
where ppo = (7/2) >",_, ,(vT;) 71, is the resistivity of the non-interacting system
in the Born approximation, wp = v/a, and I'(z) is the gamma function. It is
remarkable that p/ppo is independent of the scattering strength. The repulsive
Coulomb interaction (K,+ < 1) leads to an enhancement of the resistivity at
low temperatures. For typical nanotubes with K, ~ 0.2, the resistivity scales
as p oc T704,

The optical conductivity Reo(w) behaves like wEe+=5)/2 at high frequencies
w > T and as w1~ Ke+)/2 at low frequencies. The position of the peak in Reo(w)
is given by,

w 2 1 1 tan{r(l— K,,)/4}]¥ %)
WF wp 1 2 I'((Kpt +3)/2) ’

(13)
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Fig. 2. Temperature dependence of the resistivity p of SWNT with the following pa-
rameters, 7wrpTi = 300 and TwrT2 = 600. The solid (dotted) line corresponds to RG
analysis (perturbation theory). Inset : The ratio p2/p1 as a function of temperature.

We will further study localization of electrons which corresponds to the pin-
ning of the phase fields 0,5, ¢;5. The localization is described within the renor-
malization group (RG) formalism. RG equations can be derived by assuming
scale invariance of correlation functions along the lines of Ref. [23],

(D1)" ={3— (Kpt + Kop + Kp— + K, )/Q}Dl, (14)
(D2) ={3—(Kpy + Koy + K, + K;1)/2} Dy, (15)
(Kj1) = = (D1/ X1 + D2/ X2) K ]+u]+v (16)
(ujs) == (D1/X1 + Do/ Xo) Kjuiy, (17)
(K;—) == (D1K;_ /X1 — D2/ Xs) uj_, (18)
(uj) == (D1K;— /X1 + Do K1/ Xo) uf (19)

where ()" denotes d/d¢ with d¢ = d1n(a/a) (a is the new lattice constant), X; =

Kot /2, Ko1/2, Kp /2 K,_/z Koy /2, Kot /2, 1/2Kp—, 1/2K,_ .
U, U T s Xo =, " Tug T T, u,’” and j = p or

0. The initial Condltlons for the above RG equations are as follows, D;(0) =
Did/(70?), K (0) = 1} = Ky, and Ko (0) = K, (0) = Ko (0) = g1 (0) =
up—(0) = u,—(0) = 1.

The temperature dependence of the resistivity, Fig. 2, can be evaluated by
solving the RG equations. The enhancement of the resistivity at low-temperatures
is due to the electron localization. Solution of RG equations shows that the intra-
valley (inter-valley) scattering pins the phases, 0,4, 05, 0,—, and 05— (0,4, 05+,
¢,—, and ¢,_ ). Since the conjugate variables, §,_ and ¢,_, or 6,_ and ¢,_ can-
not be pinned at the same time, the localization due to two kinds of the scattering
cannot occur simultaneously. For the parameters of Fig. 2, the intra-valley scat-
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tering dominates over the inter-valley scattering at low temperatures (see inset
of Fig. 2).

The high frequency behavior of the optical conductivity is not modified by the
effects of the localization. The power law behavior at low frequencies survives due
to a finite density of states at the Fermi energy (similarly to the non-interacting
case [24]).

5 Effect of Interactions Beyond the Luttinger Model

Until now the Coulomb interaction in SWNTs has been treated within the Lut-
tinger model. In order to describe the interaction effects beyond this approxi-
mation, one has to consider the full Hamiltonian (5). The low energy properties
of Eq. (5) can be investigated by the RG method (see Ref. [23] for details). At
half-filling, ¢r = 0, we obtain the following RG equations,

(Kpi) = —(K3. /8)(yi + 45 + 43 +v7) (20)
(Koy) = —(K2,/8)(yi +y5 erﬁ +13) , (21)
(Kp-) = (K2 /8) (W5 +yi +ve +v5) (22)
(Koo)' = —(K2_/8)(y3 +vi +y5) + (1/8)(y7 + v5 +43) (23)
(1) ={2— (Ko + Kop)}yr — (Y2Ys + ysys + yrys) /4 (24)
(y2)" ={2—(Kpy + K, )} y2 — (196 + ysya + yryo) /4 (25)
(y3) ={2— Koy + Ko )} ys — (y1ys +y2ya) /4 (26)
(ya)" =1{2— (K, + Ko )} ya — (Y2y3 + ys96) /4 (27)
(ys) =12~ (Koy + Kou)}ys — (y1y3 + yaye) /4 (28)
(ys) ={2— (Koq + K, )} ye — (12 + yays + ysyo) /4 (29)
(yr)' ={2— (Kp+ +1/Ko-)}yr — (y1ys + y290) /4 (30)
(ys)!  ={2— (Kot +1/Kos-)}ys — (y1y7 +yeyo) /4 (31)
(yo)  ={2—(K,- +1/K; )} yo — (yayr + ysys)/4 (32)

The initial conditions for Egs. (20)-(32) are K;5(0) = Kjs5, 1 = [AV(0) —
Vi QO (70), 12 = —s = —us = ys = ~AV(0)/(70), 1 = [Vpp(2K) —
AV(0)]/(mv), y7 = —ys = —Vpp(2K)/(7v), and yg = V,,,(2K)/(7v). In deriving
the RG equations, the non-linear term cos 20, _ cos 2¢,_ is omitted because this
operator stays exactly marginal in all orders and is thus decoupled from the
problem [14]. The RG equations away from half-filling can be obtained from
Egs. (20)-(32) by putting y1, y2, y3 and y; to zero. Hereafter we concentrate on
the case N = 10, k = 1.4, Ry = 100 nm and ag/a = 0.526 and estimate the
initial values of the RG parameters using Table 1.

Away from half-filling, the quantities Ky, K,—, and K. ! renormalize to zero
and the coefficient of cos 26, cos 260,_ (cos 20,4 cos 2¢,— and cos26,_ cos 2¢,_)
tends to —oo (00). As a result, the phases 65,0, and ¢,_ are pinned at
(Oot,0p—, po—) = (0,0,m/2) or (7/2,7/2,0) so that the modes o+ and p— are
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gapped. In this case, the asymptotic behavior of the correlation functions at z —
oo is determined by the correlations of the gapless p+ mode, <ei"9P+(I)e’i"(’P+(0)> ~
o~ Kot /2 and <eim¢9+($)e’im¢ﬁ+(0)> ~ g™ /2K o (n = 1 and 2 correspond
to 2gr and 4qp density waves and m = 1 to a superconducting state). Since
K, =~ 0.2, the 2qr density wave correlations seem to be dominant. However,
we found that the correlation functions of any 2¢gp density wave decay expo-
nentially at large distances due to the gapped modes. We therefore are looking
for the four-particle correlations. The 4qr density waves dominate over super-
conductivity for K,y < 1/2 [25,26]. Such density wave states are given by the
product of the charge py(x)p—(z) or spin Sy (z)S_(x) densities at different sub-
lattices. Substituting the values of the pinned phases we observe that py (x)p_(x)
vanishes, and the dominant state is the 4gr spin density wave with correlation
function (S, (x)S_(x)S+(0)S_(0)) ~ cosdqpx/x?Ke+.

At half-filling the solution of the RG equations (20)-(32) indicates that the
phase variables 6,1, 0,4, 0,—, and ¢,_ are pinned and the all kinds of exci-
tation are gapped. In other words, the ground state of the half-filled AN is a
Mott insulator with spin gap. The same conclusion has been drawn from the
model with short range interactions [27,28]. The pinned phases are given by
(Opt,054,0,—,05—) = (0,0,0,0) or (w/2,7/2,7/2,7/2) since the first, second
and 6-9-th non-linear terms in Eq. (5) scale to —oo. The averages (p(x)p—(z))
and (S1(x)S_(z)) are both finite, which indicates formation of bound states of
electrons at different atomic sublattices.

The states derived from the present analysis are characteristic for the long
range Coulomb interaction. In fact, for the on-site plus nearest neighbor inter-
action the dominant states correspond to the density waves at half-filling and to
the superconducting state or the density waves away from half-filling [28].

6 Mott-Insulating Phase

To estimate the gaps in different modes of excitations at half-filling, we em-
ploy the self-consistent harmonic approximation which follows from Feynman’s
variational principle [29]. We consider a trial harmonic Hamiltonian of the form:

Vs , _
Ho =52 [ o’ { K5 (0u030)" + (1= 63085 )36
It

+ Kjs[(0ar$35)° + 05005 q5055]} (33)

gjs being variational parameters. By minimizing the upper estimate for the free
energy F* = Fy+ (H — Hy), one obtains the following self-consistent equations,

2K

Py = ﬁcﬁ Vop(2K) — AV(0)]eps + AV (0)cp— + Vip(2K)dy—, (34)
2K ,_

Gy = —=32—Cp- AV(0)cps + AV(0)coi — Vip(2K)do -, (35)

a2
Ta“Vp—
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92K,
(J§+ = 7Td2v++ Cot[Vop(2K) — AV(0)]cps + AV(0)cp — Vip(2K)d, -, (36)
2
- = TR, o V) e —cor — -}, o
where ¢j5 = (cos20;5), = cos 20§;n)(7&qj5)K-7’5, do— = (c082¢5_), = cos 2™

(yagy— )/ %=~ (...}, denotes averaging with respect to the trial Hamiltonian
(33), and v =~ 0.890. Note that (cos20,_), = 0, so that only the terms of
the Hamiltonian (5) which scale to the strong coupling (see end of Section 5)
contribute to Eqgs. (34)-(37).

In the limiting case of interest, |[AV(0)[, |[Vpp(2K)| < v and K, < 1, the
solution of Eqs. (34)-(37) can be found in a closed form, giving rise to the
following estimates for the gaps Ajs = vj5¢;5 in the energy spectra,

2 1/(1-Kpy)
Ay = U"% <M> (38)
va \ T4
AV (0
Ap- = %Aw (39)
p+
Ao-{- _ “/PP(QKO) — AV(O)|Ap+ (40)
Vo+
AO’— — “G’P(QKO)'A’H_ (41)
Vot

with V,4 = {[AV(0) — V,,,(2K)]* + [AV(0)]? +[Vpp(2K)]2}l/2. In the above
expressions we used the approximation, v/v,; = K,4 and v/v;; = Kjs = 1 for
o+ and p— modes. The formulae (38)-(41) indicate that the largest gap occurs
in the p+ mode, albeit all four gaps are of the same order for realistic values of
the matrix elements (see Table 1). The gaps decrease as Aj5 oc (1/R)Y = Kot+) o~
1/R%/* with the nanotube radius.

In Figure 3 we present numerical results for the gaps A;s for the short dis-
tance cutoff of the Coulomb interaction ag = 0.526a. The data for somewhat
larger and somewhat smaller values of ag indicate possible variations of the gap
A,4 due to the uncertainty in the cutoff. The gaps can be roughly estimated at
Ajs ~0.01 — 0.1 eV for typical SWNTs with R ~ 0.7 nm.

The resistivity p of metallic SWNTs increases exponentially p o« exp(A,4/T')
at low temperatures 7' <« A,4. On the other hand, at high temperatures,
T > A,y, perturbation theory with respect to the non-linear terms of the
Hamiltonian (5) gives a power-law behavior of the resistivity p ~ T2Ke+~1 /N2
due to umklapp scattering at half-filling. Note that the power-law is different
from that governing the impurity scattering, Eq. (12). A resonant increase of
the resistivity of SWNTs at half-filling is a characteristic signature of the Mott
insulating phase.

Due to the gaps in the spectrum of bosonic elementary excitations, the elec-
tronic density of states should disappear in the subgap region and display fea-
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Fig. 3. The energy gaps Ajs for the modes p+, o—, o+, p— at ap = 0.526a (lines
marked by crosses, from top to bottom) and for the mode p+ at agp = 0.4a (triangles)
and at ap = 0.7a (squares). The energy is in units hv/a ~ 2.16 €V for a = a.

Fig. 4. The energy AF of the gapless point (half filling) with respect to the Fermi level
(units of AW/(2€?v/k)). The curves from top to bottom at x/R = 1000 correspond to
eVy /AW = —2,0, 1, 3. The screening radius R;/R = 75, 300 for dashed and solid curves
corresponds approximately to 50 nm and 200 nm for (10,10) SWNTs. The Coulomb
interaction is characterized by vV (0)/In(Rs/R) = 5. Inset: layout of the system.

tures at the gap frequencies and their harmonics. These signatures should be
observable by means of the tunneling spectroscopy.

7 Observability of the Mott-Insulating Phase

In this section we discuss various factors which might influence the observability
of the Mott-insulating phase in realistic systems. An exponential increase of
the resistivity of half-filled metallic SWNTs at low temperatures can also occur
due to deformation-induced gaps Ag in the single-particle spectrum [30]. These
gaps are in the range Ay < 0.02 eV for typical SWNTs with R ~ 0.7 nm. This
value is comparable with (but somewhat smaller than) our estimate for the Mott
gaps. We therefore cannot exclude the interplay between the two mechanisms
suppressing electron transport at half-filling. Note that the deformation induced
gaps decrease as 1/R? with increasing nanotube radius [30], which should be
contrasted to 1/R%* dependence for the Mott gaps. Moreover, deformation-
induced gaps strongly depend on the chiral angle of SWNTs, whereas Mott gaps
are determined by the radius of SWNTs and depend weakly on their chirality.
Isolated metallic SWNTs are half-filled systems. However, in generic experi-
mental layouts the nanotubes are contacted to metallic electrodes. The difference
AW in the work functions of a metal (typically Au or Pt) and nanotube results
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in a charge transfer between the nanotube and electrodes, which shifts the Fermi
level of the nanotube downwards away from half-filling (for AW > 0).

To be specific, consider a metallic SWNT surrounded by a coaxial cylindrical
gate electrode of radius Ry > R. The nanotube (z > 0) contacts the yz-plane
of metallic electrode (x < 0) at = 0 (see inset of Fig. 4). The interaction term
of the Hamiltonian (10) is modified by taking the electrostatic potential V, of
the gate as well as the image charge at the metallic electrode into account,

Hi = [ dada' (Gp@)lV (o~ ) = Vi + ol (@2
+p(x)M(z — 2")eVysign(z')} + AW/O dzp(x),

The Fourier images of the kernels V(z), M (z) are given by,

KO(qu) T IO(qR)
Io(aR.) } Mo =T (qR.)

with the modified Bessel functions Iy, Ky. The kernel ‘_/q describes the long-
range Coulomb interaction, V(z) = 1/k|z|, for R < |z| < Rs. The interaction
is screened at large distances |x| > R, so that Vg = (2¢?/k)In(Rs/R), in
agreement with our previous estimate (see text below Eq. (3)).

Minimization of the total energy given by the Hamiltonian (10) with the
interaction term (42) determines the profile of the charge density ep(z) and the
deviation —AFE(z) of the Fermi level from half-filling, AE = p/v (see Refs.
[31,32] for details),

Vo= 2% {Io(qR)Ko(qR) — I5(qR)

(43)

AW In(Rs/R) ceV, =z
AE(x) = — N s 44
@) = V0 /R v B R <R (44)
AW — €V,
AE(z) = —=-2  f s 4
(z) T+ 070 or Rs < , (45)

where ¢ = (1/7) [ dz|Ip(z)|~! ~ 1.33 and the Coulomb interaction is supposed
to be strong, vV (0) > In(Rs/R).

Equation (44) shows that the density of charge transferred to SWNT due to
the mismatch AW of the work-functions decays logarithmically slow with the
distance z from the metallic electrode [31]. This is related to the poor screening
of the Coulomb interaction in 1D SWNTs. The influence of a gate voltage on
the charge density in SWNT is suppressed by a factor /R, in the vicinity of
electrode, < Rj, cf. Egs. (44), (45). In order to achieve half-filling condition
AFE = 0 in samples with small distances d < Rs between the electrodes, one
should compensate for this effect by applying a higher gate voltage.

The coordinate dependence of the charge density (or the deviation AE(x)
from half-filling) is shown in Fig. 4 for several values of the gate voltage and
the screening radius. If a substantial positive voltage is applied to the gate,
the charge density in SWNT can change sign (from positive to negative) with
increasing distance from the metallic electrode. Let us note that the Mott gap
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should result in the formation of half-filled incompressible regions near such
”charge neutrality points”, AE(x) = 0. This is in contrast to isolated SWNT's
where the Mott transition occurs uniformly in the whole system. The electron
transport through the incompressible regions seems to be an interesting problem
for future research.

8 Conclusions

We have investigated manifestations of electron correlations in metallic single-
wall carbon nanotubes. Effective low-energy model of metallic SWNTs with
arbitrary chirality is developed starting from microscopic considerations. The
unrenormalized parameters of the model show very weak dependence on the chi-
ral angle, which makes the low-energy properties of metallic SWNTs chirality-
independent. In the absence of inter-branch electron scattering, the model cor-
responds to a two-channel Luttinger liquid. The impurity scattering in such
Luttinger liquid is investigated using the memory function technique and the
renormalization group method. We show that the intra-valley and inter-valley
backscattering can not coexist at low energies. The properties of clean SWNT's
are investigated beyond the Luttinger liquid limit. The ground state away from
half-filling is found to be 4qpr spin density wave. At half-filling, the umklapp
scattering affects the strongly interacting mode of total charge excitations. This
makes the umklapp scattering a strongly relevant perturbation which gives rise
to the Mott-insulating ground state. The latter is characterized by ”binding” of
electrons at two atomic sublattices of graphite. The energy gaps in all modes
of excitations are evaluated within a self-consistent harmonic approximation.
Finally, the observability of the Mott phase in realistic SWNTs is discussed.
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Bosonization Theory of the Resonant Raman
Spectra of Quantum Wires
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Abstract. We develop a Bosonization theory for the differential cross section for res-
onant Raman scattering on interacting electrons in quantum wires. The charge and
spin density excitations, observed in recent Raman experiments, are identified. Near
resonance, the hitherto unexplained “single particle excitations” are shown to origi-
nate in higher order collective spin excitations that are dressed with charge modes.
A new selection rule for the inter-subband “single particle excitations” is predicted.
Non-analytic power-law dependencies on photon energy and/or temperature of the
intensities of the peaks in the resonant Raman spectra are derived which reflect the
strength of the electron interaction.

1 Introduction

Interacting electrons, restricted to one spatial dimension, show certain paradig-
matic features which are of extraordinary importance for modern solid state
physics. The Hamiltonian of the interacting particles can be exactly diagonalized
in terms of Bosonic modes within the Tomonaga-Luttinger liquid model [1-6].
This implies that the lowest-energy elementary excitations in one dimension are
collective. Quasi-particles have a vanishingly small life time and the Fermi liquid
model breaks down [7]. The Tomonaga-Luttinger liquid acquires fundamental
importance especially in view of the considerable interest in quasi-one dimen-
sional metallic molecules [4,5,8], recent developments in HT C-superconductivity
[9], the possibilities to fabricate and experimentally investigate systematically
electrical quantum transport in sub-micron semiconductor quantum wires [10,11]
and carbon nanotubes [12]. Recently, even in the at the first glance somewhat re-
mote area of the quantum Hall effect, due to a mapping of the edge states in the
fractional quantum Hall regime to a so-called chiral Tomonaga-Luttinger system
[13-15], the model turns out to gain great significance. All of these systems can-
not be understood within Landau’s phenomenological quasi-particle model and
need fresh theoretical approaches. Unfortunately, up to now, straightforward and
consistent experimental evidence for the validity of the model for quantum wires
is still lacking, in spite of many efforts during the past decade [10-12,16-19].

A direct, and very powerful method to investigate the elementary excitations
of condensed matter systems is inelastic scattering of light [20-22]. Especially in
recent years, Raman scattering has been widely applied to sub-micron semicon-
ductor structures [23-28]. Also, methods with high spatial resolution have been
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developed. They open new perspectives in investigating devices with spatial di-
mensions in the submicron region. A wealth of Raman scattering data on semi-
conductor quantum wires has been collected. They clearly show the existence of
low-frequency collective excitations of the interacting electrons which can only
be understood by taking into account the Coulomb interaction. Depending on
whether the incoming and the scattered light are parallel or perpendicularly po-
larized, charge and spin density excitations (CDE and SDE) have been detected,
respectively, when the photon energy hAw; is much larger than the fundamental
energy gap of the semiconductor, Fqg, i. e. “off-resonance”.

When approaching resonance, i. e. hwy; — FEg, resonant structures are ob-
served in the Raman spectra [23-27]. They are nearly independent of the polar-
ization and exhibit approximately the dispersion relation of the non-interacting
electrons. Therefore, they have been attributed to “single particle excitations”
(“SPE”). Recently, it has been found, by using the Bosonization approach of
the Tomonaga-Luttinger liquid model, that the “SPE” in the case of the (en-
ergetically lowest) intra-subband modes are physically due to higher-order spin
density excitations that appear as peaks in the Raman spectra near resonance
in both polarizations of incident and scattered light [29].

These findings suggest that the physics of the interacting one dimensional
electron system can indeed be understood in terms of collective excitations that
are dominated by interactions. For instance, one of the most important — though
not unique — predictions of the theory of the Tomonaga-Luttinger liquid for a
single occupied subband in a quantum wire, namely the spin-charge separation,
are clearly observed in the Raman spectra. The intraband CDE are found to
have the dispersion

wp(a) = vp(g)lal, (1)

with the velocity of propagation,

-1/
2V(q)} 1z ’ @)

= 1
v,(q) UF|: + e

given by the Fermi velocity vg renormalized by the Fourier transform of the
potential of the Coulomb interaction, V' (g) [30]. On the other hand, the intra-
band SDE propagate approximately with the Fermi velocity since the exchange
interaction is very small as compared to the Coulomb interaction,

wo(q) = vrlql. (3)

This is completely consistent with the predictions of the Tomonaga-Luttinger
model and suggests that the electron gas in a quantum wire might be candidate
for genuine non-Fermi liquid behavior.

In order to confirm this surmise in more detail, it is necessary to investigate
correlation functions in comparison with experiments and to demonstrate that
they show the typical interaction-dominated power law behaviors predicted by
the Tomonaga-Luttinger liquid model [5,8]. We will show below that this is
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indeed the case. At zero temperature, the strengths of the SDE peaks in the
resonant Raman spectra that are related to higher order spin density correlation
functions and which are usually denoted as “SPE” can be written in terms of
integrals of the type

/ ¥ qp P (iQ2) @)

coo (14 g2z
with a “renormalized photon wave number”
Q _ ﬁwl — EG — h’UFq/2
= hom .

(®)

The cutoff g. reflects the range of the interaction in wave number space. For
Coulomb interaction, g. is of the order of the inverse diameter of the quantum
wire, d. For quantitative purposes, one can assume ¢. ~ kr [31]. The exponent

g+g ' 1
= — = 6
1(g) 3 1 (6)
contains the interaction parameter
UR
g= ————. 7
V(g — 0) @

The exponent u(g) is characteristic of Tomonaga-Luttinger liquid correlation
functions [5,8].

The results for the Raman cross section corresponding to the intraband ex-
citations can be reformulated to include also the interband collective modes by
using approximations which are very similar in spirit to those employed in the
Tomonaga-Luttinger liquid model [32]. We will show that such a generalization
leads to predicting a strikingly novel “selection rule”, namely that only inter-
subband SDE with positive group velocity can appear as “SPE” when approach-
ing resonance [33]. It should be extremely easy to verify or falsify experimentally
this prediction with presently available technology, thus providing another in-
dication for the predictive power of the Bosonization method for inelastic light
scattering on semiconductor quantum wires.

We claim that by measuring on quantum wires the dependence of the in-
tensity of the so-called “SPE” feature on the energy of the incident photons
when approaching resonance, insight can be gained into whether or not non-
Fermi liquid behavior dominates the collective low energy excitations of the one
dimensional electron gas.

The paper is organized as follows: in section 2, we describe briefly the possible
electronic pair excitations in a two-subband quantum wire. The linearized two-
band Hamiltonian is presented in section 3 and the corresponding eigenmodes in
section 4. Section 5 contains an introduction to the theory of Raman scattering,
especially in view of its application to quantum wires. The cross sections for
resonant intra-subband and inter-subband scattering are given in the sections 6
and 7, respectively. Section 8 compares the results with experimental data and
conclusions are drawn in the final section 9.
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2 Pair Excitations of Non-interacting Electrons in One
Dimension

We consider quasi-one dimensional confined non-interacting electrons with an
effective mass m. The corresponding one-particle energy spectrum consists of
parabolic subbands,

ej(k) =¢e; + o (8)

where e (j =1,2,3,...) are the confinement energies and k is the wave number.
We assume that the Fermi energy Er is such that only two subbands (j = 1, 2)
are occupied and the corresponding Fermi velocities vp; = [2(Ep — ¢;)/m]/?
are roughly the same. This can approximately be achieved in experiment. For
example, for a box-like confinement potential, the third subband will be ener-
getically far away from the second one and it is possible to adjust Er well in
between. Even when the subbands are energetically almost equidistant — the
case of ideal parabolic confinement realized in many of the experiments [34] —
the available experimental results suggest that the observed excitations at low
frequencies are dominated by transitions within and between the energetically
lowest bands. Possible pair excitations of such a non-interacting electron system
are qualitatively shown in Fig. 1.

\ A

Fig. 1. Left: One-electron subbands of a quantum wire with spacing e2 —e1 = Ey and
Fermi energy Er such that two subbands are partially filled with particles. Arrows
indicate possible pair excitations. Right: pair excitation energies of the non-interacting
quasi-one dimensional electron gas linearized for small wave numbers.

3 The Linearized Two-Band Hamiltonian

In order to describe the collective electronic excitations in a quantum wire, we
consider the Hamiltonian of non-interacting electrons in two subbands (j = 1,2)

Hy = e;(k)el (k)ejs (k). 9)

jsk
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with c}s(k)7 ¢;s(k) the Fermion operators corresponding to subband j, spin quan-
tum number s and wave number k.
The interaction energy

Hine = Z Z Z V”lm zs (k+ Q) (k/)CZS’ (kl + q)cms (k) (10)

ss’ ijlm qkk’

contains the matrix elements Vj;i,(q) that are obtained by projecting the three
dimensional screened Coulomb potential

V(ir)=—e %"= —e¢ 11
(r) 4dmer r (11)
onto the subbands and Fourier transforming with respect to x, the coordinate
in the direction of the quantum wire [31].

First, we need to write the total Hamiltonian H = Hy + H;iy; as a quadratic
form in the densities

pijsd Z%k+ js(k) = p5 (a) + Pl ) (a). (12)

Here, p*) and p(=) correspond to the branches of the spectrum with positive
and negative velocities, respectively. With these, intra- and interband charge and
spin densities in branches A may be defined,

A 1 A A
P = 75 [k @ + 4L @)]
1
A
7@) = 75 [P0k @ - hbL @) (13)
Apart from a Bogolubov transformation, they represent the eigenmodes of the
Hamiltonian, as will be seen below.

Of crucial importance for the construction of the eigenmodes is to generate
commutation relations of the Hamiltonian with the densities of the form

[ Ho, 4 (0)] o< ph(a) (14)

From (9) and (12) one obtains

(0. 1020)] = (63 = )00 + L S ke k4 el () + O(a). (15)
kA A=+

For the intraband densities, ¢ = j, we obtain the required commutator if we
assume that in the sum on the right hand side k ~ Akp;, consistent with the
linearization of the dispersion [3]. For i # j, we replace k = A(kp1 + kr2)/2
consistent with eo — 1 = Ey < FEp. This corresponds to linearizing the two
subbands around the mean Fermi wave number kr = (kp; + kp2)/2.
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The commutators of the densities are

105 (0), 00 (d)] = (— 1) 6anbssr Py s (a + ) (16)
P (@), P50 (a0 = 3 [T+ g = ) ()
k
= k= )V k- )] Bavder . (17)

Relations (16) and (17) imply that interband and intraband modes are not de-
coupled. However, they may be decoupled when considering expectation values
in the ground state, and by assuming

A
(p15)s) =0, (18)
and

(D (k) (k) = ) (k) (19)

where ng‘) (k) is the Fermion particle number. One can then show that the right
hand side of (17) gives dxadss0q,q'(L/27)(kp1 — kr2 — Ag) (L system length),
similar as in the one-band case. Commutator (17) has now the required form
necessary for formally describing the interband excitations as Bosons [3].

With this, the free part of the Hamiltonian can be decomposed as

HO == HO intra T HO inter (20)

with the contribution corresponding to intra-subband excitations

Hointra = Z VR ZPE;\)S pu s ) ’ (21)

1=1,2 gAs

and the inter-subband part

2mhv A A
HOinter = L d ZP& : ( )pgl)s( Q)7 (22)
qAs

where vp is the velocity corresponding to the mean Fermi wave number kg.

4 The collective eigenmodes

With the above assumptions (18) and (19), the total Hamiltonian, including
matrix elements of the interaction (10), can now be written in analogy to (20)
as a sum of two contributions

H = Hintra + Hinter (23)
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which describe decoupled intraband and interband collective excitations [32]. The
corresponding frequency spectra can be determined exactly but eventually have
to be evaluated numerically. One obtains four intraband modes [29],

oo = vio(a)lal, (24)

with v = p, o for the CDE and SDE, respectively, + denoting the in-phase and
out-of-phase branches. For ¢ — 0, the velocities are given in leading order in the
Coulomb interaction by

= /4v(q) (1 + Dp2 + 2Vexo) » (25)

v v 2
pO m\/ vp1 + vr2) — (Or1 + Or2) + 2w 7 (26)

Up1 + UF2 + 2Vex0

- - 2up1v2

+ ex0

- 20p — 2UR1Vexo_ 27

V50(q) \/UF1( vp1 — UF1) — —— (27)

V,0(q) = 1/ Ur2(2vF2 — Ur2) — 72%2%’(0 (28)
7 UF1 + Up2

The Fourier transformed long range part of the interaction potential, projected
onto a given subband, V(g), appears solely in the in-phase charge density mode
[29] as the wave number dependent velocity

vo(q) = 2up|In (qd)| (29)

All of the other modes feel only the short range parts of the interaction and
we abbreviated the prefactor of the interaction, cf. (11), by Uy/h = wg. For
convenience, we have defined here velocities renormalized by the interaction,

Vi (2ke;
gy = vpj + M (30)
and
Vot = V1221(k?Fhl + ]sz) (31)

In the following, we will also need the velocity representing the inter-subband
exchange interaction,

Vigi2(ke1 + kr2)

Vex1 = h ) (32)
and the velocity representing the inter-subband Coulomb term,
2V 0
vy = 2220 (33)

h
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For the four interband modes, we obtain after lengthy but straightforward
calculations in the limit of small ¢ [32]

+ + + ¢V
s =0 (124515 ) (349)
0

Here, the frequency scales are given by

2 2Vex
w4(0) :wo\/1+(1i1)”1 g Pext (35)
Vp Vg
2 ex
wE(0) = woy[1F = (36)
vp

with wg = Ep/h and the constants

2
VR U1 U1
AL = 2 1+ @@+1)= 420+ (=
T >()]
Y S
ol Uexl.

The above expressions are valid to the order O((vex1/vr)?). The excitation spec-
tra (24) and (34) are shown schematically in Fig. 2. We wish to emphasize here
again that they correspond to collective modes.

For small wave numbers, the four energetically lowest branches of the spec-
trum that start at zero frequency for ¢ — 0 correspond to the intraband charge
and spin density modes, CDE?)[ and SDEOj[7 respectively. The two lowest branches
are the SDE. They are linear in the wave number with slopes approximately equal
to the Fermi velocities vry 2 since the exchange interaction is very small as com-
pared with the Fermi velocities. The two next-higher branches are the charge
density modes. The uppermost intraband CDE, symmetric in the charge densi-
ties of the two subbands, reflects the Fourier transform of the interaction vg(q)
[7,29]. The slope of the energetically lower (anti-symmetric) intraband-CDE is
proportional the geometrical average of the two Fermi velocities.

The four modes which start at ¢ = 0 with finite frequencies are interband
charge and spin excitations. The energetically highest branch with the positive
group velocity corresponds to a symmetric interband charge density mode ~

P(1—2H + pgg). It is strongly shifted to higher energy by the Coulomb repulsion

(depolarization shift). The anti-symmetric branch, ~ pg) - pgg), does not feel

the Coulomb repulsion at small wave numbers and has a negative group velocity.
It is degenerate with the anti-symmetric interband SDE at an energy which is
given approximately by the interband spacing plus the exchange energy, since the
latter is very small. For typical state-of-the-art AlGaAs/GaAs quantum wires
Ey =3 meV and Egvex1 /vr ~ 0.2 meV [27]. The two remaining branches of the
spectrum correspond to the symmetric and anti-symmetric SDE (= ag) iag)),
starting at w (0) ~ wo(1 F vex1/vr), respectively.
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CDE;
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SDE;

CDEf
. CDE;
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CDE,
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energy

0.5 1
wave number

Fig. 2. Schematic energy spectrum of the intra- and inter-subband charge and spin
density modes of a two-band quantum wire for small wave number. Energy in meV;
wave numbers in 10°cm™!. Parameters correspond approximately to state-of-the-art
AlGaAs/GaAs quantum wires: Ey = 3meV, vi/vr = 3/4, vVexi/vr = 1/15, kp1 =
106(311’171, kro = 0.6 kp1.

Having presented a detailed overview over the spectral features of the two-
band model of the quantum wire, we will proceed in the following by evaluating
the Raman cross section by using explicitly the Bosonization transformation
which leads to the above eigenmodes.

5 The Raman Cross Section

Within the standard theory of Raman scattering [20-22], the differential cross
section is given by

do 2\’ wo n(w) +1
— () wenreT g
105~ (o) 2™ u(a), (37)

(mg bare electron mass) with the energy and momentum transfers fiw = fiwy —
hwo and q = k1 — ko, respectively, and the Bose distribution n(w).
The correlation function

x(q.t) =10(t)([NT(q, 1), N(q,0)]), (38)
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contains the generalized density operator N(q) which is of the form

N(q) = Z%@(’ﬁ, ko)l car . (39)
aa’
It contains the creation and annihilation operators of the electrons in the con-

duction band states |a), |@’). The transition matrix elements 7, are

Yaar = (ale'T"|a’) (e1 - eo)

+

1z[<a|Jolﬂ><6lJ10/> . {alJ11B){BlJola’) , (40)

mo 5 Eo — € + hwr Ea — €8 — T

where |3) denote states in the valence bands, ey, ep the polarization vectors of
incoming and outgoing light and

T = (e - m) R (41)

(n =1, 0), the projections of current operator to the direction of the polarization
with ”+”appearing in the exponent when p = I. The operator

T=p+ (ho x VV) (42)

4mgc?
represents the momentum. It contains the spin operator o, which has the Pauli
matrices as components, and the gradient of the potential energy, VV, in the
spin-orbit contribution. The latter is necessary in order to excite the SDE. The
first term in (40) results from the A%-part of the Hamiltonian, while the second
and third terms are due to the terms « (- A) (A vector potential). Near
resonance, hw; ~ Eq, the fundamental energy gap of the semiconductor, the
third term dominates. We concentrate here on this latter contribution.

In order to proceed further, the states have to be specified. With the above
two subbands, we have |a) = |jsk) (j = 1,2). The splitting of the valence quasi-
one dimensional subbands is neglected. This is reasonable since the effective
electron mass of the valence band is large as compared to that of the conduction
band in quantum wires based on AlGaAs/GaAs hetero-structures. We decom-
pose the states with spin quantum number s into a plane wave phase factor with
the wave number k, and factor which is lattice periodic in the direction of the
wire. Then, we get

N = 3 2ROl 1t e (). (43)

ss’ijk

with the Fermion operators c;rs(k), ¢;s(k) and ¢ is the z-component of ki — ko.
The transition matrix

Yis js' (K1, ko) = 055 €1 - I)ij - €0 +i(e1r x o) - I'Lij - Ssur (44)
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describes the dependence on the relative polarizations of the incoming and the
scattered light, er o. The matrices I and I") consist of the transition amplitudes
between the valence and the conduction bands. The vector S, contains as
components the matrix elements of the operator of the spin o in the spinors
corresponding to the electron states.

The first term in (44) represents the momentum contribution, p, to J,. It
will be seen to probe charge density excitations when assuming constant energy
denominator. The second term originates in the presence of spin-orbit coupling in
Ju- It is associated with spin flips, and therefore probes spin density excitations
if the energy denominator D;(k, q) is constant. The latter,

Di(k,q) = ei(k+q) —co(k+q— k1) — hwr, (45)

contains the difference between the energies of the valence and conduction bands
€y and g;, respectively. It originates formally in the second perturbation theory
that is employed when expanding the cross section consistently to the order
(m- A)2

In the following, we are interested in general features of the cross section
which are related to the collective excitations, rather than attempting a full cal-
culation including all of the effects of the transition matrix elements. Therefore,
we assume [;; = y);;1 and ') ;; = v1451. Then

Yis js' (K1, ko) = 055 [Yij€1 - €0 +7Lis]er X eol s| . (46)

Here, we have also assumed a coordinate system such that Sgs || 2, and the
polarization vectors perpendicular to z.

Given the Hamiltonian being diagonalized in terms of the Bosonic excita-
tions, the cross section can be calculated by numerically evaluating the correla-
tion function (38). This is in principle exactly possible within the present model.
In practice, it is a considerable task which can only be performed with reason-
able effort by using further approximations. In the following section, we first
outline the example of the intraband SDE in the one-subband limit, in order
to demonstrate the Bosonization technique. Then, we review the results for the
interband case.

6 Resonant Intraband Raman Spectra

In this section we concentrate on the limit of only one occupied subband. Thus,
we drop all unnecessary indices in order to facilitate the notations. First, we
rewrite N (q) by linearizing D(k, q) in (43) around £kp consistent with the lin-
earization of the electron dispersion when diagonalizing the Hamiltonian. We
decompose the Fermionic operators into right and left moving branches,

ce =P+ (47)

S
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This gives
Y| et - eo+18"yl|61><eo| ()\ )
N(q) = k k 48
W= B g + k). (48)
with
DX (k,q) = Eg — hwy + hop( Ak — kp) + Mivgq. (49)

Here, Eq = E2 + EF is the energy difference between the lowest conduction
subband and the dispersionless valence band, Eg, plus the Fermi energy. The
zero of energy has been chosen such that e; = 0.

As in previous works [29,32], we start by expanding the denominator for large
hwy — Eq. This yields in lowest order

V2
_rs . @) i N
B i 2= [ier eop™(a) +iviler x eole™(@)] . (50)

No(q) =
with pM(q) and ¢ (g) defined in analogy to (13). This result predicts the
“classical selection rule”, namely that charge and spin excitations appear in
the Raman spectra in parallel and perpendicular polarization of incident and
scattered light, respectively, for photon frequencies far from the fundamental
gap. The contribution to the correlation function corresponding to (50) is (w > 0)

Lq v,(q) 2
(EG — hw)g |: vp (’YHeI . 60) 6<w - wp(q))

Imxo(q,w) =

+(vLler x eo)*d(w — volgl)] - (51)
The next higher order contribution to the generalized density operator is

1

Ni(g) = =57 (EG - th X Z {vn er- eo) [ N (k)N (k- q)

+oM (BN (k — )] + 2071 Jer x eol PV (RN (k=) } . (52)

By using this in evaluating the correlation function (38), one predicts that due
to the above term o< o) (k)oM (k — ¢) there will be a resonant contribution to
the spectrum at the frequency of the SDE also in the parallel configuration. Its
frequency and temperature dependence is given by

Lq (h7||vg)2 kT \ > q*
T s s
mx(49) = 35 Ee —het [\ e, ) T3

6w —volgl).  (53)

On the other hand, a similar resonant structure due to charge modes violating
the “classical selection rule”, is absent in the perpendicular polarization since
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the combination of operators p™) (k)™ (k — ¢) does not yield a monochromatic
contribution to the correlation function (38) at the frequency of the CDE [29].

In order to obtain more detailed insight into the behavior closer to resonance,
the energy denominator D) (k, ¢) has to be taken into account without expand-
ing, as given in (49). This can be done by using the Bosonization method. First,
we rewrite the product of Fermion operators as

1>
(k4 g)eM (k) = / dyelv(h=Ake+a/2 1N (g, 4y, (54)
—o0

with the integral
) = [ e o Da® (o= 3) 69
which equivalently can be rewritten by using the Boson fields [3]

00 = = 5 5 S () [0 o]0
q>0

into the form
IM(q,y) = % /OO dael1? (@) i) (@) (57)
™ — 00

In order to calculate the correlation function (38) one needs the Heisenberg
operators corresponding to the charge and spin densities. They are obtained by
expressing v*) (v = p,0) in terms of the eigenmodes of the quadratic Hamilto-
nian for which the time evolution is given by the eigenenergies. For simplicity,
we assume that g-dependence of the charge mode can be approximated by a
constant sound velocity renormalized by the spatial average of the interaction,
v, = vp/g with the interaction parameter g=2 = 1 + 2V(0)/hmvg. This can be
done for any finite range of the interaction potential and can be justified by
observing a posteriori that for the interpretation of the experimental data the
parameters are such that the small wave numbers contribute predominantly to
the integrals. We extract the time dependencies that correspond to peak-like
structures due to SDE when evaluating the integrals, namely

x(g,t) o< e (@Dt (58)

and neglect the exchange interaction matrix elements that would renormalize
the velocity of the spin density mode v, with respect to vg.
The final result, related to the SDE, can be written as

Imx(q,w) = [’Yﬁ(el . eo)2I” +92 |er x eo|214 Ow —v,q) . (59)

The integrals representing the peak strength are given by

I(¢.Q) = — 2L / dy, / dys / dasin (gz) cos [Q(ur — v2)]

™

X F(y1)F(y2)Hyp,, (Z(2,y1,92)) - (60)
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Here, we have defined the functions Hyp,,(Z) = cosh Z,sinh Z depending on

whether n =|| or n =1, respectively. Furthermore, we have introduced
1 hBv, . Ty )]2”1/2
F(y) = £ sinh
= s [ (i
hBv, ~1/2
x [ iv sinh (h;z(,)} : (61)
and
1J(z+ys)J (@ —ys)
Z ’ ’ =35 ’ 62
where
hpvs .
J(z) =In(1 —ige.z) +1n { fz sinh (hgf}G)] . (63)

The variables are defined as y+ = (y1 £v2)/2, 3 = (kgT) ™!, p is given by (6)
and the “reduced photon wave number” by (5).

For @ > ¢, one can expand Z(x,y1,y2) for small y; and yo. With this, the
integral (60) can be evaluated in lowest order,

p

Lg |4¢? ThpT\ > dr
=~ — L 64
(hvg)2? |24 + ( hv, dQr w(@) (64)
with p =1 and 0 when n =|| and n =1, respectively, and
L@ = [ dye@yr). (65)
0

with F(y) defined in (61).

Two limiting cases are of particular interest with respect to experiments.
On the one hand, for Q > q., which corresponds to photon energies that are
considerably above Eq, one obtains

L ~— 66
NOEES (66)
independent of the interaction strength. This gives the following dependence of
the peak strength on the frequency of incident photons,

2(p+1)
I, (é) . (67)

On the other hand, with ¢ < Q) < ¢. and for intermediate g, say g > 0.2,

1—-2p
Q) FOAVEEZ I (2e) (68)
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In this parameter region, the strength of the interaction is clearly reflected in
the power law of the dependence of the peak intensities on the “renormalized

photon wave vector”,
q 2(p+1-2p)
I, x (C) . (69)

Q

As long as Q > kT /hvp, the temperature does not affect this result. However,
for higher temperatures, the interaction-dominated power law is reflected in the
dependence of the peak strength on temperature rather than in its dependence
on the “renormalized photon wave vector”,

higevp 2(pt1-2p)
1, .
o ( T ) (70)

7 Interband Raman Spectra Approaching Resonance

In this section, we consider the contribution of the interband modes towards
the resonant Raman spectra when two subbands are occupied. We predict a
new “selection rule” for the interband “SPE”. It says that only the interband
spin density excitations with positive group velocities can contribute as sharp,
peak-like features towards the resonant Raman spectra in parallel configuration.

If the energy of the incident photons is sufficiently high, we are far from
resonance and can again consider only the lowest order term in the expansion
of D71, In this limit, we obtain from (43) with i # j and choosing the zero of
energy such that e =0

(M) . \)
v (er-eo) p;i (q,t) +ivL |er x eol 0,5 (q,t)
NO(qat) = Z H ! !

71
Eq + ;i — hwy + AMwpq/2 (71)

i,

which implies again the “classical selection rule”.

The behavior of the peaks in the frequency-wave number plane to be expected
for the non-resonant Raman spectra, |[Eg — hwi| > €; + Mvpq/2 where the
denominator is independent of ¢ has been discussed earlier [32]. Remarkably,
the anti-symmetric charge excitation denoted as CDE; turns out to have a
very small intensity such that it cannot be observed far from resonance [29,32].
Similarly, the symmetric spin excitation SDET can at best be observed at very
small wave numbers while SDE]" will be present at larger wave numbers. This
behavior is solely related with the g-dependence of the Bosonic modes. On the
other hand, when the photon energies approach resonance, we have to take into
account additionally the wave-number dependence of the energy denominator.

Although (71) is only the lowest-order term in the expansion, we nevertheless
have to take into account its contribution towards the spectra when we consider
photon energies approaching resonance. Indeed, for |Eq + &; — hwi| = hvrq/2
the term can contribute considerably. The behaviors in frequency-wave num-
ber space of the Raman peaks according to the zero-order term are shown in
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Fig. 3a [32]. In parallel polarization, only charge density excitations are observ-
able: CDE7 is expected to dominate at small ¢, and CDEi|r becomes strong for
larger ¢. In perpendicular configuration, only SDE] is expected to contribute.

Using the Bosonic representation of the Fermionic operators in (48), the
first-order contribution to N(q,t) is

™ B ke + Aq/2

Ni(¢q,t) = ——— X
et =—7 S5 [Ba + & — hwp + Mwpg /2]

A A A A
x> {viter-eo) [ o 4=k, 0 (k1) + 0 (= b, )0 (k, 1) | +
k,l

+ i1 ler x eol [ " (a = kD)o (k1) + oV (a = koD |} (72)

The polarized terms in Eq. (72) (x e;-ep) are bi-linear in the spin density oper-
ators and yield the dominant contribution to the Raman cross section, similarly
to what has been observed in the previous section for the intra-subband SDE.
The important point is that they couple directly inter- and intra-subband modes
in the present case.

energy

a wave number b

Fig. 3. (a) Behavior in frequency-wave number space of the interband resonant Raman
peaks according to the zero-order term in Eq. (71) for realistic values of the model
parameters; energy in meV; wave number in 10°cm ™. (b) interband resonant Raman
peaks for polarized configuration from the first-order term, Eq. (72); widths of shaded
areas: intensities of the peaks in the Raman cross section. Dotted branches: intensity
of Raman peaks unobservably small. Inset: Raman cross section (arbitrary units) for
the interband SDE for 7' = 0, with Avgi =10"° meV-cm, vpz = 0.6 vr1, evaluated at
g = 0.8 10° cm™*. Notice the pronounced double peak structure which is due to the
interband mode with positive group velocity (SDE7 ). The flat background-structure
between 3.5 meV and 5.5 meV is related to SDE] .

By writing them in terms of the eigenmodes of the Hamiltonian, for which
the time evolutions are known, and by evaluating the response function Eq. (38)
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in analogy with the intraband case, we obtain a closed expression for d%c/d2dw.
Figure 3b shows the behavior in frequency-wave number space of the interband
peaks according to the first-order term (72). The only mode which contributes in
parallel polarization as a “SPE” is the anti-symmetric spin mode SDE; ! Due to
the mixing of this interband mode which has a positive group velocity with the
two intraband SDE with two different Fermi velocities, a double peak appears
in the spectrum at zero temperature (Fig. 3 inset). The width of the peaks is
roughly proportional to the difference between the group velocities of the coupled
modes and they are centered on two lines with slopes equal to the two Fermi
velocities vp; and vpe, starting near fw_ ;. For non-zero temperatures, the two
peaks will be smeared and appear as only one structure. The presence of disorder
and exchange interaction will additionally broaden the peaks. The resulting SDE-
structure in the parallel configuration appears roughly at the frequency of the
SDE7, and its intensity is predicted to increase with increasing wave number as
indicated by the increasing width of the shaded area in Fig. 3b.

On the other hand, by coupling the interband spin density mode with negative
group velocity to the two intraband spin density excitations we obtain a very flat
and broad structure (Fig. 3b inset) that will not be observable in experiment.

In the terms in Eq. (72), which correspond to perpendicular polarization
(x erxep), charge and spin density operators are mixed. Again, these contribute
towards the Raman cross section only with broad structures within frequency
windows that are given by the differences of the group velocities of the modes
that are mixed. They are not expected to be experimentally detectable. Thus,
differently from the SDE, the CDE are expected to appear always only in the
parallel polarization.

8 Comparison with Experiments

Comparing with experiment, we note first of all that our above Bosonization the-
ory explains straightforwardly the spectral features of the intra- and interband
excitations observed in non-resonant Raman scattering. In particular, the differ-
ent dispersive behavior of the intra-subband CDE and SDE is recovered which
is signature of the so-called spin-charge separation predicted by the Tomonaga-
Luttinger model for the interacting one dimensional electron gas. Quantita-
tive comparison of the calculated intra-subband CDE dispersion with experi-
ment leads to the conclusion that the electrons in quantum wires interact via a
Coulomb potential which is hardly screened [30].

Most importantly, a physical interpretation of the “single particle excita-
tions” in quantum wires that appear in resonant Raman scattering has been
given. Their existence has been contradicting the non-Fermi liquid nature of the
one dimensional electron system and has been a disturbing puzzle for more than
one decade [29]. In addition, the new “selection rule” predicted in the preced-
ing section for the interband “SPE”-features explains why so far in experiments
on quantum wires involving several subbands only “SPE” with positive group
velocities have been found [33].
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In order to judge, whether or not one can expect the interaction-dominated
power laws of the peak intensities, predicted above, to be observable in exper-
iment, let us consider characteristic values of parameters for samples used in
recent measurements [27]. From the behavior of the intraband CDE detected by
Raman scattering at small ¢ one obtains as a rough, first estimate g ~ 0.3. The
energy gap in the AlGaAs/GaAs hetero-structure containing the 2D electron gas
is estimated to be approximately 1503 meV. The energy distance between succes-
sive subbands is approximately 3 meV. Since in the experiments reported in [27]
about nine subbands are occupied, the Fermi energy is roughly between 24 and
27 meV, measured from the bottom of the lowest subband. This is confirmed by
calculating the Fermi velocity from the slope of the dispersion of the SDE, and
using the effective mass of the conduction band in GaAs, m = 0.07mg. Due to
the one dimensional confinement, the above 2D energy gap will be increased by a
confinement energy of about 1.5 meV. The effective energy gap is then Eg ~ 1530
meV. The spectra in [27] are measured near ¢ ~ 0.8-10% cm ™! at a temperature
of 12 K. We note that the largest photon energy for which the intraband “SPE”
is observable is roughly "™ ~ 1565 meV, the smallest, where the peak is
approximately five to ten times higher, hw™® ~ 1555 meV. The values of Q
which correspond to this range are then around 0.5 kg > kpT'/hivp ~ 2- 10~ 2kp.
Putting these data into (68), one finds that they are more or less consistent.

Thus, using the Tomonaga-Luttinger model, we have found strong violations
of the “classical selection rules” for Raman scattering near resonance not only for
the intra- but also for the interband transitions that are completely consistent
with presently available experiments. Due to higher order terms which become
important when the energy of the incident photons approaches the energy gap
between conduction and valence band of the semiconductor, SDE modes appear
in perpendicular as well as in parallel polarization of incident and scattered pho-
tons. For the latter, we have not only established their physical origin but also
predicted a novel “selection rule”: only interband SDE which can combine with
intraband modes with similar group velocities can occur in parallel polarization
as distinct peaks. On the other hand, in perpendicular configuration, no inter-
and intra-subband CDE modes become observable.

Our model allows also to understand the physical reason for this selection
rule: coupling between an interband SDE with positive group velocity and in-
traband modes which have group velocities (= Fermi velocity) leads to a long-
range correlation in time between the corresponding collective excitations. As a
consequence, x(g,w), the Fourier transformed correlation function, will show a
pronounced structure in (g, w)-space. On the other hand, due to opposite signs
of the group velocities of the interband mode SDE] and of the two intraband
excitations, the correlation in time is short-range. Its Fourier transform will be
long-range in frequency. A similar qualitative argument explains also the absence
of pronounced, sharp peaks in perpendicular polarization due to the combined
spin-charge excitations which have necessarily very different group velocities.
As the origin of structure in perpendicular polarization is related to spin-orbit
coupling, no higher-order CDE alone can occur. Only higher-order CDE accom-
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panied by at least one SDE are present. This physical argument suggests that
the new selection rule is very probably also valid for more than two subbands.

9 Conclusions

In summary, we have developed a theory for the Raman spectra of the interacting
electrons in quantum wires, which makes explicit use of the Bosonization method
developed for the one dimensional Tomonaga-Luttinger model. We have shown
that presently available Raman data can in principle be completely understood
in terms of collective excitations which reflect the interaction. Formerly so-called
“SPE” have been found to be understandable in terms of higher order SDE that
appear in the polarized Raman spectra due to relaxation of the classical selection
rule near resonance.

Spin charge separation, a characteristic of non-Fermi liquid behavior has
been clearly identified in the Raman spectra. In addition, our theory predicts
another characteristic of non-Fermi liquid behavior, namely a specific power law
behavior of the intraband SDE-peak strength which should become dominant
close to resonance, when fw; =~ Fg, and which would not appear, if the system
was a Fermi liquid.

First quantitative estimates of parameters based on data that are presently
available are consistent with our results, and suggest that Raman spectroscopy
provides a quantitative tool for detecting non-Fermi liquid behavior. However,
for a more precise confirmation of this conclusion, more experimental data are
necessary, not only concerning the dependence on the energy of the incoming
photons, but also on the temperature. Especially, data are required for quantum
wires with only two occupied subbands.

In addition, the behavior of the peak strengths have to be evaluated more ac-
curately by calculating the multiple integrals for the peak strength more precisely
with numerical methods. The theory has to be generalized to quasi-one dimen-
sional systems with more than two subbands occupied, which can also be done
with numerical methods. We claim that using the present technique, by com-
paring theory with experiment, a very detailed picture of the electron-electron
interaction in quantum wires, and the corresponding collective excitations, can
be obtained.

In conclusion, previous and present experimental and theoretical findings
indicate that the observed features in the Raman spectra of quantum wires
are completely understandable in terms of the collective intra- and interband
spin and charge excitations characteristic of coupled Tomonaga-Luttinger lig-
uids. This represent in our opinion strong evidence that the Tomonaga-Luttinger
model in connection with Bosonization correctly describes the collective modes
in quantum wires for ¢ # 0 which are dominated by the Coulomb interaction.

It remains a puzzle and a challenge to experiment why such strong inter-
action effects have been found notoriously difficult to be detected in transport
measurements on quantum wires.
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1 Introduction

This article presents a tutorial introduction to a recently developed real-time
renormalization group method [1]. It describes nonequilibrium properties of dis-
crete quantum systems coupled linearly to an environment. We illustrate the
technique by a simple and exactly solvable model: A quantum dot consisting of
a single non-degenerate level coupled to two reservoirs. The article is intended for
advanced students. Besides elementary quantum mechanics and statistical me-
chanics, it requires knowledge of second quantization and Wick’s theorem. The
latter topics can be learned easily from standard textbooks, see e.g. Ref. [2].
Renormalization group (RG) methods are standard tools to describe various
aspects of condensed matter problems beyond perturbation theory [3]. Many im-
purity problems have been treated by numerical RG with excellent results both
for thermodynamic quantities and spectral densities [4,5]. These RG techniques,
however, cannot describe nonequilibrium properties like the nonlinear conduc-
tance, the nonequilibrium stationary state, or the full time development of an
initially out-of-equilibrium state. To address these aspects we present here a per-
turbative RG method, formulated for strongly correlated quantum systems with
a finite number of states coupled linearly to external heat or particle reservoirs.
Examples are: spin boson models, molecules interacting with electrodynamic
fields, generalized Anderson-impurity models, quantum dot devices, magnetic
nanoparticles interacting with phonons, etc.. Fundamentally new, we generate
non-Hamiltonian dynamics during RG, which captures the physics of finite life
times and dissipation. Furthermore, no initial or final cutoff in energy or time
space is needed, i.e., large and small energy scales are accounted for correctly
like in flow-equation methods [6]. Although correlation functions can also be
studied, physical quantities like spin and charge susceptibilities or the current
can be calculated directly without the need of nonequilibrium Green’s functions.
The purpose of our RG technique is to describe quantum fluctuations which
are induced by strong coupling between a small quantum system and an envi-
ronment. There are several recent experiments which show the importance of
quantum fluctuations in metallic single-electron transistors [7] and semiconduc-
tor quantum dots [8] (see [9] for an overview over theoretical papers). Due to
the renormalization of resistance and local energy excitations, anomalous line
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shapes of the conductance have been observed, which can not be explained by
golden-rule theories. For applications of the real-time RG to these cases we refer
to Rfs. [1,10].

Here we want to illustrate the method by an exactly solvable model, namely
a quantum dot with one non-degenerate state with energy € coupled to two
reservoirs (r = L, R). The Hamiltonian H = Hpr + Hy + Hr consists of three
parts, corresponding to the reservoirs, the dot, and tunneling

Hp = ZHT = Zekrazrakr ’ (1)
r

kr
Hy =¢ cle , (2)
o =% {Trazrc " TT*cTakr} . (3)
kr

Nonequilibrium is taken into account by describing the electrons in the reser-
voirs by Fermi distribution functions with different electrochemical potentials
tr. Tunneling is switched on suddenly at the initial time %y, i.e. initially the
density matrix p(tg) = po decouples into an equilibrium part for each reservoir,
pr = Z7te BHr=1rNr) “and an arbitrary initial distribution p(tg) = po for the
dot

Po = PoPres = POPLPR - (4)

The aim is to calculate the time evolution of the reduced density matrix of the
dot, p(t) = Trresp(t), and the tunneling current (I,.)(t) flowing from reservoir r
to the dot. The tunneling current operator is given by !

I, = —eN, = iez {T,.a,trc — chfakr} . (5)
k

The solution of the above quadratic Hamiltonian is trivial since all degrees
of freedoms can easily be integrated out. Doing this by using Wick’s theorem
for all field operators within the Keldysh formalism, one can easily solve the
full nonequilibrium problem [11]. However, except for having solved a special
and almost trivial problem, we would not have gained anything for solving more
general problems of dissipative quantum mechanics. Usually, the local system
can not be integrated out due to interaction terms or spin degrees of freedom.
Therefore, we try to proceed differently. We will only integrate out the reservoirs
and keep the dot degrees of freedom explicitly. This is always possible for an ef-
fectively noninteracting bath. As a result, we get an effective theory in terms of
the local degrees of freedom, expressed by a formally exact kinetic equation for
the reduced density matrix of the dot. For the special Hamiltonian (1)-(3), we
solve this equation exactly. Furthermore, we will also develop a renormalization
group method to solve the kinetic equation. We show that the RG equations
describe the same exact solution. The important point is that both steps, i.e.

! Throughout this work we set & = kg = 1 and use e < 0
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(a) setting up the kinetic equation, and (b) setting up the RG equations, are
not specific to the above Hamiltonian but can be applied to any discrete quan-
tum system coupled linearly to an environment. The only difference is that, for
most problems, the resulting RG equations have to be solved numerically. In
conclusion, the above Hamiltonian serves as a test example to illustrate the RG
technique and to demonstrate that it is well-defined and useful.

2 Diagrammatic Language

2.1 Diagrams on the Keldysh Contour

We start by introducing some convenient notations. The index p = nr labels
the possible tunneling processes between reservoirs and dot. = + indicates
tunneling in/out, and r = L, R specifies the reservoir. We define the following
reservoir and dot operators

Jor = ZTTG‘LT y Jir = ZT:akT’ ) (6)
k k

g—r =C, Gyr = CT . (7)

We denote the two possible states of the dot by s = 0,1 with energies Ey = 0
and E; = e. The Hamiltonian (1)-(3) becomes

HR = Z EkraLrak:r 3 (8)
Ho =Y Eils)(s| , 9)

Hr = Z : gp,ju = Z {ng'errr +jfrgfr} ) (10)
y T

where the symbol : --- : denotes normal ordering of Fermi field operators but
without sign change when two operators are interchanged. The current operator
(5) for the left reservoir is given by

IL:Z:iuju: , Gy = —1enguorr , (L=mnr), (11)
w

and a corresponding equation for Ig.
The time evolution of an arbitrary observable a follows from the von Neu-
mann equation

(a)(t) = Trap(t) = Trae HE=t0) peif (t=to) (12)
— T,reiH(t—to) ae—iH(t—to)pO , (13)
where, in the last step, we have used cyclic invariance under the trace. To get

a matrix element of the reduced density matrix of the dot, p(t)sss = (a)(t), we
need a = [s')(s|. For the current, we take a = I, = 3" tiuj, .
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To integrate out the reservoirs, we expand the propagators in tunneling and
apply Wick’s theorem to the reservoir degrees of freedom. We introduce the
interaction picture

b(t) = e (HrtHo)(t—to) ) o—i(Hr+Ho)(t—to) (14)

and obtain

eiH(t_to) ae_iH(t_tO) _ Tei ftto dt’ HT(t') a(t) Teii fttg dt’ HT(t’) 7 (15)

where T and T denote the time-ordering and anti-time-ordering operators, re-
spectively. Inserting (15) in (13) and expanding in Hp gives a series of terms
which we visualize diagrammatically, see Fig. 1. The upper (lower) line corre-
sponds to the forward (backward) propagator. The diagram shown corresponds
to the following expression

iz(—i)2 TT HT(tg)HT(tg) a(t) HT(tl)HT(t4) Lo - (16)

We see that the operators are ordered along a closed time path (Keldysh con-
tour), as shown in Fig. 1.

SiHy(ts) -iH (L)
°

Po= Po Pres a

L g L g
iHp(t) M7 (t)

] ] ] ] ]
T T T T T T .
to ta t3 t, 4 t Time

Fig. 1. Diagram corresponding to Eq. (16).

The next step is to insert Hr = 3 : guj, : for the tunneling Hamiltonian
and pg = popres for the initial density matrix. We use the short-hand notation
i = gu,(t;) and j; = j,,(t;), and decompose each diagram into a dot and
reservoir part. If a = |s’ >< s| is a dot operator, we get from (16)

(=) Y {Trogsg2a(t) g19apo} {TTres jadagija prest ,  (17)
H1p2 3 e

whereas, if a = I}, = Z“ :1,Ju ¢ s the current operator, we get

i?(—i)? Z {Tro9392,(t) 91940} {TTres j3d2 Ju(t) j1ja pres}y - (18)
M1 2 3 fa
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Here, Tro (Trres) denotes the trace over the dot (reservoir) degrees of freedom.
The reader can convince himself very easily that this factorization does not imply
any additional minus signs from commutation of Fermi operators. The reason is
the quadratic form of the tunneling Hamiltonian.
The trace over the reservoirs can be calculated easily by using Wick’s theorem
[2]. As a result, we can decompose any average over products of reservoir field
operators into a sum over products of pair contractions. Denoting by (...) the
average over the reservoirs, we get for the reservoir part of (17)
=T = B
(J3j2d1Ja) = Jajagija + Jajejija + Jajejija
= (Jsj2)(Jrja) — (Jajr) (Jaja) + (sda)(ain) - (19)

Each pair contraction corresponds to an equilibrium average over two reservoir
field operators. If two contractions intersect proper minus signs have to be taken
into account due to Fermi statistics. A pair contraction (j,(t)j. (t')) depends on
the relative time ¢ —¢' and is only non-zero for p/ = fi, with g = —nr (if u = nr).
We define

’Yu(t) = <jﬁ(t)j#> ) (20)

and get, by using the definition (6)

;
t)agr) for n=+
t) = T,|? {<a’ﬂ”(
) zk:| | (ake(t)af,) for n=-
_ QL /dEFr(E)ei"Etf”(E ) (21)
T
o~ 25 dE e E=ne)/DemBt gy (22)
i
Here we have defined
I, 2 T(E) =21 Y |T.*0(E — ex,) = 271|T. >N (E) (23)
k

with N,.(E) being the density of states of reservoir r. We define f* = f, f~ =
1—f,and fI(E) = f"(F — ), with f(E) =1/(exp(8E) + 1) being the Fermi
function, and 8 = 1/T the inverse temperature. We take the density of states
N, (F) independent of energy and regularize the integral (21) by introducing
an exponential convergence factor e’(E—#)/P Here, D corresponds to a high
energy cutoff. In the end, we will send D — oco. Performing the integral (22)
gives

_ipreimtrt

~ 23 sinh[m(t —i/D)/B]

Vult) (24)

Furthermore, we define

() = vu(nt) (25)
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and note the important property
Jim {3 (1) + 97 (1)} = L0(8) (26)

which follows directly from (22).

0 1 0 1 0
@ @ ®
+L \\ \\_R +L /, -R \‘
AN AN ' \

po \\ \\ II ‘\ |O><0|
-L Y% \\\ +R 'I-L +R\‘
oo s
0 1 0 1 0

Fig. 2. Diagram after the application of Wick’s theorem. On the propagators the states
s =0,1 of the dot are shown. At the vertices we have indicated the index p = nr.

We indicate the pair contractions diagrammatically by connecting the corre-
sponding vertices by a dashed line, see Fig. 2. The remaining part for the dot
degrees of freedom still remains, see Eq. (17). We calculate this part by inserting
intermediate states of the dot between the operators. These states are indicated
in Fig. 2 between the tunneling vertices. The reservoirs are already integrated
out, so the tunneling vertices correspond to the dot operators g, (with an ad-
ditional factor Fi for a vertex on the upper (lower) propagator). Between the
tunneling vertices we have the free time evolution of the dot, i.e. for a propaga-
tion of state s from o to ¢1, we get an exponential factor e~*Fs(t1—t2)

Our diagrammatic language provides an effective description in terms of the
dot degrees of freedom. The presence of the reservoirs is reflected by the cou-
pling of the tunneling vertices by the free Green’s function of the reservoirs. In
particular, this means that the forward and backward propagator are no longer
independent but are coupled by reservoir lines. We will see in section 3.1 that
this leads to rates in a kinetic equation for p(t).

2.2 Superoperator Notation

In this section we will replace the double-propagator diagrams on the Keldysh
contour by a convenient matrix notation. This provides a very compact and
analytic way to express diagrams by formulas.

. > N PN PN
‘ 4 N ’ N ’ \

e , AN N 1 \ l '
Pboh —o—o—o—0—0 —¢é—0—¢ 9o 10><0|
00 10 00 01 00 01 11 01 00

Fig. 3. Diagram in the double-state representation. It results from Fig. 2 by taking the
upper and lower line together to one single line.



An Introduction to Real-Time Renormalization Group 143

Instead of considering two propagators and specifying the dot states on each
propagator separately, we can formally take both propagators together to one
line and specify the state on this new propagator by a double state (s,s’), see
Fig. 3. Here, the first (second) state corresponds to the state on the upper (lower)
propagator. By this trick we have lost the information wether a tunneling vertex
lies on the upper or lower propagator. To recover this we add to the index p of
the tunneling vertex operator an additional index p = 4, which indicates wether
g, acts on the upper (lower) propagator. The new vertex is denoted by G¥, with
matrix elements

(GI)SlSll,SQSIQ = _i(g#)slsgasis; (27)
(G;)SIS/I,SQS/Z = i68152 (g#)s’zs’l . (28)

We have included the factors Fi for a vertex on the upper (lower) propagator
into the definition of G¥,. The free time evolution between the vertices is given

by a factor e~*(Fs=Es)(t1—t2) ‘wwhere (s, s') indicates the double state on the line.
This can be written in operator form as (e~*Fo(t1=t2)) o, . with

(Lo)sls;,szs; = 631325s’13’2 (ES1 - Es’l) . (29)

Finally, a contraction connecting a vertex Gﬁl, at time t’ with a vertex GF at

time ¢ > ¢, is denoted by 75’:, (t — ¢'). Using the definition (20) and the fact
that operators on the lower propagator act always later than those on the upper
propagator, we obtain

pp () _ 5 (Ju®in) =ut) for p'=+
i = e { G0 0 o 2T (30)
N

=4

o, , 31
#1928 sinh[w(p't —i/D)/f] (31)
where we used the result (24) in the second step.

The double-state matrices Ly and G, are called superoperators in the sense
that they act on single-state matrices, i.e. on ordinary operators. If b is an
ordinary operator, we can define Lo and G¥, by

Lob = [Ho,b] , GJb=—ig,b , G, b=ibg, . (32)

Within the superoperator notation and using a = |s')(s|, an arbitrary dia-
gram for pgs (t) can be written as

_ —— —
pes(t)  — {e%o@*to)GlGQ ...... ano} - (33)

The time dependence of G; = G} (t;) is defined by

Gh(t) = e'bot=lo) Gr e =iko(i=to) (34)
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All operators G ...G, are coupled in all possible ways by reservoir pair con-
tractions, as indicated in (33). Implicitly we assume summation over p ... i,
and p; ...py, together with the integration over the time variables t; .. .t, with
t>t >t > >1t, >t

Ifa=1; = Z# :1,Ju ¢ corresponds to the current operator, we get

{ . — = 11—
(ipju)(t) — Troi, {eﬂL"(t*t“) Gi1Gy...... ano} . (35)

In comparison to (33), we need an additional pair contraction to the current
vertex. In order to treat the boundary vertex i, as well within the superoperator
notation, we define a superoperator I, by

I:b:iub/2 , I;b:biu/Z, (36)
with matrix elements
1 . _ 1 .
(I,j)sls’l,st’Q = 5(%)818253’13’2 s (Iu )813'1,(928’2 = 553132 (Zu)sgs’l . (37)

Using cyclic invariance under the trace, we get for (35)

o —f— 1l—
(iggu @) — Trol;GiGa...... Gnpo (38)

where I; = IF(t), and the interaction picture is defined by
_ 7p —iLo(t—t
ID(t) = Ih e~ roli=to) (39)

Egs. (33) and (38) are the central result of this section. They relate the
reduced density matrix of the dot and the average current to diagrammatic
expressions in a very compact and analytic way. It turns out that the usage of
superoperators simplifies the notation considerably. We will see in sections 3 and
4 that the derivation of kinetic equations and renormalization group equations
is very transparent in this language. However, one should always keep in mind
that the usage of superoperators is only a formal trick to find a convenient
matrix notation. Therefore, we have set up the diagrammatic representation in
terms of the Keldysh contour first, and then, in a second step, introduced the
superoperators. Of course it is also possible to start directly with superoperators
[1], which provides a more compact and shorter way to arrive at Egs. (33) and
(38). However, for pedagogical and physical reasons, we did not proceed in this
way here. The diagrams on the Keldysh contour reveal better that there are
different kinds of terms which have to be distinguished very carefully from a
physical point of view. Reservoir lines connecting the upper and lower propagator
correspond to rates, they change the state of the dot simultaneously on the upper
and the lower propagator. This describes a transition from one diagonal matrix
element of the reduced density matrix p(t) to another one. Such processes can
not be expressed on a Hamiltonian level and lead basically to the physics of
dissipation. In contrast, reservoir contractions which connect vertices within the
upper or lower propagator describe renormalization and broadening of levels.
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3 Kinetic Equation

3.1 General Approach

In this section we will derive a self-consistent equation for the reduced density
matrix p(t) of the dot, together with an expression for the average current. To
achieve this it is essential to distinguish in Egs. (33) and (38) between connected
and disconnected parts. From (33) we see that any diagram for p(t) can be
written in the form

e o=t (A1 G GBy)eon e 02 1) (A3G ... GBy)con - - -
- 671’L0(t2n_27t2"’_1) (Agn_lG B GBQn)con 672’L0(t2"7t0)p0 . (40)

Here, (A;G...GBjit1)con denotes a sequence of vertices between t;11 and ¢;
which are coupled by pair contractions in such a way that any vertical cut
between ¢;,1 and t; will cross some contraction. We define such a block as a
connected part of a diagram. E.g. Fig. 3 shows a sequence of three connected
blocks. The boundary vertices A and B are identical to G, i.e. Al = B = GF,
but the interaction picture is defined differently

AP (t) = Abemtholt=to) = pr(4) = ¢tholi=to) pp (41)

The reason is that we want the connected part (4;G ... GB;11)con of a diagram
to depend only on the relative time argument t; — ¢;41. Furthermore, we distin-
guish the boundary vertices AL and Bf, from G, since, within the renormaliza-
tion group procedure developed in section 4, the boundary vertices renormalize
differently.

We define the sum over all connected diagrams between ¢’ and ¢ by the kernel
Z(t—t)

E(t - t/) — (AtGlGQ e GQnBt/)con . (42)

We note the important property that the kernel X(t — ¢') is independent of the

initial time ¢y since all exponential factors e**0o% arising from the interaction

picture cancel within Y. Thus, in order to calculate X', we can set ty = 0 in the

definition of the interaction picture of A, B, and G, see Egs. (34) and (41).
Using the definition (42) for X in (40), we obtain

) > t 31 ton—1
p(t) _ eszo(tfto)po + Z/ dt1/ dt2. . / dt2n
n=1"to to to

e o) Sty —ty) e o2 Dty —ty) ..

» e—iLo(th—z—hn—l)2(t2n_1 _ th) e—iLo(tzn—to)pO . (43)
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Differentiating with respect to time gives the kinetic equation

B(t) +iLop(t) = [ dt'2(t —t')p(t') . (44)

Since the r.h.s. of this equation is a convolution in time space, we can formally
solve this equation in Laplace space. We define the Laplace transform by

p(z) = /00 dte®p(t) , X(z) = /00 dt et 3(t) , (45)

to 0
and get from (44) the solution

p(z) = m Do - (46)

The time dependence p(t) follows by reversing the Laplace transform

R el : 17 :
p(t) = lim —/ dze "#'p(z) = lim — / dwe ™'p(w+in) . (47)

—oo+in n—0 27

We remark that p(z), defined by (45), is analytic in the upper half plane since
p(t) will approach a stationary value for ¢ — oo. Thus, within the integration
region of (47) the integrand is well-defined. We see that the integral kernel 3(z)
is the central object which has to be calculated. The full time evolution of p(t)
out of an arbitrary nonequilibrium state can be obtained once X(z) is known for
all z = w+i07". The calculation of X(z) will be the subject of the renormalization
group approach described in section 4.
The stationary state is defined by

Dst = tli}r(r)gp(t) =—i Zli%+ zp(z) . (48)
Multiplying (46) by z[z — Lo — i2(z)] and taking the limit z — i0", we see that
the stationary state is the eigenvector of Lo + i3(i01) with eigenvalue zero

(Lo + 2(i0")]ps = 0. (49)
The density matrix p(t) is hermitian. In Laplace space this is equivalent to
P(2)se = D(=2")ss - (50)

This follows from the solution (46) by using the symmetry relations

(iLO):ls'l,s:gs’Q = (iLO)Sllslvs,232 ) (Gﬁ)zlsg,szsg = (Gg)s'lshs'gsz ) (51)
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where p = —p. They follow directly from (27), (28), (29), and the hermiticity of
the Hamiltonian. The consequence for the kernel (42) is

E(t);si,szsé = Z(t)538175/282 ) 2(2)2153,525’2 = E(_Z*)SIISLS/ZSQ . (52)
Using these relations together with the hermiticity of the initial density matrix

po, we find directly (50) from (46).
To prove conservation of probability Trop(t) = 1, we first note that

Z(Lo)ss,~- = Z(Az)ss,n = Z(Bf:)ss,~ = Z(Gz)ss,n =0. (53)

Applying this to (42) together with the fact that the contraction connected to
the boundary operator A7, does not depend on p, we find the same property for
the kernel

> E(t)es =Y X(2)ss- =0, (54)

Applying Trg to the kinetic equation (44), and using the properties (53) and
(54), we find d/dtTrop(t) = 0 which proves conservation of probability.

To calculate the current we proceed analogously. From (38) and (40) we see
that any diagram for the average current can be written as

TTO (It G... GBt’)con p(t/) . (55)

The first connected block contains the current vertex. The sum over all connected
diagrams containing the current vertex is denoted by X;(t —t')

Zj(t — t/) - (ItGlGQ s GQnBt’)con . (56)

The only difference to (42) is that the boundary vertex AL has been replaced by
the current vertex I7,. From (55) and (56) we find

(L)) = X0, i ) = [}, d¢' Tro Tr(t — ) p(t') . (57)

In Laplace space we get

(IL)(2) = Tro X1 (2) plz) , (58)
and the stationary solution follows from
(IL)st = Tro Zr(i07) pyy - (59)

The expectation value of the current is real, i.e. (fL>(z)* = <fL>(—z*) This
can be seen from the solution (58) by using the symmetry relations

(Iﬁ):lsi,szs; = (15)8/131,5’252 ) (60)

Ef(t):ls’l,sws’z = El(t)sllshslgsz ’ 21(2):18’1,323.’2 = 21(—2*)538178/232 . (61)
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3.2 Exact Solution

For the model of a single non-degenerate dot state, the kinetic equation and
the current formula can be solved exactly. We derive this solution here and will
check in section 5 that the renormalization group equations describe the same
solution. If the reader is not interested in technical details, he can find the final
results in Egs. (65) and (74), and can proceed to the next section.

There are only two possible dot states s = 0, 1. We denote by § the conjugate
state, § = 1(0) if s = 0(1). Furthermore we define p = —p and g = —nr if u = nr.
The following three properties are needed for the following

Y (@) =0 Y p(ID)es- =0 (62)

bs ps
p vy
> (GG, =0 (63)
pp’
; p P’
Jim 3 (GG s = 0 (64)
pp’

The time arguments of the interaction picture are not written explicitly. The
proof can be found in the appendix.

For the reduced density matrix p(t) and the current (I;)(t), we need the
kernels ¥(z) and X (z), see Eqs. (46) and (58). Due to particle number conser-
vation of the total Hamiltonian, the reduced density matrix p(t) stays diagonal
if the initial density matrix pg is diagonal. We therefore need only the diagonal
matrix elements i‘(z)ss,slsl and f;(z)ss’sxs/ (the nondiagonal elements can also
be calculated but do not contribute to the current due to T'rg in Eq. (58)).

The kernels are defined in (42) and (56). Using property (62) we find

(65)

As a consequence, we only have to calculate the matrix element (11,00) of
the kernels (the matrix element (00, 11) is analog and we quote the result at the
end).

We call an intermediate double-propagator state ss ”even”, and a state ss
”odd”. The vertices G and I change the parity. We want the matrix element
(11,00), i.e. we start with an even state 11 from the left. Thus, the state after
the first vertex of the kernels in Eqgs. (42) and (56) is odd, and we can apply
properties (63) and (64) for the pair of the second and third vertex. We see that
the only possibility is that these two vertices are connected by a pair contraction.
After these two vertices we are again in an odd state and can proceed in the
same way. Finally we find that the only nonvanishing diagrams for £(z) are

[ — —

— |
AGG GG ... GGB, (66)
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and analog for X (z) by replacing A — 1.

We denote the sum over all sequences of GG -blocks in (66) by I1(t), where
t is the time difference between the boundary vertices A and B. II(t) can be
calculated analogously to section 3.1 where we resummed sequences of X-blocks
with the result (46) for the reduced density matrix in Laplace space. Thus we
obtain

H —
(2) z— Lo —1i6(2) (67)
with
o(t) = GG =A™, (1)Glhe bt Gr, . (68)
The kernels follow from
Xty = fyfii, (t)GﬁH(t)GfL, , (69)

Using all definitions together with (26) and the fact that Ly is a diagonal matrix,
we find in the limit D — oo

o(t)i010 = =7 (=t) =T (=t) = =T 4(t) ,
7(2)10,00 = —1/2,
ﬁ(z)lo.lo = ! = = ! - y
’ z— (Lo)1o10 — 96 (2)1000 2—€+il)/2
()10 = e e 12 (71)

with v = 3" 47 and I' = )" I. Furthermore, using the symmetry relations
(51) we get II(t)o1,01 = II(t)7g10- Using these results together with ~;'(¢)* =
1 (—t), we can evaluate (69) and (70), and find

Z(t)n’()o = ’7+(t)H(t)10’10 + h.c. = ’y+(t)e_i6t6_Ft/2 + h.c. (72)
Yr(®)11,00 = (e/2)vF ) (t)10,10 + hc. = (6/2)72'(t)e*me*”/2 + h.c.(73)

Using (22) and (25) we finally get in Laplace space

E‘(z)n,oo = i JdEY I, f(E) { E—e-‘,—i-&-iF/Z - E—e—;—iF/Q} (74)
(21100 = 5 [dETLfL(E) {E—e+i+il’/2 - E—e—i—il‘/Q}

By an analog calculation one obtains the matrix element (00,11) by replacing
fr — 1 — f, and changing the sign for the current kernel.
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4 Renormalization Group

In this section we will develop a renormalization group technique to calculate the
kernels X(z) and X;(2) in a systematic way beyound perturbation theory. The
two kernels are defined in (42) and (56). Except for the first boundary vertex,
they are formally the same. Therefore, w.l.o.g. we discuss in the following the
kernel ZN‘(Z) Furthermore, as pointed out after Eq. (42), we can set to = 0.

” ~ e ~
e N 7’ N
’ \ 4 N
’ LSRN \ 4 PN \
é b > Q é o é . < * Py
~ 7 h AY + e
~_ - ~7 N Vs N - N 4
\——, \——/
/——~\ /——~\
” ~ - ~
’ N 4 N
4 \ 4 N
4 \ / \
> é >
b 7 \ + A . N N -
~S_ - S 4 N 4
\——/ \_—/
/——~\
” ~
’ ~
4 \

Fig. 4. Illustration of the RG-method. Successively, the shortest contraction line is
integrated out. The thick lines and dots indicate renormalized propagators and vertices.

In section 2 we have found an effective theory in terms of the dot degrees of
freedom. The reservoirs enter via pair contractions which couple the tunneling
vertices. The aim is to integrate out all contractions in such a way that they can
be interpreted as renormalization of Lo, G, A and B. The procedure is shown
schematically in Fig. 4. We start with the integration over the shortest contrac-
tion. This gives rise to a renormalization of G in Fig. 4. The integration over the
next shortest contraction renormalizes the propagator e ~*Lo(t1=%2) of the dot.
Proceeding in the same way, we find a renormalization of A and B in the next
two steps. Finally we are left with a diagram which we can calculate easily by
perturbation theory but with renormalized quantities. It can also happen that
two or more vertices fall into one contraction which is integrated out, see e.g.
Fig. 5. In this case we generate double-, triple-, and higher order vertices. In a
perturbative renormalization group treatment one cuts this infinite hierarchy at
a certain level. Here, we only consider propagator and single-vertex renormal-
ization.

As described, we first want to integrate over the short contraction lines, i.e.
over short time scales of the function ~,(t). Short time scales correspond to large
energy scales. This leads us to the usual way renormalization group is formulated.
One introduces a cut-off function F(E/D) in the integrand of (21), where D is a
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Fig. 5. Generation of a double-vertex.

high-energy cutoff, F/(0) = 1 and F(z) decays monotonically to zero sufficiently
fast for |z| — o0o. As a consequence, the pair contraction v, p(t) depends on
the cutoff D. In each renormalization group step one reduces the cutoff by an
infinitesimal amount D — D — §D, i.e. one tries to integrate out a small energy
shell. The mathematical challenge is to interpret the result of this integration as
a renormalization of system parameters, like Ly, G, A and B.

We prefer to develop the renormalization group procedure in real-time space.
This turns out to be easier and more systematic. We introduce a cut-off function
F(t/t.) which cuts off small time scales, i.e. F(x), with > 0, is a monotonically
increasing function with F'(0) = 0 and lim,_. F'(z) = 1, see Fig. 6. t. is a
cutoff parameter for small time scales. We define a cutoff dependent reservoir
contraction by

it (8) = u(t) F(t/Le) - (75)

If we choose a sharp cutoff function F(z) = ©(x —1), ., (t) includes only those
time scales which are precisely larger than ¢.. We note that the high-energy cutoff
D introduced in Eq. (22) is independent of ¢, and is not used as a renormalization
group flow parameter. Within our real-time formulation, it corresponds to the
physical band width of the reservoirs.

F(9)

X
Fig. 6. The cutoff-function.

Motivated by the picture presented at the beginning of this section, we hope
that all time scales being smaller than ¢., i.e. those being not present in 7, (¢)
can be accounted for by renormalized quantities. To formulate this precisely let
us write the kernel X(z) as a functional of Ly, G, A, B and v

2(Z) = f(LO,Gﬁ,Aﬁ,Bﬁ,’YM(t)) ) (76)
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where p, p,and ¢ run over all possible values within the functional. After replacing
v, by the cutoff-dependent function 7, inside this functional, we try to find
a cutoff dependence of all other quantities in such a way that the kernel stays
invariant with the same functional F

Al Blito Yt (1)) - (77)
This equation is only exact if we neglect higher order vertex corrections, as
already pointed out above. Otherwise we have to include all higher-order vertex
terms as arguments in the functional F as well. Via v, , the second term on
the r.h.s includes only time scales which are larger than ¢.. All other time scales
are accounted for by the cutoff-dependence of Ly, G, A, and B. The first term
on the r.h.s contains the contributions where all time scales are smaller than ..
This part is not included in the second term where at least one contraction line
Yut, occurs. It is important to notice that X () should not be viewed as being
trivially defined by Eq. (77). If we choose a sharp cutoff function F(z) = ©(z—1),
i‘tc (z) can be contructively defined as containing only those diagrams where all
contraction lines have a length smaller than t.. For t. — oo the second term on
the r.h.s. of (77) vanishes, provided the function v, (t) decays sufficiently fast for
t — 00. Thus, we obtain the final solution from

2(z) = 5y.(2) + F(Low., GY,

pteo

2(2) = lim 2. (2) . (78)
The aim is to find differential equations which describe the cutoff-dependence of
2. (2), Lot,, Gy, , Ar, and By, . This will be the subject of the rest of this section.

Let us increase the cutoff by an infinitesimal amount ¢. — t. + dt.. Due to
the invariance, Eq. (77) should not change

0 = d¥(z) + F(Lo+dLo,G+dG,A+dA,B+dB,y+dvy), (79

where we have omitted the subindex ¢. and the indizes p and p. The change of
~ is known from the definition (75)

Yt (t) = =7 (8 F'(t/t)t/t2 dte (80)
or, for a sharp cutoff function F(z) = O(x — 1)
Ayt (8) = = (te)O(t = Le) dic - (81)

The increment dv in (79) leads to all diagrams where one contraction line is
replaced by dy. We indicate this by a cross and define

—>X dl

Gl...GQ = - ( )ppll(tl _t2) dtc GZ(tI)GZ,/(tQ) ’ (82)

dt, He

We call this a ”cross contraction”. For a sharp cutoff function, we get

_ pp o P '
Gi...Gy = ph,(te) 6(tr — ta —te) dte Gh(t1) ... GT, (t2) (83)
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Corresponding definitions hold for G replaced by A or B. By convention we have
included a minus sign into the definition since —dy accounts for the time scales
of the contraction between t. and t.+ dt., compare Eq. (81). We have to identify
all terms created by dvy with a contribution arising either from dX, dLo, dG, dA
or dB in Eq. (79) in order to fulfil invariance. Which one has to be taken depends
on the number of vertices between G; and G5, and wether one or both of the
vertices are boundary vertices.

Let us start with the simplest case of two successive vertices which are not
at the boundary

%
G1G2G3GYy . (84)

Here, the two vertices G and G4 are contracted to any other vertices. Motivated
by Fig. 4, it is tempting to take this diagram together with G;G4 and interprete
the cross contraction as a renormalization of L¢ in the following sense

>
GGy + / dtodts G1GoG3Gy

1>2>3>4

iLot1 (yp1 ,—i(Lo+dLo)(t1—t4) (1pa ,—iLota
e Ghle Ghie . (85)

Expanding the exponential to linear order in dLg, we see that this requires the
identity
>4 ?
dtadts GrCaCisGa —  —i / dt G (dL)(H)Gs . (86)

1>2>3>4 t1 >t>t4

To obtain such a relation we seeﬁi%mmediately a problem. The integrand of the

L.h.s contains a two-time object GoG3, whereas the integrand of the r.h.s contains
the single-time object (dLg)(t). We have to decide to which time-variable we
identify t. Let us make an arbitrary choice: ¢ = t3. Then it is obvious to try the
ansatz

—i(dLo)(t3) = /dt2Gi%3- (87)
253

This is well-defined since it does not involve the time variables ¢t and t4. However,
let us try to insert this ansatz into the r.h.s of (86). We get two terms

>
—1 / dtg Gl (dLo)(t3)G4 = / dt2dt3 G1G2G3G4

1>3>4 1>3>4
2>3

= —>%
= / dtodts G1GoGsGy  + / dtadts G1GoG3Gy (88)

1>2>3>4 2>1>3>4
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The first term agrees with the Lh.s. of (86), whereas the second one is a correction
term which has to be considered separately. Let us try to interpret it as a term
arising from dG. We define

darry() — ﬁﬁG
( ul) (t1) = — dtodts G1G2G3 (89)

2>1>3

where the subindex (1) indicates that this is the first contribution to dG (another
one will follow below). Using this definition we finally get

r%
dtydts Gy CaCisGy = —i / dts Gy (dLo)(t5)Ga + (dGE)V(t1)Gy

1>2>3>4 1>3>4
%
+ / dtydts G1GoG3Gy . (90)
2>1>4>3

In the last term on the r.h.s. the two time-variables ¢; and ¢4 are ”clustered”
together, they both have to lie within the time interval [ts,ts]. Therefore, we
interpret this term as a double-vertex which we neglect. In conclusion, we have
achieved our final goal: we have interpreted a term arising from d~ by a renor-
malization of Ly and G.

Let us try to understand what we have done so far and how to find a sys-
tematic procedure for obtaining the complete RG equations without going again
into the details of the foregoing exercise. We have defined the renormalization
of Lo in (87), which is natural since this expression contains only operators of
the dot. We write

—i(dLo)(t2) = Gﬁl?;% ; (91)

where the arrow indicates the time variable which is not integrated out. It is
this time variable which is used for the definition of the interaction picture of
dLo and, most importantly, which is used for the definition of time-ordering, see
the r.h.s of Eq. (86). The time-variable ¢; no longer appears explicitly because
it is an internal integration variable within the definition of dLg. This has the
consequence, that time variables of other vertices do not care about the value of
t1 regarding time ordering. E.g., if we multiply (dLg)(t3) with a vertex G5 from
the left, time-ordering only requires t5 > t3 but the ordering of t; with respect
to the internal integration variable ¢; is not prescribed. Thus, due to dLg, the
following term will occur on the r.h.s. of (79)

%
G2G1Gs (92)
T
where t; > ty > t3. However, this term is not present in the original series
because the ordering of operators does not agree with the ordering of time vari-
ables. Consequently, we have to subtract this term. This is the basic reason for
the occurence of the second term on the r.h.s. of (90).
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We interpret minus the correction term (92) as renormalization of G. Again
we have to specify the time variable for the interaction picture and for time-
ordering. We choose to in analogy to Eq. (89). Together with the "real” vertex
renormalization, arising from a free vertex inside a cross contraction, we get the
complete renormalization of G

X —>4
(dG2)(t2) = GIG%GS - G%Gng . (93)

We can now proceed to look at other correction terms which can occur by mul-
tiplying (91) with two vertices from the left or (93) with one vertex from the left
or right

—> X —>5 —X —>
GoG3G1Gy + GoG1G3Gy — GoG3G1Gy + G1G2G4G3 — GoG1G4G3 (94)
T i i 7 T T 7 7
with t; > to > t3 > t4. We have indicated the time-ordering variables of all sub-

clusters which lead to these expressions. We see that the first and third term
cancel each other. The other three correction terms have to be subtracted again.
Minus the fifth term corresponds to the third term on the r.h.s. of Eq. (90).
The second and fourth term are correction terms arising from the "real” ver-
tex renormalization. However, all these correction terms correspond to double-
vertices which we neglect consistently. Another double-vertex term arises from
two free vertices within a cross contraction. Proceeding further in the same way,
triple- and higher order vertex terms will occur which again are not considered
here. We see that the procedure is very systematic and straightforward.

In the same way we can proceed for boundary vertices. Since we want to
calculate the Laplace transform X(z) of the kernel each diagram of the kernel
(42) gets an additonal factor e?**. Consequently we define the interaction picture
for the boundary vertices slightly different from (41). We simply include the
factor from the Laplace transformation

_ izt —iLot _ _iLgt —izt
AL(t) = e Ale™ ™" Bi(t) = e""*"Blle . (95)

Analog to the above procedure we can write down immediately all terms with
cross contractions containing boundary operators. They can be interpreted as
renormalization of X', A and B

~ >4
dZ(Z) = A1B2|t2:0 ) (96)
—X >
(dA2)(t2) = AlG%G3 - A%GHG:& ; (97)
—>X
(dB2)(t2) = GlG%BS : (98)

Again, we integrate implicitly over all time V&I‘i&bl% which are not indicated by
an arrow, with ¢t; > to > t3. Terms like A1G5 or G1Bs do not occur since they
do not lead to connected diagrams. For this reason, there is also no correction
term in the renormalization group equation for B.
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Fig. 7. Diagrams where additional minus occur if the ends of the indicated contraction
are connected. In (a) a minus signs occurs if the particle number difference Ny — N/
is odd. In (b) and (c) a free vertex is crossed by connecting the end-points without
crossing over pog.

Egs. (91), (93), and (96)-(98) are the final RG-equations. They can be trans-
lated easily to get explicit expressions. In order to get the renormalization of the
bare quantities we have to set ¢t = 0 in all equations. To account for possible
minus signs arising from commutation of fermionic reservoir field operators, we
have to include two auxiliary sign functions. They arise because we have to con-
nect the two end points of the cross contraction. If the cross contraction couples
the upper with the lower propagator, a minus sign occurs if the intermediate
double-propagator state at the vertex with the larger time is odd (i.e. if the
difference of the fermionic particle numbers on the upper and lower propagator
is odd), see Fig. 7Ta. We account this by a sign operator &ﬁp/ multiplying each

cross contraction from the left. The matrix elements of this operator are defined
by

! pp’ for Ny — Ny = odd
(Uﬁp Jast.ast = { 1 for Ny — Ny = even ’ (99)
where Ny is the fermionic particle number of state s and p is a fermionic con-
traction (for bosonic contractions no additional sign has to be considered). The
second sign function concerns the case when one free vertex occurs within a cross
contraction. A minus sign occurs when the cross contraction crosses over the free
vertex when we want to connect the two end points. Since ¢ is multiplied from
the left by definition, we connect the vertices always in such a way that we do
not cross over pyg. We denote by p, p1, and p} the indices of the free vertex, the
vertex with the larger and the one with the smaller time variable of the cross
contraction, respectively. If p = p}| we get an additional minus sign, see Fig. 7b
and 7c. Therefore we multiply the "real” vertex correction by an additional sign
function

pp, | —pp} for p and ' fermionic
Mty = { 1 otherwise (100)
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In summary we get the following RG equations

d(ZCE(Z):_fdt (£)oTP AL (1) BY,
L Ly=— f dt ()P ()67 GB ()G,

deszdt f dtl dv Plpl( 7t/)

mu

[nﬁia&fii“ GR (06, — GRof" G ()] € (1)

M1 M1

d,Aﬁ:_fdt f dt/ Plpl( —t/)

//«116

[nﬁﬁﬁ&ﬁp%pl( G, — Anaiiricn ()] Gh ()

Lpr - — f dt f dt! ()P (£ — 1) bk 613 Gy ()G B ()

mu

Implicitly we sum over all double indices on the r.h.s. of these equations which do
not occur on the 1.h.s.. We note that the overall sign on the r.h.s. differs from the
one in [1] since we have included the factors —i into the vertices. Furthermore, we
have generalized the RG equations to an arbitrary cutoff-function F(t/tc). For a
specific cutoff-function, e.g. F(x) = 6(x — 1), and taking matrix elements of the
RG-equations, all integrals in (4) can be calculated analytically. We are left with
pure differential equations which can be solved numerically in a straightforward
and very efficient way. Finally, the asymptotic value lim;_ o i’tc (z) gives the
solution for the kernel, see Eq. (78). Using (46) and (47), we get the complete
time-evolution of the reduced density matrix of the dot. The initial condition
for the boundary operators at . = 0 is given by A = Bl = G¥. To get the
current kernel % 1(z), we take the same RG-equations with the initial conditions
AP = If and B, = GV,

Numerlcally7 one can not take the initial flow parameter t = 0 and the
final one t{ — oo. However, one can check that the final solution is stabel for
sufficiently small t0 and large #{. This means that 1/t0 and 1/¢{ have to be much
larger resp. smaller than all other energy scales

1 1
7 < i, Tr, ToeVilel < D < o5 (101)

where eV = uy — pg is the bias voltage, and Iy, I'r are defined in (23). In
addition, we want to send the band-width cutoff D — oo. This means that we
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have to check the stability of the solution for tY — 0, D — oo, with D2 — 0.
For the problem under consideration this is indeed possible.

There are three essential differences of our final RG equations to conventional
poor man scaling and operator product expansion techniques [12,13]:

1. We have formulated the RG-equations within a real-time formalism
on the Keldysh-contour.

2. We have not expanded the interaction picture of the vertex
operators for small times, i.e. the renormalized propagation exp(=£iLt)
is taken fully into account.

3. For t. > t0 we get Lo # [Hp,"], i.e. we generate non-Hamiltonian
dynamics during RG.

The first point is necessary for describing nonequilibrium phenomena. The sec-
ond one is important for self-consistency reasons (Lg in the exponent is a renor-
malized quantity) and for the stability of the solution for ¢/ — co. Only if one
expands the exponentials exp(+iLot) in ¢, one has to stop the RG-flow when
[Ate| ~ 1, where A denotes any eigenvalue of Ly. We do not need this expansion
and, consequently, are able to integrate out all time scales. The third property
is the most important one. It is essential for a nonequilibrium theory to describe
the physics of dissipation. Thus, the renormalized superoperator Ly should no
longer be expressible by a commutator with a renormalized Hamiltonian Hy, i.e.
in matrix notation

(LO)slsg,s/ls’Z 7& (HO)slsz(Ss’ls'Q - 55182(H0)5’28’1 . (102)

To show this let us first define the renormalized Hamiltonian in a natural way. It
is obvious that contractions which connect the upper with the lower propagator
of the Keldysh contour, do not lead to Hamiltonian dynamics. This was already
explained at the end of section 2.2. Thus, in order to define the renormalized
Hy let us consider the same RG equations but allow only for contractions within
the upper or lower propagator. Formally, this means p = p’ and p; = p} in (4).
Under these conditions we can write the solution as

(LO)slsg,s/ls’2 = (HO)S15255/15/2 - 55152(Hg)5’25'1 . (103)

To obtain this, we have used the symmetry relations (51) together with the
property

-

Vg (O =y (=) = v (£) - (104)
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The renormalized Hamiltonian Hj is defined by considering only the upper prop-
agator, i.e. setting p = p’ = p; = p} = + and replacing Ly — Hj and G;j — —igy,
in the RG-equations. We note that Hy is non-hermitian since we generate com-
plex energies during RG. Physically this describes broadening of levels or fi-
nite life-times. From (103) we conclude that the backward propagator involves
Hg, i.e. the sign of energy-broadening is different for the forward and backward
propagator. This means, that even if we disregard contractions connecting the
upper with the lower propagator, we get Ly # [Hop,-]. However, this does not
imply the physics of dissipation. It describes the physics of a finite broadening
of the energy levels due to the coupling to the environment. This reflects the
Heisenberg-uncertainty relationship.

In contrast, if we couple the forward and backward propagator by contrac-
tions, the matrix Ly will completely change its form. It can neither be represented
as (102) nor as (103). The coupling of the propagators gives rise to the generation
of rates where the states on the upper and lower propagator are changed simul-
taneously. Rates describe the evolution of the system into a stationary state, i.e.
we generate irreversibility or dissipation during RG.

The RG equations preserve conservation of probability and give real expec-
tation values for hermitian observables. Once the symmetry relations and sum
rules, stated in Eqs. (51)-(54) and (60)-(61), are fulfilled initially, they are not
changed by the RG-flow. Thus, by applying the same proof as in section 3.1, we
obtain a normalized probability distribution of the dot and a real expectation
value for the current.

Under certain circumstances the RG equations can be simplified. This will
be important for the exact solution presented in the next section. We decompose
the pair contraction (20) trivially into two terms

Yult) = () + 7 (8) (105)
with
s _ 1. . 1 ’
Yo = 5 Ua®)dul-o) s Tu = 5Ual0) dulo) (106)
where o0 = £ for g = bosonic (fermionic), and [, -], denotes the (anti-)commu-

tator for 0 = £. This decomposition is useful since in many problems, the part
fyi(t) turns out to be proportional to a delta function or derivatives of a delta
function (at least for the band width cutoff D — o0). For our special model we
get (compare (26))

() = L 5(0) (107)

Such a contribution can be included into the initial conditions of the RG equa-
‘.ci(znskglz‘)i)rst, we decompose 7,7, (t) = v/ () + Yy (1) as well by inserting (105)
into

1 for p = bosonic
p’ for p = fermionic

22 () = [ (0) +3,(0)] { (108)
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We have obtained the explicit dependence on the indices p and p’ in this equa-
tion. Therefore we try to include these factors into the definition of the vertex
operators. Having included the fyi—parts into the initial conditions, it turns out
that closed RG equations can be found for the quantities

@)ew. = { Zp(Gh)aw for No— Ny = even or = bosonie
w)ss! - i pr(GZ)SS,V,, otherwise 7
(109)

with Ny being the fermionic particle number of state s. In the same way we
define the boundary vertices A, and B,. We have included a factor —i for the
second case in (109) in order to get the same symmetry relations as in (51)

(GH)le’l,SQS'Q = (Gﬁ)s’lshsfzsz : (110)

Using the fact that fermionic vertex operators (G,u)ss’,sls'l change the parity of
the fermionic particle number difference Ny, — Ny — N5 — Ny, we get after a
lengthy but straightforward calculation the following RG-equations arising from
the ¥,-parts

() = - [ at S (t)Au(t) By

ALy=—i [ dt D ()Ga(t)Gy

a
Q
S
Il

00 0 &,
- ({dt Jodt G (= t) [0, Gy (DG — GG, (1)] Gy (1)

o
N
=
Il

00 0 -
= [t [t T =) [0, Ap, (DG — AuGy (8)] Gy, (1)

0 —o00

&
S5
I

o0 0
d~/11
= — Ofdt Jodt G (= 1) 0, Gy (G By, ()

(111)
where
) = ) { | a2 ponemie (112)
and
i = fon o = oot (113)
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We see that the new RG equations are more compact but we note that they
can not be applied to all models. Sometimes, like e.g. in spin boson models, it
happens that the part fyi(t) can not be expressed by the derivative of a delta
function and, consequently, can not be incorporated into the initial conditions.
In this case, one should use the original and generally valid RG-equations (4).

5 Exact Solution of the RG Equations

In this section we demonstate that the RG equations can be solved exactly for
the special model (1)-(3) of a single non-degenerate dot state. It turns out that
the result for the kernels agrees with that of section 3.2. We conclude that the
RG-approach solves the present model exactly.

We choose the sharp cutoff-function F(z) = 6(xz — 1) and get from the RG-
equation (4) for a matrix element of the kernel

E(Z)SS,EE = Z /dtc 'Ygﬁ (te) e'#te (Ag)ss,s’g’ e iawrte (Bﬁ )orstss - (114)
0

pp'ps’

Here, due to particle number conservation, we have used the fact that the only
nonvanishing matrix elements of Ly are as = (Lo)ss,s5 and (Lg)ss,s's- T0 eval-
uate this equation we need the t. dependence of o and the boundary vertex
operators. To obtain this it is convenient to include the part vﬁ into the ini-

tial conditions. The latter follow from inserting the part 'ygf; (t.)? into the RG-
equations (4), and integrating. We denote the initial value for Ly by Lg. The
vertex operators do not obtain any initial renormalization from the J-function
parts since there is no phase space for the time integrals in (4). Taking the part
fyg]: (t.)° from the first term of (108) together with (107), and inserting it in the
RG-equation (4) for Lo, we find

d T / ,
(E)ag = 255(tc)pp/(GﬁGZ )sg,sé = —il'0(t.) - (115)
This gives
) A
agz—e—zg , a‘f:e—zi, (116)

where the part with the single particle energy e stems from the initial value
without any renormalization.

As we will show in the following we find no further renormalization from the
Au-part, i.e. using the simplified set of RG-equations (111), we get

d d d d

. 5:714 sss’g’ziB s’§’§§:7G =0. 117
dtca dtc( 1)ss, (By) dt, " (117)
This means that the renormalization of the kernel due to the 7,-part can be
calculated with unrenormalized vertex operators and using the result (116) for
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. Since, trivially, the same applies to the 72—part, we can directly evaluate
(114) in this way and get the result (74) of section 3.2.

What remains to be shown is Eq. (117). We first note the following properties
of the matrix elements of the vertex operator, which follow from the definition
(109)

Z(Gu)ss,s’g’ =0 5 (G;L)sg,s’s’ = (Gu)sg,g’g’ . (118)

S

Furthermore, using (53), we get

D (el =1 (119)

S

We apply these properties to the following expression

[GL(t)G (t/)]sg,s'? =
= glostgiogt’ Z(Gp)sg,swl(e_iLO(t_t,))ﬁﬁ,swz (Gu’)szszvs'g'

§182

= elastemiost (Gui)ss,sis: Z(Gu’)8282,8’§’ =0. (120)

82

Using this result after taking matrix elements of the RG-equations (111), we find
immediately (117).

We conclude that after having set up the general RG-equations (4) and (111),
the exact solution of the present model can be found analytically in a straight-
forward way. There is no need to consider diagrammatic details as in section
3.2. Furthermore, we see that the effect of the reservoirs is simply a broadening
of the local state of the dot by I'/2, see (116). Otherwise the evaluation of the
kernel is the same as in lowest order perturbation theory in I'.

6 Summary and Outlook

In this article we have presented a new viewpoint to analyse nonperturbative
aspects of nonequilibrium systems. We considered a small system coupled lin-
early to several baths. Nonperturbative means that the coupling between system
and bath is so strong that quantum fluctuations induce broadening of the states
in the system together with possible renormalization of energy levels and the
coupling to the environment. In macroscopic systems, such effects are negligible
since the interaction with the environment is a surface effect. In contrast, our
goal is to describe mesoscopic systems like quantum dots, magnetic nanoparticles
or chemical molecules coupled to particle or heat reservoirs. Usually such sys-
tems are treated within perturbation theory [14-16]. This means that the kernel
X(t) of the kinetic equation is calculated in lowest order perturbation theory in
the coupling, the so-called golden rule or Pauli-Master equation approach. Our
aim here was to find a systematic way to consider self-consistently an infinite
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series of higher-order contributions to the kernel. This is a nontrivial task, espe-
cially in nonequilibrium where a real-time formalism on a Keldysh contour has
to be used. Renormalization effects known from equilibrium theories have to be
incorporated consistently within a kinetic equation. Our point of view relies on
renormalization group ideas. We try to integrate out all energy scales of the bath
in infinitesimal steps. Each step is interpreted as a change of various quantities,
like broadening and renormalization of energy levels, and generation of rates.
For formal reasons we have set up this procedure in real-time space. During
this procedure we keep the kernel of the kinetic equation invariant and gener-
ate non-Hamiltonian dynamics to describe the physics of dissipation. The final
RG-equations are presented in (4), and, alternatively, in (111). Solving them,
provides the complete description of the time-evolution of the reduced density
matrix of the system and arbitrary observables being linear in the field opera-
tors of the bath. This includes the consideration of an initally out of equilibrium
state as well as the description of stationary nonequilibrium situations. We have
solved the equations exactly for the special case of a quantum dot with one state
coupled to two particle reservoirs. The solution turned out to be identical to the
exact one.

The reader might argue that this is a trivial result since the model under
consideration is very simple. However, as shown in a recent paper, the same
RG equations provide not only the exact solution for a noninteracting quan-
tum dot with one state, but gives a good solution also for the spin-degenerate
case including a finite on-site Coulomb interaction U [1], the so-called Anderson
impurity model in nonequilibrium. Here, not only energy broadening but also
energy and coupling constant renormalizations are important. In the mixed-
valence and empty-orbital regime, i.e. for level positions near or above the Fermi
level of the reservoirs, it was shown that the linear conductance and the average
occupation in equilibrium agrees perfectly with Friedel sum rules, Bethe ansatz,
and numerical renormalization group methods within 2-3%. This means that
the RG provides a good solution for the whole range from U = 0 to U = oo.
This is a surprising result since usually methods designed for strong interaction
do not work well for weak interaction and vice versa. Therefore, the fact that
the RG gives the exact result for the noninteracting case is not at all a trivial
result. In fact, within the slave boson technique [17], which is a well-known and
well-established method in the theory of strongly correlated Fermi systems, it is
very complicated to find the exact solution for U = 0 [17].

Another example where the RG-method has been applied is the study of
transport through the metallic single-electron transistor [18]. For this case, the
RG-equations have been solved in sixth-order perturbation theory in the cou-
pling. Surprisingly, it turned out that the solution agrees very well with exact
perturbation theory in the same order. The reason why the RG-equations have
not been solved in all orders is that the result was not finite for the band width
cutoff D — oo. Only if certain parts of double-vertex corrections were included,
the solution turned out to be cutoff-independent. A more detailed study of the
D-dependence and the solution for higher orders is currently under way.
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The RG-equations on the level of propagator and single-vertex renormaliza-
tion are pure differential equations and, consequently, can be solved numerically
very quickly. Typical response times range from seconds to a few minutes for one
set of parameters, even on a usual PC maschine. There are still some problems
with the asymptotic solution of the RG equations for ¢, — oco. First, it is not
known rigorously wether a stationary solution exists at all. Secondly, the numer-
ical solution is plagued by oscillating functions, typical for real-time problems.
However, for the problems studied so far, and provided the coupling is not too
strong, there is a stationary numerical solution over a sufficiently long period in
t.. This applies at least to the physical quantities under consideration, like the
probability distribution and the current.

Another reason for the efficiency of the present method is the possibility to
calculate physical observables directly without the need of correlation functions
like in linear response theory. Furthermore, if desired, correlation functions can
also be studied with the RG-method. In this case, there are additional RG-
equations to describe the renormalizations of the external vertices defining the
correlation function. These equations together with explicit solutions will be
published in forthcoming works.

The method is also applicable to the study of the ground state energy since
the RG-flow on the single forward propagator provides the S-matrix. This idea
has been applied to the single-electron box [10], coupled metallic islands [19],
and the one-dimensional Polaron problem [20]. In the first two cases very good
results have been obtained, even comparable to very time-consuming QMC-
simulations. For the 1d-Polaron problem, the results were at least satisfactory
for small coupling. Here, problems occured since the correlation function of the
bath does not decay for long times and undamped modes occur which make the
numerical analysis of the asymptotic solution very difficult.

Finally, we remark that a challenge for future research is the consideration of
higher-order vertex corrections. Our RG-scheme provides a systematic treatment
for setting up RG-equations for all kinds of multiple vertices. However, even on
the level of double-vertices, the number of terms increases considerably and the
RG-equations become integral-differential equations. The reason is the retarded
nature of double-vertices. Therefore it is necessary to find physical arguments
to select the most important terms or to improve the numerical efficiency by
neglecting the retardation in a convenient way. Whereas single-vertices describe
basically charge fluctuations (in case of coupling to particle reservoirs), double-
vertices describe physical processes via virtual intermediate states where the
local system can change its state without changing its particle number. This is
e.g. important for the study of spin fluctuations in local impurities or quantum
dots, leading to the Kondo effect [8,12]. Although such processes are pertur-
batively included in the RG-equations set up in this article, it is important to
study them fully self-consistently by considering corresponding RG-equations for
double-vertex terms on a Keldysh contour.
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Appendix
Here we prove Eqgs.(62)-(64). The first one follows from

(G;)ss,gs + (G;)§§,§s =0 ) (121)

which can easily be seen by using the definitions (27) and (28). The reservoir
contraction is the same in both terms since G%, is the vertex at later time,
compare (31). The same proof can be used for IF by using the definition (37).
Since there is no change of sign of I7 if p is changed to p, we have to add a factor
p under the sum in (62).

To show the second property (63), we again use the definitions (27) and (28),
and find

T _ 7
(GEGP s, + (GDGT) 5. = 0. (122)

Both reservoir contraction are the same in both terms since both vertices are at
later time. However, the reader can convince himself very easily that there is an
additional relative sign between the two terms of (122) due to the interchange
of reservoir Fermi operators.

The third property (64) follows from

lim {(GLC%)ss. + (GHGH)s} = 0 (123)
P Wby )ss, - Wt ss, e T

Here, by comparing the two terms, the contraction associated with the second
vertex changes from ;! to v, ". Otherwise the two terms are the same. However,
the sum 7 (t) 4+, "(t) gives a d(t)-function in the limit D — oo, see (26). This
means that there is no phase space in time for the first vertex and the sum is
zero.
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Spin States and Transport in Correlated
Electron Systems

Hideo Aoki

Department of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan

Abstract. We explore theoretically how the correlation effects involving spins can
appear in transport properties when we put zero dimensional (OD: quantum dots),
1D (quantum wires) or in 2D correlated systems in magnetic fields. We show that the
correlation induces a spin blockade through ‘electron molecules’ in quantum dots, a spin
polarised current in a Tomonaga-Luttinger liquid and a negative magnetoresistance in
partly flat bands,

1 Introduction

Recent studies of mesoscopic systems have brought to light many unusual fea-
tures in their quantum transport properties [1]. This is heightened by recent
advances in fabricating low-dimensional structures, i.e., quantum dots, quantum
wires or quasi-two-dimensional crystal structures.

The physics of strongly correlated electron systems is another landmark of
these decades, and fascination of electron correlation phenomena ever increases.
In particular, it is becoming increasingly clear that the spin degrees of freedom
play a crucial role in strongly correlated electron systems, since the way in which
electron correlation effects manifest themselves is dominated by the spin state. It
is now generally recognised that spins do indeed dominate in ordinary correlated
electron systems such as the Hubbard model, often evoked to model high-T¢
cuprates [2], or unusual correlated systems such as the fractional quantum Hall
system [3].

Involvement of spins must appear in transport properties in correlated elec-
tron systems. The purpose of the present article is to propose novel phenomena
along this line, by posing in particular a question: what will happen if we put
various correlated electron systems in magnetic fields, B (Fig.1)?

Here we show that we do have intriguing phenomena in various spatial di-
mensions(D) as

e 0D+ B: spin blockade in quantum dots [4],
e 1D+B: spin polarised current in quantum wires {5],
e 2D+ B: magnetoresistance in flat bands [6].

(i) in a quantum dot containing few electrons the electron correlation enforces
the electrons to take what may be called an ‘electron molecule’ [11,12] comprising
Landau’s orbits in strong magnetic fields. Thus, while in ordinary molecules there
are heavy nuclei around which electrons are bound and we start making Born-
Oppenheimer approximations, etc, we have here no nuclei and electrons just

T. Brandes (Ed.): Workshop 1999, LNP 544, pp. 1671-194, 1999.
[ Springer-Verlag Berlin Heidelberg 1999
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Fig. 1. Correlated electron systems
in 0D (quantum dot), 1D (quantum
wire) and 2D in a magnetic field, B.

spontaneously form molecules due to the repulsive interaction. A combination of
the molecular symmetry and Pauli’s exclusion principle then results in a specific
series (‘magic number’) of the total angular momentum. As the magnetic field is
varied the total angular momentum jumps from one magic number to another,
where the total spin of the system, dominating how the magic states appear,
Jumps in a wild manner. This can be used to realise a spin blockade, where
electrons are prohibited to tunnel due to a selection rule in the spin wavefunction.

(ii) When a 1D quantum wire, which can universally described with Tomonaga-
Luttinger (TL) model, is put in a magnetic field, we have a two-component TL
system with different Fermi velocities for different spin directions. From this we
predict that the ratio of the conductivity for the up spin to that for the down
spin becomes very large at low temperatures, which will result in a spin polarised
current.

(iii) When a system, in any dimension, has a band dispersion which contains
a flat part around the Fermi energy: magnetoresistance in flat bands. The repul-
sive electron correlation should cause ferromagnetic spin fluctuations to develop
with an enhanced susceptibility. A relatively small magnetic field will then shift
the majority-spin Fermi level to the dispersive part, which gives a novel mech-
anism for a negative magnetoresistance. This idea is analytically confirmed by
calculating the conductivity in magnetic fields with the Hubbard model for a
lattice representing an experimentally examined organic conductor,

2 Spin Blockade in Quantum Dots

2.1 Introduction

The Coulomb blockade is one of the highlights in the transport properties of
mesoscopic systems. This is a phenomenon where a resonant tunnelling from an
electrode into a dot cannot occur unless the chemical potential of the electrode
coincides with one of the discrete energy levels of the finite system + the elec-
tric charging energy. While this has to do with the charge degrees of freedom,
Weinmann et al. have recently proposed to use spin degrees of freedom, where
the dot should be blocked, at zero temperature, due to the spin selection rule in

the overlap of spin wavefunctions, (z/)?};‘ig’[w,/);’gigal), that involves Clebsch-Gordan
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Fig.2. Weak- and strong-interaction regimes for quantum dots are schematically de-
picted, where hwo is the one-electron level spacing in the confining potential while e? /ea
is the typical Coulomb repulsion in the dot.

coefficients if the total spins of the ground state of the initial state (with (V —1)
electrons) and the final (N) differ by more than 1/2 [7,8]. This is called the
‘spin-blockade’ and has been studied theoretically for weak electron interaction
regimes. When the electron-electron interaction is weak, 1.e., when the spac-
ing, hwg, between the discrete one-electron levels in the dot is greater than the
Coulombic energy, e?/ea(a: size of the dot, € the dielectric constant) (Fig.2), we
can take a Hund’s coupling picture, in which electrons are accommodated in
one-electron states with high spins for degenerate states. Since the spin changes
only by 1/2 in this rule the spin-blockade condition is not realised, so that some
modifications such as an anharmonicity in the confinement potential [9] have
to be introduced.

We propose here that the situation should be dramatically altered when we
put quantum dots in strong magnetic fields [4]. Then the ground states change
into the magic-number states [10,11]. This remarkable effect comes from the elec-
tron correlation effect, where the total angular momentum has to take a specific
(magic number) values due to a combined effect of the ‘molecular’ configura-
tion of electrons (triangular for three electrons, square for four, etc) and Pauli’s
principle [12-14]. The total angular momentum of the ground state jumps from
one magic number to another as the magnetic field B is varied. The Coulomb
interaction is strong in small dots even for B = 0 where we have fwo(~ few
meV) > e%/ea, but a crucial point here is that an application of a magnetic field
pushes the situation to the strong-correlation side much further.

A tell-tale indication that electron correlation is really at work is the fact that
the total spin (S in S? = S(S + 1), not to be confused with S;) of the ground
state, which dominates how the electrons correlate, changes wildly as shown in
Fig. 6 below. This happens when the typical Coulomb energy is much greater
than the single-electron level spacing, where electron molecule are formed. In
this sense this is genuinely an electron-correlation effect.



170 Hideo Aoki

What we have found is that this can be utilised to realise a spin blockade. We
have numerically studied the ground and excited states of a dot that contain two
to four electrons with a parabolic confinement potential and find that the spin
blockade should indeed be observed. Physically, we can interpret the result in
terms of the ‘electron molecules’ [11,12,14], which enables us to regard the spin
wavefunctions taking part in the spin blockade as spin configurations including
the resonating valence bond (RVB) states, that are usually invoked for molecules
and lattice systems. We further show that the spin-blockade condition is easier
to satisfy in double dots which can be tuned by controlling the layer separation
and the strength of the interlayer tunnelling,.

2.2 Magic Numbers

So let us start with looking at the total angular momentum (L) of 2D electrons
confined in a quantum dot in a magnetic field.

N=2, J=7, B=30T N=3, J=12, B=20T N=4, J=26, B=20T

N=5, J=40, B=20T N=6, J=50, B=17.5T N=7, J=57, B=13.8T

Fig. 3. Quantum mechanical density correlation with one electron fixed at the position
indicated by a filled circle for typical magic-number states in quantum dots[12].

The numerical result (Fig.4) [12] shows that the total Coulombic energy of the
interacting electrons, although roughly a decreasing function of L as the electrons
move further apart for larger L, has a series of downward cusps. The presence
of such magic L values signifies that the ground state with the minimum the
total energy (Landau’s energy in the presence of the confinement 4+ Coulombic
energy) has L values that jumps from one magic number to another as B is
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Fig.4. The lowest-energy against the total angular momentum for a three-electron
dot. The full line is the exact diagonalisation result, while the dashed line, almost
indistinguishable from the full line, is the electron-molecule result[12].

increased. Since L has a one-to-one correspondence with the spatial size (< v/IL)
of the wavefunction, the size is not a smooth function of B, but undergoes a
series of jumps {overall a shrinking function of B, but expands at a transition
between the magic numbers [15,16]. For example, the total angular momentum
L of three spin-polarized electrons changes 3 — 6 — 9 — ... with increasing
magnetic field.

Maksym has explained this as an effect of correlation in the electron configu-
ration, where Pauli’s exclusion principle dictates group-theoretically the manner
in which the quantum numbers should appear [12]. There, the picture of the
‘electron molecule’, in which the electrons with a specific configuration (triangle
for three electrons, square for four, etc) rotating as a whole has turned out to
be surprisingly accurate. This continues to be the case for larger numbers of
electrons [17].

Simply put, the electron molecule is formulated as follows. When electrons
take a molecular configuration, we can think of the system as a molecule that
executes vibrational motions (including quantum zero point motion) around the
classical configuration on top of the rotational motion. This should be a good
picture when the vibrational amplitude is not too large (as for large enough B).
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Since we have a collection of fermions, we have in addition to impose a
total antisymmetry in the wavefunction. So we can write the wavefunction as a
rotational-vibrational state for N-electron system in a general form,

V= ¢CM eXP(_iLX)fJRM,nl...ngN_a(Ql~-~, QZN—3)¢spina (1)

where o s is the centre-of-mass (CM) wavefunction, exp(—iLx) the wave func-
tion for rotation about the CM, f a vibrational wavefunction for the normal
coordinates {@;} and nq,...nan_3 are the numbers of quanta in each vibrational
mode in the harmonic approximation, %spin is the spin wavefunction.

Then, only for a specific combination of the quantum numbers the antisym-
metrisation feasible. In particular, if the molecule has an m-fold symmetry, the
vibrational wavefunction has to be an irreducible representation of C,,, and the
angular momentum, L, has to take a specific (magic) series of values,

L = 0(m/2) (mod m) for m odd(even),

when the vibrational state is in its ground state — only in that case does the
permutation of fermions change the sign of wavefunction. This explains why we
have a stabilisation energy when L takes the magic values, and why those magic
values are dictated by the molecular symmetry.

When one considers the spin degrees of freedom, 1.e., when we antisymmetrise
the total wavefunction that include 1,p:n, the magic L values are linked with
the total spin [12]. This is already apparent in the first numerical study of spin
dependent correlation in quantum dots [18]. These molecules are characterized
by a spin quantum number, k,, where the spin wave function ¥y, is transformed
to exp(—2mk,i/m)¥pin under the rotation of 27/m for an m-fold symmetric
molecule. Then the full criterion for the magic number reads

L+ k, = 0 (modm) for modd, (2)
m/2 (mod m) for meven.

The problem at hand, therefore, is how the magic S, which is linked with
magic L, undergoes a series of jumps for each number, N, of electrons. If there
are regions of B over which the magic values of S differ by more than 1/2 between
N-and (N + 1)-electron systems, then we have a spin blockade. Since (i) how S
jumps depends on the confining potential, and (ii) the electron molecule picture
degrades for weaker B, we should have a numerical result. We have obtained the
ground states (as well as low-lying excited states) with the exact diagonalisation.
We consider a dot with a parabolic confining potential, where the motion of
electrons is assumed to be completely two dimensional. The Hamiltonian is # =
Hs + Hc, where the single-electron part is

He = ZZZEnEOCL[gCnEU) (3)
n £ o

2 1/2
1
Ente = (2n+ 1+ |€))A (WT + wg) — gthwe — g g BS:, (4)
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where €,,¢, is the eigenenergy, fiwg represents the strength of the parabolic con-

finement potential, w, = eB/m*c the cyclotron frequency, m* the effective mass,

i, the Bohr magneton, g* the g-factor and S, the z-component of the total spin.
The interaction is

1 e?
Hc = 5 Z Z Z (nlelal,n2£202l_—6|l‘1 T |n3f30'31n4£40'4)

ni~ng £i~ly 01704 2|
T t
x cn 14101 cn2£202 Cnyl404Cnalaos- (5)

The Hamiltonian is written in second quantised form in the Fock-Darwin ba-
sis. As was shown by Fock and Darwin [19] earlier this century, when the
confinement potential is parabolic, the one-electron states are just Landau’s
wavefunctions with the cyclotron radius modified into A = \/fi/(2m*§2), where
2% = w§ +w?/4. Physically the states are localised on rings of width ~ X with a
radius R ~ 1/2(2n + || + 1)A. So R increases with angular momentum, while it
decreases with magnetic field because A approaches the magnetic length /hc/e B
in the strong field limit.

2.3 Results and Discussion

We have numerically diagonalised the above Hamiltonian for four electrons in
the confinement potential fuwg = 2 ~ 6 meV. This range is chosen to reproduce
the addition energy spectrum in a dot realised in a mesa-etched, double-barrier
InGaAs-AlGaAs heterostructure [21,20] In the numerical calculations we have
used enough states (including higher Landau levels) in the basis to ensure conver-
gence of the ground-state energy within 0.1%. We can see that the result (Fig.5)
for the energy against L for a fixed value of B has a characteristic oscillation
in the energy for each value of S(= 0,1 or 2). This behaviour is surprisingly
accurately reproduced by the electron-molecule picture as indicated in the Fig-
ure, where the agreement persists not only for strong B (large L) but down to
moderate B (L).

When B is varied, the angular momentum L makes a series of jumps from a
magic value to another, where the total spin S also jumps hand in hand with L.
In the electron molecule picture we can see that L and S have to be related as

S=0 S=2
k;=0 lky =2 |k; =0
(RVB~)|(RVBTY)
L=2 [L=0 |[L=2

and the spin quantum number are indeed related through the magic-number
criterion,

ks = Ofor L = 2 4+ 4 x integer, (6)
ks = 2for L = 4 x integer, (7
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for N = 4. We can make an intriguing identification,

Fig.5. The electron-
molecule result for the
magic-number plot for
the total spin S =0,1,2
for a single dot having
four spinful electrons for
hvw = 4 meV and B =
20 T[13]. Dashed lines,
almost indistinguishable
from the solid ones, rep-
resent the exact diago-
nalisation result.

by looking at the spin

density correlation function, that (L, S) = (2,0) is an RVB™ state while (4,0) is
an RVB*, where the RVB’s are defined, for a four-site cluster, as

RVB~(h=0): [ ] - = 11D+ 1) + 1) + 11D
-2 [!#D + |I#>] ) (8)

1l

RVB*(k, = 2) : ]+

D] =D+ - kb - 11D, g

where——= = \/Li(l 11)—| 1)) is the spin-singlet pair. Namely, an RVB is defined
as a linear combination of spin singlets with which the system (usually a molecule
or a lattice) is covered, and here RVB* (RVB~) has two singlets combined with
a +(—) sign. In other words RVB* from RVB~ is that the former lacks the Néel
components (the last two terms in RVB™) and has the extra phase factor —1 for
a 27 /4 rotation. Although what we have here is a system in a continuous space,
totally different from lattice fermions such as the Hubbard model for which RVB
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is usually conceived, the electron-molecule formation has brought about such
spin configurations. The total angular momentum L, and the total spin S(/N) of

16
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the ground state for three- and four-electron systems are plotted in Fig. 6, and
we can see how the magic L values go hand in hand with S: As the magnetic
field increase, the ground state evolves as L(S) =1 — 2 — 3(1/2 = 1/2 = 3/2)
for N=3,L(S)=0—22—23334-5536(120—=1—20—1-2)for
N =4.

If we then plot the difference in the total spin, S(4) — S(3), against the
magnetic field in the bottom panel of Fig. 7, the spin blockade condition,

IS(N +1) = S(V)| > -;—, (10)
is indeed fulfilled: S jumps from 3/2 to 0 in the region 4.96 T< B < 5.18 T.

In the spin-blocked region, the conduction, blocked at zero temperature, has
to occur through an S = 1 excited state for N = 4 at finite temperatures. If
the excited states are well separated in energy (> 0.1 meV, typical experimental
resolution) from the ground state for both of the (N — 1)- electron and N-
electron states, the spin blockade should be observed in the Coulomb diamond,
which is the differential conductance plotted in the plane of source-drain voltage
and gate voltage. To check this we have calculated the three lowest excitation
energies and their total spins for the N = 4 quantum dot in Fig. 7. The lowest
excited states for N = 3 and for N = 4 both lie about 0.06 meV above the
ground state around B = 5.1 T in the spin-blockade region. We can make this
separation larger (~ 0.1 meV) for stronger confinement potentials (e.g., 0.09
meV around B = 7.4 T for hwp = 8.0 meV). Such confinement potentials may
be realised in a gated vertical quantum dot [21].
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The link between the magic L and total S and subsequent spin blockade

appears for other numbers of electrons as well, e.g., between (L, S) = (2, 0) state
for N = 2 and (6, 3/2) state for N =3 for 14.1 T < B < 14.8 T.

One of the consequences of permutational symmetry in the electron molecule
is that there are actually N! equilibrium configurations, each corresponding to
a different permutation of the N electrons. Some of these configurations are
connected by rotations but others are not. For example, triangular configurations
of 3 electrons, 15 and ¥,, can be rotated into each other but not into %,. So
the configurations that cannot be rotated into each other coexist as degenerate
states. When the ‘atoms’ (Landau’s orbits in the present case) begin to overlap,
quantum mechanical tunnelling will break the degeneracy, which should become
significant for weaker B, hence for smaller angular momenta. So the electron
molecule picture breaks down there, seen in Fig.5 as a deviation from Eqn(3).
(22]

We can extend [23-26] the above line of approach to double dots, where
two dots are stacked in the vertical direction as have been fabricated [27] in
semiconductor heterostructures. Due to an added degree of freedom, we can
have steric (three-dimensional) electron molecules, such as a tetrahedral molecule
for a four-electron system. This occurs depending on the relative strengths of
intra-layer correlation and inter-layer correlation and the inter-layer electron
tunnelling, which are controlled by the inter-layer separation. The spin state
again dominates the way in which the correlation effect is exerted, so we have
magic numbers specific to the double-dot systems and resulting low-to-high spin
transitions [23]. One appearance of this is the spin blockade condition becomes
less stringent, due to the flexibility introduced by the layer degrees of freedom.
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3 Tomonaga—Luttinger System in Magnetic Fields

3.1 Introduction

1D is the lowest spatial dimension in which we have a fermion system with a
Fermi energy and a Fermi wavenumber. In general the effect of the electron-
electron interaction is the stronger the lower the dimension due to the strong
constraint in the phase space. In 1D the interaction is in fact so crucial that the
system becomes universally what is called the Tomonaga-Luttinger (TL) liquid,
a time-renowned many-body theory half a century old, as far as low-lying exci-
tations are concerned no matter how small the interaction may be [28]. A most
striking feature is the spin-charge separation, which also dominates the trans-
port properties [29] in the following sense. The low-temperature conductivity of
the dirty TL liquid as studied by Luther and Peschel [30] exhibits a power-law
temperature dependence, o(T) ~ T?~%+=Xo where K, and K, are the critical
exponents related to the charge and spin, respectively, vital parameters in the
TL theory. The power law comes from the Fermi surface degraded from a jump
into a power-law singularity in the TL liquid, while the critical exponents (which
are functions of the interaction) enter as a sum of K, for the phase representing
the charge degrees of freedom and K, for the spin phase (which is actually unity
for spin-independent interactions). A pioneering experiment [31] for high-quality
quantum wires supports this result.

Now we can raise an intriguing question: what happens if we degrade the spin-
rotational (SU(2)) symmetry in some way? This is indeed realised by applying
a magnetic field, which makes the Fermi velocity different for different spin
directions with the Zeeman splitting (inset, Fig.9).

In other words, we introduce here a Tomonaga-Luttinger model comprising
two components with different Fermi velocities.

In this section we shall show that the degraded spin-charge separation will
make even the quantities such as the density-density correlation involve spins,
which can manifest itself in the transport. Namely, the ratio of the up-spin
and down-spin conductivities in a dirty system can become very large at low
temperatures, leading such a drastic effect as spin-polarised currents [5].

The generation of spin-polarised currents itself has been of a long-standing in-
terest for academic [32] as well as practical points of view, where typical applica-
tions include spin-polarised STM [33)] or the Mott detector [34]. Fasol and Sakaki
[35] have suggested that in the spin-orbit split bands of GaAs quantum wires the
curvature in the band dispersion (as opposed to the linearised dispersion in the
TL model) will make the relaxation time due to the electron-electron interaction
spin-dependent and consequently make the outgoing current spin-polarised. The
mechanism proposed here is by contrast purely electron-correlation originated,
where the ratio, o4/, even diverges as 7' — 0 when localisation is ignored.

3.2 Formulation

We first consider a clean, two-band Tomonaga-Luttinger model in a magnetic
field. We start with the formulation developed for the equilibrium case [36] or
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the Fermi-edge singularity problem [37] to consider transport properties. The
Hamiltonian is given by

Helean = Ho + Hinty (11)

with the non-interacting Hamiltonian being

Ho = Z vps[(=) itk — kro)el ciks, (12)

k,s,i

where c}ks creates a right-going (¢ = 1) or left-going (: = 2) electron with
momentum £ and spin s, and L is the system size. Here vpy (vpy) is the Fermi
velocity of the up (down) spin in a magnetic field B, and we denote the average
vo = (vrt + vpy)/2 and the difference Av = (vpy —vpy)/2. Similarly, kpy (kpy)
is the Fermi wavenumber of the up (down) spin.

The interaction Hamiltonian is given by

Moo= 12 [ e (00,0 + Ky l050- ()}
iz [ do{ ot @F + Kalors- @)}
s o0 [ d{[0ut: @)[0.64 @) + a0 @0e-(2)}, (1)

where 64 (z) (¢+(z)) is the phase field for the charge (spin) degrees of freedom,
while §_(z) (¢—(z)) are their dual.

-~ Fig.8. Feynmann diagrams rep-
., resenting the backward (g1) and
-, forward (g2) scattering processes.
., Solid (dotted) lines stand for the
9, " left(right)-going branch.

The spin-charge separated part (first two lines) is the usual phase Hamilto-
nian, while the charge (f) and spin (¢) degrees of freedom are indeed coupled
(the last line) for Av # 0, in a sharp contrast to the usual TL Hamiltonian. Here
K,, the critical exponent for the charge, is given by

, 1-g,
K, = L 14
=\ T (1)

where ¢, = g,/2mvr, g, = 292 — g1 with g2(g1) being forward (backward) scat-
tering coupling constants (Fig 8; g’s are U in the Hubbard model for small U).
The critical exponent of the spin phase, K, = /(1 — ¢ )}/(1 + §5) (90 = 1), is
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usually unity, since g; is renormalised into zero for spin-independent electron-
electron interactions unless the system has a spin gap for some specific reason
(as in ladders). v,(vo) is the charge (spin) velocity with v, = vpy/1— g’
We assume that the coupling constants between electrons have no significant
magnetic-field dependences. We have also neglected the Umklapp scattering pro-
cesses, since they have large momentum transfers.

We can diagonalise Hclean, as is done for the electron-hole system in a two-
channel Tomonaga-Luttinger study of the excitonic phase [38], with a linear
transformation to two new phase fields,

O4(z) ) _ cosa —isina @_(x) ’ (15)
é4(2) ysine  cosa o+(2)
where « is the ‘rotation angle in the spin-charge space’ (x Awv for small Av)
with tan2a = 2(Av/ve)/2(K;2 +1)/(K;2 — 1) and y* = (K% 4+ 1). The
diagonalised phases have gapless, linear dispersions with velocities that depend
on «.

Now we can turn to the calculation of the conductivity in a dirty system. We
then add to the Hamiltonian the impurity scattering,

Himp = ZZ/dm ps () u(z — 1), (16)
s !

where u(z — ;cz) is the impurity potential situated at «; and p,(z ) is the density
operator of spin s electrons, whose phase representation is ps = 3 (04 +sé)+

Acos(2l<:1 sT + 04 + s¢) w1th A bemg a short-range cutoff. The conductivity,
os, for spin s is given by o, = nee TS/Qms, where 7, is the relaxation time for
spin s, ne the density of electrons, and m} vy ! the effective mass of the spin s
subband. In 1D we have n, = 2kp/m, where we ignore the trivial magnetic-field
dependence of kr4 and kp, to single out the effect of vpy/vp # 1.

We can calculate the relaxation time in the Mori formalism for the conduc-

tivity [39,40] in the second order in Himp as

1 I, (2kp,
— 47rvpsn,~u2(2kps) lim ImI,(2kr, + q,w)) (17)
TS . w—0 w

where n; is the density of impurities and u(g) the Fourier transform of u(z).
Here I, is the density-density correlation function for spin s, which is related
to the density operator p;(z) via

Imlil, (Qk‘ps -+ q
lim _—
w—0 p w

Z [ atp.oom00). 08

In the summation over the spin s’ we can readily show that the cross term,
{p1(0,%)py(0,0)}, vanishes. Then the conductivity becomes a sum of the two



180 Hideo Aoki

spin components,

oy(T) = ao(“F*)z(i)Q_Ks, (19)

Vo wWp

each of which has a simple power-law temperature dependence as in the usual
TL theory. Here 09 = (T = wp) (whose dependence on kp, is again ignored
here) and wp ~ eF is the high-energy cutoff. [41]

The exponent K, which now depends on the spin direction, is given by

2
K, = (cosa + sysina)’K, + <cosa - gsina> K,, (20)

This formula involves both the charge exponent, IE',;, for the phase § and the
spin exponent, K,, for ¢ as given by

- K72+ 3+ (K72 - 1)V1+ tan’2a
plo

3Ky 2+ 14 (K72 - 1)V1 +tan®2a
where the upper (lower) sign corresponds to K, (Ky).

Thus the electron-electron interaction does indeed make the conductivity
dependent on the spin. Since the conductivity for each spin has a power-law in
T with a spin-dependent power, the spin dependence becomes more enhanced

at lower temperatures with the ratio, o4/ T-E+=K1) diverging for T'— 0,
which implies a spin-polarised current.

[‘&‘y

(21)
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Fig.9. The result for the temperature dependence of the ratio o4+/oy with a fixed
interaction g, = 0.5, and with several values of vpt+/vri[5]. The inset depicts the

dispersion around Er which is considered in the Tomonaga-Luttinger theory.
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3.3 Results and Discussion

We display in Fig.9 the temperature dependence of o4+ /o numerically calculated
for various values of vpt/vpy for a fixed electron-electron interaction g.

Figure 10 shows the dependence of o4 (o) on the ratio vpy/vry at a fixed
temperature and a fixed g.
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Fig. 10. The result for the depen-
! dence on vpt/vr, (keeping vry +
oF - vpy=const.) of the conductivity ot

and o, with a fixed temperature
T = 10%wp ~ 100 mK and with
a fixed interaction g, = 0.5.[5]

Vr1 /Ry

These results show that the more conductive channel is the spin having a
larger vp, since Ky > K| for Av « (vrpy — vry) > 0. Physically, the effective
electron-electron interaction is smaller (larger) in the lighter (heavier) spin sub-
band, since it is § = g/27vr, the ratio of the electron-electron interaction to vp,
that enters in the TL theory. In this sense the present result is consistent with
the property in a single-component TL liquid that the electron-electron repulsive
interaction suppresses the conductivity {30].

We can further interpret the result, if we map the single TL model for spin
1/2 electrons onto a double-wire system of spinless electrons by regarding the
spin up(down) sector the wire 1(2). The present situation is then a generalisa-
tion of our previous model [40], where we have considered two wires (chains)
having intrachain and interchain interactions in the absence of interchain tun-
nelling. When we generalise this work by making the two chains inequivalent
with different vg for two chains, we can regard the system as consisting of a wire
with a strong intra-chain coupling constant, g/vp, a weak intra-chain coupling,
and an inter-chain interaction. This translates into the interactions between the
up-spins, down-spins and the up-down interaction, respectively, where all the
interactions are the same for a usual SU(2) symmetric interaction (such as the
Hubbard U) but become different in the presence of a Zeeman splitting. The
present result that the spin sector that has a smaller g/vp (i.e., a weaker re-
pulsion) is more conductive is consistent with the double-chain result that the
intra-chain repulsion is the rate-determining (conductivity-suppressing) process
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in the charge-charge correlation function, while the effect of the inter-chain in-
teraction, which incidentally enhances the conductivity, is only of the second
order.

Finally let us make a comment on the Anderson localisation. At very low
temperatures,

kT < hvp /A (X : mean free path),

we must treat the impurity scattering beyond the simple perturbation to con-
sider the renormalisation effect. We have studied [42] such a renormalisation
following the method given in Ref. [43]. The renormalisation flow is divided into

10 T T T T

9" A=67um .

8 - -
7 L | Fig.11. The temperature
s | ‘.".\ dependence of the ratio
~ 6} ‘ . - ot/o, with fixed vp /v =
(3 “,:\\/\ = 6.7um 0.7 and g, = 0.5 for var-
5 “~,“\ — ious values of the mean
4l O.67urn X y free path 0.67um < ¢ <
v 7 67um[42], where £ = 67um
3L | is taken from an estimate for
a 2D system in Ref.[31]. Ar-
2 [ ] ] 1 rows indicate the position of
-5 -4 -3 2 -1 0 k8T = hvr/\ for respective

value of .

log1o(T'/wF)

three regimes. For the usual case of repulsive interactions (or weak attractive)
interactions with K4, K| < 3, the impurity scatterings for both spins are mono-
tonically enhanced at low temperatures, so that both spin bands are, as expected
in 1D, Anderson-localised. If the attraction is strong enough, K4 > 3, at least
one spin band survives localisation. For repulsive interactions, the critical ex-
ponents K, and K, will then be renormalised to zero for T — 0, so that the
behaviour of o,(T") will change from 72~¥+ to T2. Accordingly, the ratio o1/
(Fig.11) for T — 0 saturates from 7~ (Kt=K4) to a constant below a crossover
temperature kT ~ fvp/A. Thus the ratio, although no longer divergent, can
still be significantly large.

We believe these novel many-body effects can be experimentally measured in
quantum wires by taking low enough band filling (which will make vy different
enough between up- and down-spin) in a strong enough magnetic field. In the
case of the usual electron-doped GaAs quantum wires the g-factor (~ —0.4 in the
bulk) is unfortunately too small to attain a sufficient Zeeman splitting. However,
if we can prepare a material e.g. InSb whose g-factor is as large as ~ —50 in
the bulk [44], the Zeeman splitting in a typical magnetic field of 1T amounts to
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g*upB ~ 3.0 meV. In such a case a significant deviation of v4/v; from unity
may be expected in quantum wires.

4 Negative Magnetoresistance Originating from Electron
Correlation

4.1 Introduction

Now we come to a totally different appearance of the correlation effect in which
spin degrees of freedom appear in a transport property. Namely, we propose,
inspired from an experimentally examined organic conductor, a novel mechanism
for negative magnetoresistance for repulsively interacting electrons on a lattice
whose band dispersion contains a flat portion (a flat bottom below a dispersive
part here) [6]. This mechanism is applicable to any spatial dimension, but we
exemplify it in 2D here.

In general, negative magnetoresistance (i.e., the system becoming more con-
ductive in the presence of B) has provided fascination in diverse classes of sys-
tems, such as the impurity band in semiconductors [45] or, most recently, Mn
oxides [46]. The problem is the interplay of the transport and the spin structure,
and how the spins and carriers respond to magnetic fields can vary from system
to system. The problem posed here is, since the spin is quite generally a key
ingredient in the physics of correlated electron systems, can we use this for the
negative magnetoresistance. In particular we start from an observation that the
itinerant (metallic) ferromagnetism has been a central problem from the days
of Kanamori [47], Hubbard [48] and Gutzwiller. [49] It is becoming increasingly
clear that the ferromagnetism is rather difficult to realise as one takes account
of correlation effects beyond mean-field approximations, but a large density of
states at the Fermi level (which is indeed the situation originally considered by
Kanamori [47]) does tend to favour ferromagnetism.

B
e}
e EF N Z |

Ep

Fig. 12. Basic idea for the negative magnetoresistance in a system with a partially flat
dispersion for B = 0 (left panel) and B # 0 (right).

The basic idea is the following (Fig.12). We consider repulsively interacting
electrons on a band, whose one-electron dispersion has a flat part in an oth-
erwise dispersive band. When the Fermi level lies in the flat part, the electron
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Fig. 13. Density matrix renormalization group (DMRG) result for the phase diagram
(P: paramagnetic, F: ferromagnetic) against U and ¢’ for the extended Hubbard model
on a 1D t-t' lattice (inset) for n = 0.4 when the off-site repulsion V' is varied from 0
to 4.[54] One-electron band structures are displayed in the accompanying panels for
typical values of ¢’ labeled with (a),(b),(c), where the horizontal dashed lines indicate
the Fermi level.
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correlation should cause ferromagnetic spin fluctuations to develop. The situa-
tion of the large density of states D(EF) around the band bottom has received
a renewed interest recently, and tendencies towards ferromagnetism have been
confirmed for 2D (square lattice with an appreciable second-nearest neighbour
hopping, etc) and 3D (fcc, etc) systems [50-52] as well as in 1D (chain with an
appreciable second-nearest neighbour hopping [53-55] or a model atomic quan-
tum wire [56]). We show an example of the phase diagram [54] obtained for the
1D system in Fig.13, where we do have a ferromagnetic phase for strong repulsive
interactions, U, when the band bottom is flat enough.

The spin susceptibility is then enhanced due to ferromagnetic fluctuations,
so that a weak magnetic field is enough to drive the system into a significant
magnetisation (spin polarisation). The Ep for the majority spins will then be
pushed into the dispersive (i.e., lighter-mass) part of the band, and we expect
that the system becomes more conductive, resulting in a negative magnetoresis-
tance. Thus the mechanism for negative magnetoresistance proposed here com-
bines an effect of the electron correlation (proximity to ferromagnetism) and the
band structure (coexistence of flat and dispersive parts). We shall then analyti-
cally confirm the idea by calculating the conductivity in magnetic fields for the
repulsive Hubbard model on a typical tight-binding model having a partly flat
band.

This idea has been conceived from a recent experimental result on a certain
class of organic conductors, called T-type conductors, for which Murata et al
[567] have observed negative mangetoresistance, see below. The band structure
calculation indicates that the dispersion is indeed flat at the bottom along certain
directions.

4.2 Formulation

We formulate our idea for the single-band Hubbard model, a simplest model for
repulsive electron correlation, on a simplest flat-bottomed tight-binding model.
Namely, when the square lattice have a large second nearest neighbour hopping,
t' ~ |t|, on top of t between nearest neighbours, the one-electron dispersion
becomes

e = 2t (cos k, + cos ky) + 4t' cos kg cos ky, (22)

which is flat along k, = 0 and k, = 0 (right panel of Fig. 14) for ¢’ = 0.5[¢| with
the van Hove singularity pushed down to the bottom.
For this lattice we consider the Hubbard Hamiltonian,

H = Z tijCIngg +U Z NipN4y (23)
i,4,0 i

in standard notations.

For t' ~ 0.5 (we take [t| = 1 hereafter) Hlubina has shown, with the T-
matrix approximation for the Hubbard model, that the ground state is fully spin-
polarised for the band filling n ~ 0.4. [50,51] Since the T-matrix approximation
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Fig. 14. The phase diagram (P: paramagnetic, F: ferromagnetic) for the 2D ¢-t' Hub-
bard model, determined by the exact diagonalisation of 8 electrons in 4 x 4 system.[6]
The right panel is the one-electron dispersion for ¢t = —1,¢' = 0.5.

is valid only in the low enough densities and for small Hubbard repulsion U, here
we start with obtaining the diagram for large U with the exact diagonalisation
of a finite system (4x4 sites with 8 electrons with the band quarter-filled).

Identifying ferromagnetism from total S? in finite systems requires in general
some care as we have revealed in previous publications [55]. Namely, ferromag-
netic states in an itinerant electron model can accompany a spiral spin state in
finite systems. The spiral state is a spin singlet state having the spin correlation
length as large as the linear dimension of the system, which can lie in energy
below the ferromagnetic state. We found for the present model that the ground
state of the 16-site system has always S? = 0 in periodic boundary conditions
in both z and y, but if we look at the spin structure S(q) (Fourier transform of
(S; - S;)) the state turns out to be indeed spiral (i.e., S(q) peaked at (0,%7/L)
and (£m/L,0)) for large U and t' ~ 0.5.

While we can identify the spiral state as ferromagnetic in the thermodynamic
limit, it has been shown [58] that a faster approach to the thermodynamic limit is
attained if we adopt an appropriate boundary condition (periodic in one direction
and antiperiodic in another, which makes the ground state of the noninteracting
system an open shell) to selectively push the spiral state above the ferromagnetic
state in energy. If we look at the phase diagram thus obtained against ¢’ and U
in Fig. 14, the fully polarised ferromagnetic region is seen to exist for ¢’ ~ 0.5
and U > 6.

Keeping this phase diagram in mind, we now obtain the conductivity in a
magnetic field B. The conductivity of the interacting system is calculated here
with the fluctuation exchange approximation (FLEX). The FLEX, introduced by
Bickers et al. [59], treats spin and charge fluctuations (Fig.15) by starting from
a set of skeleton diagrams for the Luttinger-Ward functional, based on the i1dea
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numerically solved self-consistently

Fig.15. The Feynmann di-
agrams that are taken into
account in the FLEX ap-
proach.

|

of Baym and Kadanoff [60]. A (k-dependent) self energy is computed from RPA-

type bubble and ladder diagrams self-consistently. A recent example of successtul

applications of FLEX is a reproduction by Kontani et al [61] of the anomalous

behaviours in the resistivity and the Hall coefficient of High-T¢ cuprates that are

modelled by the 2D Hubbard model with strong antiferromagnetic fluctuations.
The dc conductivity is given in the Kubo formula as

Ty = lim e? Z/ dkdk’ o o ImKucoo (W + id)

6 k,u kv w )

where Kyy'oor is the Fourier component of the retarded two-particle Green’s
function and vlﬂw = Oey /0k, is the unperturbed velocity. We set h = 1,kp =1
hereafter. If we follow Eliashberg [62] for the analytic continuation of K (w 4 id)
from K (iwy), where w, is the Matsubara frequency, the conductivity per spin
reads, for long enough life time of the quasi-particle,

dk Bf Vk Jk
2 r Y ko
Opp =€ —= 24
= [ (5) 5 (24
where vk, is the dressed velocity, Jx, the current, 4 the damping constant of
the quasiparticle, and f the Fermi distribution function.
Note that the conductivity of a clean system of interacting electrons can be

finite even though the interaction is an internal force, since the momentum s dis-
sipated through Umklapp processes. Conversely, the conductivity should diverge
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when the Umklapp processes are turned off, and Yamada and Yosida [63] have
shown that this is guaranteed only if we consider the vertex correction for the
current Ji appropriately, so the correction should be included for a consistent
treatment. In the FLEX, which is an approximation conserving the total num-
ber of electrons and momentum, three types of diagrams are taken into account
for irreducible vertex [61], namely two Aslamasov-Larkin (AL) terms and one
Maki-Thompson (MT) terms. Kontani et al [61] have shown that, when anti-
ferromagnetic fluctuations are dominant, the AL contribution can be neglected.
We can extend this argument to show that the AL term is also negligible when
ferromagnetic fluctuations are dominant. Hence we consider only the MT term.

Let us now discuss the conductivity in magnetic fields. We have then to add
the Zeeman term, h )", sgn(o')c;f“r Cko, to the Hamiltonian, where h = ¢g*up B
with ¢* ~ 2. Green’s function and other quantities then become o-dependent.
To concentrate on the effect of the Zeeman splitting we assume here that the
direction of the magnetic field is parallel to the current, so that we do not have
to take account of the effect of the field on orbital motions.

The conductivity is obtained from the Bethe-Salpeter equation, which is
a simple extension of the equations derived by Kontani et al for the spin-
independent case [61] to the present spin-dependent case. If we go back to a
more general form than Eq.(24) since it is not obvious whether quasiparticles
are well-defined when D(EF) is large, the diagonal conductivity reads

Opg = (25)

_ QZ/ ( a€)>{]G () Vo Jioo (€) — Re [GEo ()i (€)] }

d —_
Jkzo (W) = Vkeo(w) + Z/ 275\, [Cotanh% — tanh %
qo’
XV qoor (& =+ i8) G (2) P Janor (),

where N is the number of sites, Gy (w) the dressed Green’s function and the
velocity vkzo = (0/0ks)[eS + ReXko (w = 0)] with D, (w) being the self energy.
The second term for o5 (Eqn.(25)), the ‘incoherent term’ as derived by Kontani
et al, contributes when the quasi-particle picture is invalid (i.e., v ~ 7).

The kernel, Voo (w), which contains the effect of fluctuation exchanges, can
be obtained by an analytic continuation of Vige (iwn) [64],

U? xkﬂ.(zwn) U2
Viert (2w, - Xkt (twn
ktt(wn) = 7773 o (X o) 2 Xept (W),
. UXiqy(iwn) U2 .
Viepg (i) = ———Sbe e — b (iwn) + U,

l—UxﬁN(iwn) 2

where X300 = —(T/N) Y, Go(k + ¢)Gor (k) with k = (k, iw,,).
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4.0
3.0
X 20
1.0 \
0.0
(0,0) (,0) (mt,m) 0,0) Fig.16. The wave number depen-
dence of xEFA for t' = 0.5,U =
k 2,n=04,T =0.1.[6]

4.3 Results and Discussion

Let us now present the results for the case of t' = 0.5, U = 2 with the band filling
n = 0.4, which falls upon the paramagnetic region close to the ferromagnetic
boundary in the phase diagram, Fig.14. We first check that we do have strong
ferromagnetic fluctuations. Figure 16 shows the wave number dependence of the
spin susceptibility, xfP4 = 2x2(w = 0)/(1 — Uxg(w = 0)) for T = 0.1. We can
see that there is indeed a peak around I' (k = 0).

Fig.17. The temperature
dependence of the resistivity
of the t-t' Hubbard model
with the vertex corrections
for ' =0.5,U = 2,n =04

; in zero magnetic field (h =
.0 0.2 0.4 0, full line) and in a gnag-
netic field (h = 0.05, dashed
1/t line).[6]

To confirm that we are sitting close to the ferromagnetic boundary (i.e.,
the susceptibility enhanced), we have computed the static, uniform magnetic
susceptibility also from the derivative y = 8(n, —n_,)/0h with a finite difference
dh = 0.005. If we look at their temperature dependence for various U < 2.0, x
and x5FA both sharply increase with 7' — 0, while there is a deviation between
them for larger U. The deviation itself indicates that the irreducible four-point
vertex I' = §20/8GJIG cannot be approximated by U. XSPA | which is more
divergent for larger U, should be close to reality, since we are dealing with a case
where the ferromagnetic phase appears for larger U(> 6 ~ 7), which in turn
implies that y underestimates the effect of external magnetic field for large U.

Now, we come to the result for the magnetoresistance, given in Fig. 17. The
figure compares the resistivity against 7' in the absence and in the presence of
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Fig. 18. The in-plane molecular configuration in 7-D2A;A,. The solid lines denote the
nearest neighbour hopping while dashed lines the second nearest neighbour hopping
between face-to-face molecules. The dispersion of the upper band is also depicted.

the magnetic field. We take the system size N = 64% with 512 Matsubara fre-
quencies, which is checked to be sufficient for the temperature region studied
here. We can see that we do have a negative magnetoresistance. The change in
the resistance is of the order of 10% for the Zeeman energy h = 0.05. If we were
not sitting close to the ferromagnetism, much larger fields would be required.
The vertex correction does not alter the result significantly, which implies that
Boltzmann’s transport picture (with no vertex correction) already has the neg-
ative magnetoresistance. The negative magnetoresistance should become more
prominent at lower temperatures where the ferromagnetic fluctuation increases.
This is not too noticeable in the result, which should be an artifact: as mentioned
above, the spin polarisation is underestimated in the FLEX at low temperatures
for U = 2. As touched upon at the beginning, Papavassiliouet al. [65] has found
experimentally that organic salts D2A; Ay, based on D (= P-S, S-DMEDT-TTF
or EDO-S,5-DMEDT-TTF) in combination with linear anions A (=AuBrs, I3
or IBry) with the fractional value of y controlling the density of carriers are 2D
metals in the 7 crystal form. The band structure of a single layer of the r-phase,
calculated with the extended Hiickel method, contains a flat-bottomed band [66].

In terms of the tight-binding model, we can regard that the in-plane molecular
configuration is such that the next-nearest intermolecular hopping, t2 ~ 0.02 eV,
appears in every other plaquetts in a checker-board manner on top of the nearest
hopping t; ~ 0.2 eV (Fig. 18) [67].

The checker-board makes the Brillouin zone folded, where the dispersion of
the upper band in which F'r resides is

ek = tao(cosky + cosky) + \/tg(cos ky — cosky)? + 4t2(1 + cos ky) (1 + cos ky)

~ 2t1+/cos ky + cos ky + cos kg cos ky + 1,
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which is just like the square root of Eqn.(22) with ¢ = 0.5 when the splitting due
to t5 is small. This way we can have an anisotropically flat dispersion along k., ky
with a large D(EF) at the bottom of the band, so a ferromagnetic component
in the spin fluctuation exists for this dispersion, as we have checked with FLEX.
[68]

Murata et al [57] have in fact observed a negative magnetoresistance for B ~
several tesla with some hysteretic behaviours in this material [69]. Theoretically,
however, we can argue that ferromagnetism is not a necessary condition for the
negative magnetoresistance conceived here. In the present scheme, all we have
to have about the magnetism is a large enough susceptibility. Thus the negative
magnetoresistance observed by Murata et al [57] is understandable provided the
ferromagnetic component is present (which may accompany an antiferromagnetic
component) in the spin fluctuation for the present mechanism to be relevant. In
fact, the present model for 7-conductor should be strongly antiferromagnetic if
o were absent, since the system reduces to a nearly half-filled square lattice.
On the other hand ferromagnetic fluctuation is dominant if the lower band is
neglected, so antiferromagnetic and ferromagnetic fluctuations should coezist for
finite values of t5, which will imply a coexistence of antiferromagnetism and the
negative magnetoresistance.

Although we have exemplified our idea here in 2D, we believe that the present
mechanism should be general, and can be found in other models with strong
ferromagnetic spin fluctuations such as face centred cubic lattice [52], whose
band structure has flat and dispersive parts as well.

5 Conclusion

In summary, we have described in this article how in each of the 0D (quantum
dots), 1D (quantum wires) and 2D (organic conductors) the effect of electron
correlation is exerted and appears in transport properties through the spin de-
grees of freedom. The 0D physics above exploits the fact that an application
of a strong magnetic field makes the electron correlation effect, hence spin ef-
fects, stronger in that electrons are spatially localised into Landau’s orbits. The
‘electron molecule’ is a key word there. The 1D physics is a problem of the
Tomonaga-Luttinger model, placed in a magnetic field with Zeeman splitting.
Degradation of the spin-charge separation is a key word this time. The last item
is a novel mechanism for negative magnetoresistance, which is a combined effect
of the electron-correlation originated ferromagnetism and the band structure
partly flat dispersion). All of these should have, as we have mentioned, relevance
to real systems. We can envisage from these examples that the electron correla-
tion engineering, so to speak, can be a very promising field for novel electronic
properties.
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the quantum dot, Takashi Kimura and Kazuhiko Kuroki on the quantum wire
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Abstract. Recent transport experiments have established that two-dimensional elec-
tron systems with high-index partial Landau level filling, v* = v — [v], have ground
states with broken orientational symmetry. In a mean-field theory, the broken sym-
metry state consists of electron stripes with local filling factor [v] + 1, separated by
hole stripes with filling factor [v]. We have recently developed a theory of these states
in which the electron stripes are treated as one-dimensional electron systems coupled
by interactions and described by using a Luttinger liquid model. Among other things,
this theory predicts non-linearities of opposite sign in easy and hard direction resis-
tivities. In this article we briefly review our theory, focusing on its predictions for the
dependence of non-linear transport exponents on the separation d between the two-
dimensional electron system and a co-planar screening layer.

1 Introduction

Recent transport experiments [1-3] have established that the resistivity of a
two-dimensional electron system with weak disorder and valence orbital Lan-
dau level filling v* close to 1/2 is anisotropic when the valence orbital Landau
level index N > 2. Apparently the ground state spontaneously breaks orienta-
tional symmetry, a property believed to be associated with the uni-directional
charge-density-wave ground states predicted [4,5] in this regime by Hartree-Fock
mean-field theory [7]. The charge-density-wave (CDW) state consists of electron
stripes of width ar* with local Landau level filling factor v = [v]+1, separated by
hole stripes of width a(1 —v*) with local filling factor v = [v]. Here a, the CDW
period, is comparable to the Landau level’s cyclotron orbit diameter. Because
of symmetry properties shared with the smectic state of classical liquid crystals,
emphasized by Fradkin and Kivelson [6], these states have been referred to as
quantum Hall smectics, a practice we follow here. The most important transport
property of quantum Hall smectics is that dissipation occurs over a wide range
of filling factors surrounding v* = 1/2 and is not activated at low tempera-
tures. This behavior is not consistent with the properties of a CDW state, which
would be pinned by the random disorder potential and have a large gap for mo-
bile quasiparticle excitations, and suggests that, although Hartree-Fock theory
hints at the energetic motivation for a ground state with broken orientational
symmetry, the description which it provides of the ground state is flawed.
Several recent theoretical papers [8-13] have addressed the properties of
quantum Hall smectics and the energetic competition between CDW states,
compressible composite-fermion states, and paired incompressible quantum Hall
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states. In one recent paper [14] we have described a theory of quantum Hall
smectics which starts from the Hartree-Fock theory ground state, recognizes the
electron stripes as coupled one-dimensional electron systems, and treats residual
interaction and disorder terms neglected by Hartree-Fock theory using the con-
venient bosonization techniques of one-dimensional electron physics. The most
important conclusions of this work are the following: i) the quantum Hall smec-
tic state is never the ground state but instead is always unstable, for v* close to
1/2 likely to an anisotropic electron Wigner crystal state; ii) for 0.4 < v* < 0.6
the interaction terms responsible for the Wigner crystal can be neglected at
temperatures available in a dilution fridge; and iii) weak disorder which scatters
electrons from stripe to stripe, enabling hard-direction transport, leads to non-
linear transport. In this article we emphasize and expand on an experimentally
important prediction of this work, namely that the strength of the transport
non-linearity is sensitive to the nature of the electron-electron interaction. In
particular we predict that the transport non-linearity can be enhanced by plac-
ing a screening plane close to the two-dimensional electron system.

In Section 2 we explain our theory of transport in quantum Hall smectics
and discuss how the coefficients which govern the power-law behavior of the
differential resistivity for weak disorder are related to correlations in the cou-
pled one-dimensional electron stripes. In Section 3 we briefly review our theory
of these correlations and explain why long-range electron-electron interactions
weaken transport non-linearities. In Section 4 we present numerical results for
the non-linear transport coefficients for a model in which interactions in the two-
dimensional electron layer are screened by a metallic layer co-planar with the
electron system but separated from it by a distance d. We conclude in Section 5
with a brief summary.

2 Anisotropic Transport Properties

Our transport theory [14] is built on a semiclassical Boltzmann-like approach;
microscopic physics enters only in the calculation of scattering rates. We choose a
coordinate system where the & (horizontal) direction runs along the stripes which
are separated in the § (vertical) direction. We assume that the charge density
wave itself is pinned and immobilized by both the edges of the sample and weak
impurities which couple to the electrons within the stripes. In this case, collective
sliding motion of the charge-density will be absent, and electrical transport will
be dominated by single-electron scattering across and between electron stripes.
An important property of electronic states in the quantum Hall regime, is the
spatial separation of states which carry current in opposite directions. In the case
of the electron stripes in quantum Hall smectics, the Fermi edge states which
carry oppositely directed currents along the stripes (left-going and right-going)
are located on opposite sides of the stripe. Translational invariance along the &
direction, allows us to use a Landau gauge where this component of wavevector
hk, is a good quantum number in the absence of interactions and disorder. The
single-particle states at the stripe edges have velocity magnitude vg, the Fermi
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velocity. In the Landau gauge, & direction momenta are related to ¢ direction
positions by k, = y/¢? where ¢ = (fic/eB)'/? is the magnetic length, so that
states on opposite sides of the same stripe differ in momenta by a v*a/f? and
the adjacent sides of neighboring stripes differ in momenta by (1 — v*)a/¢?.

We now summarize the basic assumptions on which our semiclassical trans-
port theory is based and quote the expressions implied by these assumptions. For
further details see Ref. [14]. We assume that in the steady state, each edge of each
stripe is characterized by a local chemical potential. Translational invariance in
the g direction implies that the chemical potential drops across each stripe and
between any two adjacent stripes are the same, mf i is the chemical potential
drop across an electron stripe, it follows that the potential drop between stripes
is eElya— p, where E is the hard-direction electric field, the field which supports
a steady state transport across the stripes. The electric field in the & direction
produces a semiclassical drift in momentum space which drives the system from
equilibrium. We assume that disorder scattering across and between stripes, then
attempts to reestablish equilibrium and that the drift and scattering processes
are in balance in the steady state. The scattering currents in the hard-direction
are characterized by relaxation times 7. and 75, respectively. The current along
a stripe is analogous to the quantized current in a long narrow Hall bar and is
proportional to the chemical potential difference across that stripe. Combining
these ingredients leads [14] to the following expressions for the resistivities:

_h 1 a
Peasy = 02 T W] + D2 + V]2 v
_ ﬁ 1 VFTeTh
Phard = 2 (V] +1)24+m[v]? a
h 1
wall = 5 1)7e y 1
Phall €2 te([v] + 1)2 + m[vV]? (b1 Dre + L @

where Peasy = Pzxzs Phard = Pyy> and Phall = Pay-

For v* = 1/2, this theory makes a parameter free prediction for the product
PeasyPharda Which has been confirmed experimentally [15]. In fact, as emphasized
[13] by van Oppen et al., this feature of our results has a greater validity than
would be suggested by our assumption of largely intact electron stripes. Our main
interest here however, is in expanding on our predictions [14] for non-linearities in
the easy and hard direction differential resistivities. These predictions were made
on the basis of a simple lowest order renormalization group scheme for handling
the infrared divergence which appear when disorder terms which scatter electrons
either across or between stripes are treated perturbatively. This analysis leads
to

— =1~ Fe(o)(vy/EC)2AE72

— =T, ~ IV, /E,) 402 (2)
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where ') and F}go) are Golden-rule scattering rates at the characteristic mi-
croscopic energy scale E., Here A, is [14] the scaling dimension of the operator
which scatters an electron across a stripe, which we discuss in the next sec-
tion, and Ay, is the scaling dimension of the operator which scatters an electron
between neighboring stripes. The values of A, and Aj, depend on correlations
induced by electron-electron interaction between stripes, and are sensitive in par-
ticular to the range of the microscopic electron-electron interaction. At v* = 1/2,
the case on which we will concentrate, A, = Ay,.
Given these expressions, it follows [14] that the non-linear differential resis-
tivity in the hard direction
S 3)

with an exponent o = 2(1 — A.)/(2A, — 1). Similar considerations apply for the
easy direction current:

v,
xT ~ Iﬁ 4
S~ @
with an exponent § = 2(A, — 1). In the next section we show that both « and

(B increase when the distance to the screening plane is comparable to or smaller
than the CDW period.

3 Quantum Smectic Model

The CDW state of Hartree-Fock theory [4,5] is a single-Slater-determinant. In the
valence Landau level, groups of Landau-gauge single-particle states with adja-
cent k, (adjacent §) are occupied to form stripes and separated by groups which
are unoccupied. Small fluctuations in the positions and shapes of the stripes can
be described in terms of particle-hole excitations near the stripe edges. The resid-
ual electron-electron interaction terms which scatter into these low energy states
are ignored in Hartree-Fock theory and fall into two classes: “forward” scatter-
ing interactions which conserve the number of electrons on each edge of every
stripe, and “backward” scattering processes which do not. The latter processes
involve large momentum transfer and are unimportant [14] at accessible tem-
peratures for v* near 1/2. The quantum smectic model [14], briefly described in
this section includes forward scattering only. The interactions are bilinear in the
1D electron density contributions from a particular edge of a particular stripe:
Pra (), with a = 4. Since the density of a single filled Landau level is (27¢2)~!
the displacement of an edge is related to its associated charge density contribu-
tion by U () = a270?ppa(z). The quadratic Hamiltonian which describes the
classical energetics for small fluctuations has the following general form:

Hozwf o ZUW Dl —a'sn = n'Yunp(a')

- o / o () Dag(@)us(a), (5)
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where [ = [d?q/(2m)?. Here the g, integral is over the interval (—7/a,7/a)
and a high momentum cutoff A ~ 1/¢ is implicit for g,.

Symmetry considerations constrain the form of the elastic kernel. In position
space, the kernel must be real and symmetric so that Dag(a) = Dj5(—q) =
D}, (a). This implies D_4(q) = D% _(q) and ImDya(q) = 0. Parity invari-
ance (under z,n,+ < —x,—n, —), implies moreover D, (q) = D__(q). Thus,
the elastic kernel is fully specified by one real function, D4 (q), and one com-
plex function, D;_(q). It will be important for our present interest that the
Hamiltonian must be invariant under: w, () — wnq () + const. For short-range
interactions this implies that at long wavelengths

D(qz =0,qy) = Ky, + ..., (6)

characteristic of classical smectic elasticity. As we will discuss, this conclusion
must be modified in the case of long-range interactions.

A quantum theory of the Quantum-Hall smectic [14] is obtained by imposing
Kac-Moody commutation relations on the chiral densities:

1
[P (2), oo ()] = 500000 Dubla = o) (7

Together with Eq.( 5), this relationship fully specifies the quantum dynamics.
Electron operators in the chiral edge modes are related to the 1D densities via
the usual bosonic phase fields: 1, ~ €'me with ppa = @0y Pna /2.

Quantum properties of the smectic can be computed from the imaginary-time
action,

1 .
SO = /x;,— E nza:zaa'r(bn,a 8»L¢n,a +/7—HO

! / Ga(—a, —0) Mo 5(q,0)d5( ), (8)

2
where in an obvious matrix notation,
M(q,w) = (iwgx/27)0” + (¢:)*D(q). 9)

Correlation functions follow from Wick’s theorem and the momentum space
correlator (¢, ¢5) = M~! with

M~ (q,w) = 0.M(q, —w)o. /detM(q, w). (10)

The effect of weak disorder on transport in quantum Hall smectics depends
sensitively on the elastic constants at ¢, = 0. In this limit the relevant excited
states are simply Slater determinants with straight stripe edges displaced from
those of the Hartree-Fock theory ground state. By evaluating the expectation
value of the microscopic Hamiltonian in a state with arbitrary stripe edge loca-
tions we find that

a iqyan
Dap(gz = 0,qy) = dapDo + aﬁm Z et F(yga - ygg), (11)
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where the constant Dy is such that the condition } ;5 Dag(q = 0) = 0, and the
positions y0, = a(n 4 v*/2) are the ground state stripe edge locations. Here,
I'(y) is the interaction potential between two electrons located in guiding center
states a distance y apart:

I(y) =U(0,y/6?) = U(y/?,0), (12)
dp —(®+p*)?/2 /N —ipkt?
Ulg, k) = 2.¢ Ve (g, )e : (13)

The two terms in Eq. (12) are direct and exchange contributions. In Eq. (13),
VA (q,p) is the Fourier transform of the effective 2D electron interaction which
incorporates form-factors [11] dependent on the Landau level index. N and the
ground subband wavefunction of the host semiconductor heterojunction or quan-
tum well. The smectic states have relatively long periods proportional to the
cyclotron orbit radii. Explicit calculations [4,10,11] show that a 2 6 for N = 2.
It follows that the exchange contribution to I'(y) is small and that I'(y) de-
creases with stripe separation in the relevant range. In this paper we address
the influence of a metallic screening plane which cuts off this interaction at large
distances. For y < d, I'(y) ~ 2¢?1In(d/y), decreasing extremely slowly with y.
For separation y larger than the distance d to the screening plane, I'(y) ~ y~2,
making the sum over n in Eq. 11 convergent.

4 Screening Dependence of Scaling Dimensions

The scaling dimension, A,, of the operator e*(®n+~%n.~) which scatters an elec-
tron across the n-th stripe is readily evaluated from Eq.( 9). We find that

A = /7r %W(Qm =0,q). (14)

—T

Here, W is the weight function,

[D1+(q) + ReD1_(q)]
(D% (a) — [Dy—(a)P]*/2

For 1D non-interacting electrons A. = 1, so that disorder is relevant and
eventually leads to localization. As discussed below, A, < 1 for quantum Hall
smectics. Disorder is even more relevant than in the non-interacting electron case.
Nevertheless, since the samples in which the quantum Hall smectic is observed
are of extremely high quality, there should be a wide range of temperature over
which its effects can be treated perturbatively. If A, = 1 both hard direction
(o) and easy direction () non-linear transport exponents vanish. We see from
Eq.( 15) that A. = 1 if the average value of W(qy ) is one. To understand the
dependence of A, on screening, we have to understand the dependence of W(q,)
on both wavevector and d.

W(q) =

(15)
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Note that W is smaller than one, increasing the relevance of disorder, when
D, and ReD, _ are opposite in sign and similar in magnitude. For each ¢, in
Eq. 14 the weighting factors are like those which enter in the calculation of the
scaling dimension of the operator which describes backscattering from disorder
in an isolated one-dimensional electron system. In continuum 1D models, D, |
has a contribution, proportional to the Fermi velocity, from the band energy and
a contribution proportional to the interaction between electrons traveling in the
same direction, while —D,_ has only an interaction contribution. For a con-
tinuum model, the effective interactions between electrons traveling in different
directions is the same as that between electrons traveling in the same directions.
When the interaction term is much larger than the band term Dy, and D, _
are opposite in sign and nearly equal in magnitude and W is very small. This is
what happens, for example, for a 1D electron system in which long-range makes
the Coulomb interaction very strong at long wavelengths. When W is small, the
1D electron system is very close [16] to an electron Wigner crystal, and disorder
is very strongly relevant. On the other hand when D, _ is much smaller than
D, we have a situation analogous to that in a very weakly interacting Fermion
system, in which disorder is relevant but the resistivity is linear when disorder
can be treated perturbatively.

With this in mind we turn to a discussion of the quantum smectic, limiting
our attention to the case v* = 1/2. Useful insight comes from examining the
value of W at the end points of the integration interval, ¢g,a = 0 and gya =7
where both D, and D, _ are real. For g, = 0, invariance under a uniform
translation of the smectic implies that D44 + Dy _ = 0, so that W (g, =0) = 0.
When all the electron stripes move together, the energetics is precisely like that
of a single 1D system. In the quantum Hall regime, there is no band energy,
only interaction contributions from electrons traveling in the same direction,
which appear in D, 1, and interaction contributions from electrons traveling in
opposite directions, which appear in Dy _. The absence of a band contribution
means that, for ¢, = 0, W vanishes independent of the interaction’s strength or
range. When gya = 7, on the other hand, one has

Di_(qga=m)= Z (4_732);2& [[(an + a(l —v*)) — I'(an + av™))]. (16)

We see that D4 _(gya = m) vanishes because the interaction between the top of
one stripe and the bottom of the same stripe is identical to its interaction with
the bottom of the next stripe up. The interactions between oppositely directed
electrons effectively cancel out, and we obtain W = 1, just as we would for a
non-interacting 1D system. Thus A, is determined by the average over ¢, of a
weighting factor which interpolates between that of a 1D electron Wigner crystal
at gya = 0 and that of a non-interacting 1D electron system at q,a = 7.

The average value of W is determined by the rate at which W goes from its
gy = 0 limit to its gy = m limit. To obtain insight into what controls this, we
consider first the limit of short-range interactions. Since I'(y = 0) vanishes due to
the cancellations of its direct and exchange contributions, the short-range limit
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is obtained by taking only I'(a/2) = I'* # 0. In this case, it follows from Eq.( 11)
that (4720?)D;_(q)/a = —I'*(1+exp(—iqa)) and that (47%(2D4 (q)/a = 2I'*,
and therefore that W(q) = |sin(ga/2)|. The numerator of Eq.( 15) vanishes like
q? for ¢ — 0, and the denominator, which is proportional to the collective mode
velocity, vanishes like |g|. Note that the expression for W(q) is independent of
I'*. The average of W(q) may be evaluated analytically in this case, and we
obtain for short-range interactions A, = 2/m ~ 0.6366.

For the realistic case, analytic calculations are no longer possible, but the
behavior of W can be simplified, at least at small ¢ if the exchange contri-
bution to I'(y) is neglected in constructing D, s(g). In this case I'(y) is the
simply the 1D transform to coordinate space of the reciprocal space interaction
U(p) = exp(—p*?/2)V};(0,p), i.e. it is the Coulomb interaction between lines
of charged smeared by N-dependent cyclotron orbit form factors. The compo-
nents of Dy 3(q), are then Fourier transforms back to reciprocal space, but with
additional ‘umklapp’ terms because this transform is discrete. We find that

Dy _(q) = ﬁ;[g exp(—iga/2) i (=) U(q+2mj/a)
Do) = Do+ g _i U+ 2/a) (17)
and
Po= 1 3 UCRi/I-Y -1l (18)

For the case of a Coulomb interaction, U(q) = [2me?(1 — exp(—2qd))]/q where
d is the distance to a screening plane described by an image charge model. For
large or infinite d, the 7 = 0 terms dominate the sums in Egs. (17). The above
expression for U(q) applies when ¢f¢ < 1, and therefore is always valid for the
j = 0 terms in Egs.( 17). Note that both D, (¢) and D4 (q) are proportional
to d for large d and diverge for d — oo. On the other hand D( remains finite for
d — oo because the j = 0 term is excluded from this sum. We emphasize that
the numerical calculations whose results are shown below include the exchange
contributions neglected in deriving Eqgs.( 17), and important at any value of a
when d is not large.

We now examine the large d, small ¢ behavior of the numerator and denom-
inator of Eq.( 15). For the numerator

1
47242

Dy+(q) +ReDy—(q) = U(q)(1 — cos(qa/2)) ~ 2;2 ¢*da®/2,  (19)

and for the denominator

Doy (q)* = ID+—(9)? x Ulq)  [d] [¢%a?]. (20)
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The first factor is square brackets in Eq.( 20) comes from D (q)+|D+_(q)| for
which the j = 0 term dominates. The second factor is proportional to D44 (q) —
|D4—(g)| for which only odd j terms survive, implying no dependence on d and
analytic dependence on q. These formulas apply for qd < 1; for d — oo, the
small ¢ behavior is obtained by replacing U(q = 0) = 4we?d by U(q — 0) =
2me?/q, i.e., by replacing d by 1/2q. We plot the square of the denominator,
proportional to the square of the collective excitation velocity for several values
of the screening length d in Fig. 1. The velocity increases as d increases as
expected. For d = 100¢, the quadratic small ¢ behavior predicted in Eq.( 20),
applies only for ga < 0.02, and is not apparent in the plot. Instead we see the
long range interaction behavior, in which the velocity is proportional to ¢'/2.
As is apparent from Egs.( 17), screening is irrelevant except very close to ¢ = 0
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Fig.1. Square of the collective excitation velocity (in units of e?/(27weh)) in the &
direction as a function of ¢, for d = ¢, d = 10¢ and d = 100¢. These calculations are
for N = 2 and CDW period a = 5.8¢. For the dielectric function of GaAs, this velocity
unit has the value 4.8 x 10*m/s.

when d is large. Fig. 1 shows that once d 2 a, the large d no-screening limit
is approached. In Fig. 2 we show the weight functions for d = ¢, d = 10¢ and
d = 100¢. At each value of d, the denominator of the weight function at small
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q is proportional to d'/2|q| and the numerator proportional to dg?. The weight
function is therefore proportional to |q| with a coefficient which varies as d'/2. A
larger value of d (less screening), leads to a weight function which increases more
rapidly with ¢ and a scaling dimension for the scattering vertex which is closer
to one. In the limit of unscreened interactions, which applies down to small ¢ for
d = 100¢, W(q) o |q|*/?

W(q,)

Fig.2. Weight function vs. gya for d = ¢, d = 10¢ and d = 100¢. These calculations
are for N =2 and CDW period a = 5.8¢.

In Fig. 3 we show the dependence of the scaling dimension A, and the non-
linear transport exponents o and (3 on the distance d to the screening plan. For
d — 0 the numerical result is very close to that from the analytic short-range
interaction model described above which leads to A, = 2/7. For d — 0, the scal-
ing dimension approaches A, = 0.772, a value we have been able to obtain only
numerically. These relatively modest changes in the scaling dimension translate
into relatively large changes in the transport exponents, particularly in o which
characterizes the hard-axis non-linearity. We predict that these non-linearities
will be much stronger if a screening placed in close proximity to the electron
layer.
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Fig. 3. Scaling dimension A. and non-linear transport exponents « and 3 as a function
of d/¢. These calculations are for N = 2 and CDW period a = 5.8¢.

5 Summary

Recent experiments [1-3] have established a consistent set of transport prop-
erties for high-mobility two-dimensional electron systems with high orbital in-
dex (N > 2) partially filled Landau levels. These properties differ qualitatively
from those which occur in the low orbital index (N < 1) fractional quantum
Hall effect regime. At large N, the dissipative resistivities are large, strongly
anisotropic, and non-linear for 0.4 < v — [v] < 0.6 within each Landau level.
This anisotropic transport regime is bracketed by regions of reentrant integer
quantum Hall plateaus. We have recently [14] developed a theory which is able
to account for most features of these experiments. An important prediction of the
theory is that the easy and hard direction resistivities should have non-integral
power-law temperature dependences. In this article we have briefly summarized
the theory and elaborated on its predictions for the dependence of these expo-
nents on the distance d between the two-dimensional electron layer and a remote
screening plane, predictions which are summarized in Fig. 3. We find that A,
approaches two different values, both smaller than one, for d — 0 and d — oo,
and interpolates smoothly between these limits at finite values of d. Verification
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of our prediction that non-linear transport can be enhanced by introducing a
screening plane and reducing d, would help substantiate our theory of quantum
Hall smectics.
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Thermodynamics of Quantum Hall Ferromagnets
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Abstract. A two-dimensional electron system in a strong magnetic field exhibits at
certain filling factors v a non-zero spin magnetization in the ground state. When this
even persists for vanishing Zeeman coupling the system is called a quantum Hall fer-
romagnet. This happens at v = 1 and v = 1/3, but also around these filling factors.
For v = 1 we show that the interaction between the electrons is a necessary ingredient
of any theory in order to understand the temperature dependent spin magnetization
as an example of a thermodynamic quantity. We develop a theory that takes into ac-
count spin-wave corrections to the electronic self-energy by going beyond effectively
one-particle theories. This leads to an improved magnetization when compared with
experimental data. Furthermore, we compare our findings with other theoretical ap-
proaches.

1 Introduction

When electrons in a two-dimensional electron system (2DES) like in GaAs-
heterostructures are subject to a constant, perpendicular magnetic field B the
one-particle electronic states form orbital Landau levels n = 0,1, ... each split-
ting up into spin-up (1) and spin-down energy levels (]). This is due to the
coupling of the electron’s spin to the magnetic field via a non-vanishing g-factor
in the Zeeman term of the Hamiltonian. Each of these levels (n,o) has a de-
generacy that is given by the number of elementary flux quanta Ny = BA/®
(P9 = h/e) through the sample area A so that the filling factor v = N/Ng (N
- number of electrons) describes the degree of filling of the levels’ one-particle
states at zero temperature. In GaAs-heterostructures we encounter the situation
that the ratio of the Zeeman energy to the energy between adjacent Landau lev-
els A, /(hwe) (A, = |gupB|,w. = |eB|/m*, where pup is Bohr’s magneton and
m* is the effective mass) is about 1/60 instead of one as in the vacuum. Therefore
the energy levels are clearly separated by their Landau levels and it is justified
to neglect the physics of higher Landau levels with n > 1 for sufficiently high
magnetic fields. Such an assumption is even good when for the experimentally
accessible strong magnetic fields the interaction between the electrons is taken
into account.

The characteristic transport properties at high magnetic fields at temper-
atures at about and below 1 K can be observed in the integer and fractional
quantum Hall effects and define the quantum Hall regime. Current progress in
the development of experimental methods and in sample preparation allowed to
extend the study of 2DES beyond transport measurements. Before, interest was

T. Brandes (Ed.): Workshop 1999, LNP 544, pp. 2071219, 1999.
O Springer-Verlag Berlin Heidelberg 1999
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mostly focussed on the study of the low temperature region and was less aimed to
the investigation of thermodynamic quantities covering the whole temperature
range. Now, experimental data for the temperature dependent spin magnetiza-
tion from nuclear magnetic resonance (NMR) [1] and magneto-optical absorption
experiments [2], for the total magnetization including the orbital contribution
from torque magnetometer [3] and SQUID experiments [4] and also for the spe-
cific heat [5] are available at certain filling factors in the quantum Hall regime.
This opens the unique opportunity to compare theoretical results directly with
experimental data in systems which are, on one hand, exceptionally clean due to
its high mobility and where, on the other hand, electronic correlation plays an
essential role. Since the Landau levels are dispersionless comparison with exper-
iment is not hampered as in the case of other strongly correlated systems where
the peculiarities of the band structure have to be incorporated in any satisfying
theory.

It is instructive to start with a general consideration of the ground state spin
magnetization of interacting electrons in two dimensions in dependence on the
filling factor v. Because the Zeeman coupling A, can be viewed as a symmetry
breaking field the existence of a non-vanishing magnetization of the electronic
system for zero Zeeman coupling represents spontaneous magnetization. Due
to the continuous SU (2)-symmetry of the interaction term the Mermin-Wagner
theorem applies and only at zero temperature the spontaneous magnetization can
survive, while for any finite temperature the spin magnetization has to vanish in
two dimensions. This suggests the notion of a quantum Hall ferromagnet, when
the ground state is ferromagnetic. In this respect quantum Hall ferromagnets are
similar to three-dimensional metallic ferromagnets without external magnetic
field. Examples for such ground states in a 2DES can be found for filling factors
exactly at v = 1, about v = 1 [1] and at 1/3 [6], while for some fractional
v like 2/5 the ground state forms for A, = 0 a spin-singlett and is therefore
paramagnetic. In real samples the Zeeman energy is small, but does not vanish
and cuts off for any finite A, the decrease of the magnetization which leads to
a non-trivial magnetization curve over the whole temperature region.

It should be noted that the electronic system with its two spin orientations
along the z-axis can be viewed as a realization of a multi-component electron
system, which can be found,e. g¢. , in a system of parallel layers each forming
a 2DES with spin-polarized electrons. The layer index can be identified as a
pseudo-spin, so that in the somewhat artificial situation of vanishing layer dis-
tance and no tunneling the Hamiltonian can be mapped onto a one layer-system
with spin degree of freedom.

In this article we investigate mainly the spin magnetization of a 2DES. From
the discussion of the magnetization of a non-interacting system we conclude
that interaction is not only a fundamental ingredient for an understanding of
the ground state but also of thermodynamic quantities. We outline a recent
diagrammatic approach for filling factor one, which takes into account the low-
lying spin-wave like collective excitations. [7,8] In Section 4 we discuss other
theoretical approaches, in particular the mapping of the system onto a model of a
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Heisenberg ferromagnet and compare these theoretical results with experimental
data.

2 Elementary Theories for the Spin Magnetization

In the following we discuss as an example of a thermodynamic quantity the spin
magnetization in a system of interacting electrons with spin degree of freedom in
the lowest orbital Landau level. The Hamiltonian can be written in the Landau
gauge A(r) = B(0,z,0) as

H= —%AZ(NT ~N))

)\ ~ ’
+ 5 Z Wi(g,p—p )CLJF%’O_C;/_E o O+ 2.0 Cp— S0 (1)
Pwplwq

where A = e?/(4mel..) is the interaction coupling constant, p = k, is the momen-
tum in y-direction characterizing the degeneracy of each orbital Landau level
(the ¢ = 0 term is excluded from the sum in order to consider a positive neutral-
izing background) and W is the interaction matrix element projected onto the
lowest Landau level (LLL). Since the coupling constant \ scales with v/B the
lowest Landau level approximation of (1) is justified in a range of magnetic field
strengths, that is fortunately relevant in current experiments. When we compare
the energy scales expressed in temperatures at B = 10 Tesla we find that the
Landau level distance (180 K) > interaction energy scale A (160 K) > Zeeman
energy A, (3 K).

The temperature dependent spin magnetization of free electrons at filling
factor v and Zeeman energy A, is given by

Ngup  sinh(8A,/2)

M(T,v) = 2 z+cosh(BA,/2)’

(2)

where My = Ngup/2 is the maximum magnetization and the fugacity z = e’*
(1 - chemical potential) is related to the filling factor by

z= ﬁ (\/(1 —v)2cosh?*(BA./2) +v(2—v) — (1 —v) cosh(ﬂAZ/2)>

3)

[13], see Fig. 1. In the special case v =1 it is z = 1 and therefore M (T)/My =
tanh(SA,/4), which reflects the itinerant character, i. e. the property not only
to change the spin quantum number but also the degenerate quantum number.
This leads to a reduced magnetization when compared with the magnetization
tanh(8A,/2) of a non-interacting, localized spin system.

When we compare this with the experimental magnetization curve at,e. g. ,
v = 1 originating from the measurements of the Knight shift in a NMR~experiment
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Fig. 1. The temperature dependence of the spin magnetization of non-interacting elec-
trons in the lowest Landau level at filling factors 1/3,1,5/3 when A, = 0.016\. The
insert shows the ground state magnetization as a function of v

[1] we realize a much higher magnetization for any finite 7' in the experiment, see
Fig. 2. Only at zero temperature and non-zero Zeeman term the ground states of
the non-interacting and interacting systems coincide because all electrons reside
in the spin majority band (1) with spins parallel aligned so that S* = N/2. This
happens in the interacting system as the A, = 0 spin multiplett ground state
of the quantum Hall ferromagnet with total spin S = N/2 caused by quantum-
mechanical exchange favors at finite A, the ground state with maximum S%.

However, for arbitrary v even the ground states do not agree and therefore
the case of v = 1 is rather an exception than the rule. Obvious examples of the
failure of the free particle picture are the strongly correlated ground states at
fractional quantum Hall effect filling factors for spin-polarized electrons like 1/3
and 2/5. They are truthfully described by the Laughlin wave functions and the
Jain wave functions, respectively.

A conceivable step to remedy this unsatisfying result is to treat the interac-
tion in a self-consistent Hartree-Fock (SHF) approximation which leads to tem-
perature dependent energies for the two-spin directions. The energies appear as
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poles in the SHF-Green’s function ¢#¥ = ¥ — ;. While for the non-interacting
case the bare difference between the spin down and spin up energy is A, the
zero temperature difference ff{F - ffF equals Aa(0) + A,, (Aa(0) is the ex-
change energy) and is dominated by the interaction strength. This results in the
well-known temperature dependent exchange enhanced spin gap at zero temper-
ature, which reflects at v = 1 the energy that is necessary to create a neutral
quasielectron-quasihole pair far apart (particle-hole gap).

As an illustration, Fig. 2 depicts the magnetization in the SHF approximation
at filling factor ¥ = 1. In contrast to the free particle case, the SHF exceeds the
experimental result for the magnetization and we believe that the magnetization
from the SHF and of the non-interacting case form a upper and lower bounds
for the true behavior. The failure of this theoretical approach becomes evident
since it predicts for A, = 0 and temperatures 7' < T, = Aa(0)/(4kp) a finite
spin magnetization. However, this is typical for a mean field theory in dimension
two.

The obvious failure of the non-interacting picture as well as of the SHF-
theory makes it necessary to go beyond such effectively one-particle theories.
Since we are interested in a theory that reflects properly the low-temperature
behavior, the case of the filling factor v = 1 is particularly suited to our needs.
There, the ground state is exactly described within the SHF and the low-lying
excitations can be derived from a time-dependent Hartree-Fock approximation.
Other amenable situations occur at those filling factors, where the ground state
is spin-polarized and where the ground state wavefunction and the low-lying
excitations are known.

Therefore we concentrate ourselves on the half-filled band case v = 1. There
exists a class of one-spin flip excitations |k >, which are exact eigenstates of (1)
and which can be labelled by the quantum number k with

1 ok ?
k>= =) e ey o, W > (4
q

where |¥,—; > is the spin-polarized ¥ = 1 ground state. The corresponding
eigenenergies are

esw (k) = Az + Xa(0) — a(k)) = A, + 4dmp, 2k + O(k*) (5)

which describe for small k collective spin waves with a spin-stiffness 16mps =
Aa(0). In general, Eq. (5) expresses the loss of Zeeman energy A, and exchange
energy Aa(0) due to one flipped spin of an electron and the attractive interac-
tion —Aa(k) between a minority-band electron | and a majority-band hole |
separated by [2(e, x k), emphasizing the single-particle character at large k. At
k — oo the bandwidth of the excitations becomes A, 4+ Aa(0), the zero tem-
perature SHF result (later, we will replace the quantity a(k) by the effective
interaction a(k) discussed in connection with screening effects).

If one treats the excitations in (4) as bosonic spin waves, the temperature
dependent spin magnetization is governed by thermally excited magnons. The
assumption of no interaction between the magnons leads to a theory that is
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Fig. 2. The temperature dependence of the spin magnetization at v = 1 in the self-
consistent Hartree-Fock approximation (dashed line) and the result assuming free
magnons (long-dashed curve). It is A, = 0.016A. For comparison, the results for non-
interacting electrons (solid line, see also Fig. 1) and of the experiment [1] (filled circles)
are added

formally equivalent to Bloch’s theory for the low-temperature magnetization in
in a three-dimensional ferromagnet with localized spins, but in our case the
dimension is two and A, acts as an external magnetic field. We get

M(T) = M, [1—25‘5; 1n<(1_61_mz)ﬂ . (6)

The linear T-prefactor is the equivalent of the T3/2-prefactor in Bloch’s law. This
rather simple theory leads to a negative magnetization at sufficiently high tem-
peratures, but reflects properly for kT < A, the activated behavior of spins to
overcome the energy gap A, i. e. M(T)/My = 1 — kgTe=2:/(k8T) /(47p,),
and in the temperatur range A, < kpT < 4mp, it is M(T)/My = 1 —
kpTIn(kpT/A,)/(4mps), see Fig. 2.
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However, one should keep in mind that a direct comparison of a localized
spin system, e. g. of a Heisenberg model, with an itinerant electronic system like
this one has some conceptual difficulties.

3 A Diagrammatic Approach to the Thermodynamics
atv =1

Now let us sketch a diagrammatic approach that calculates in a more systematic
manner corrections to the electron self-energy and allows the determination of
thermodynamic quantities.

Our theory assumes the SHF-propagators as unperturbed propagators, i. e. |
GHE (ju,) = 1/(ihv, — E2F) (v, are the fermionic Matsubara frequencies of the
thermodynamic Green’s function), and calculates the corrections 2, (ivy) to the

SHF-self-energy Y HF = ¢HF _ ,(70), so that the Dyson equation reads
(ga(il’n))_l - (ng(iVn))_l = _ia(iyn)~ (7)

The self-energy is derived from the four-point scattering vertex I, _,, which
is approximated by an infinite sum of ladder diagrams taking into account the
successive scattering of an electron with spin ¢ and of a hole with opposite spin
—o. This leads to a Bethe-Salpeter equation that can be solved analytically due
to the independence of the Green’s functions of the degenerate quantum number.
Closing the —o-lines of the vertex yields an explicit expression for the correction
of the self-energy for, e. g., the spin direction 7:

k202
2

{ng(Esw (k) +nr(E'")}
(ihvn + Esw (k) — €7

)a* (k)

Eiliv) = VT o) [ ®)

Eq. (8) provides a nice interpretation of the approximation we employed. Effec-
tively, it describes a coupled electron-spin-wave system when we compare our
results with the self-energy of an electron-phonon system calculated in second
order of the coupling constant [9]. Thus Aa(k) plays the role of the electron-spin-
wave coupling constant. Therefore, our approximation describes the scattering of
an electron with spin T on a bosonic spin-wave with spin —1 into an intermediate
electron state of spin | associated with an absorption of one spin-wave. Due to
the conservation of the spin the opposite process, the emission of a spin-wave, is
not possible for an electron in the majority spin-band 1. This explains why only
one term in Eq. (8) instead of two as in the electron-phonon model occurs where
such a constraint does not exist. Reversely, for o =|, no absorption, but only the
emission of a spin-wave is allowed. The bosonic distribution function of the one
spin-flip excitations ésw (k) = A, +)\(1/THF *I/fIF)(CNL(O) —a(k)) enters (8), which
is similar to (5), but with a temperature dependent band width renormalized by
the prefactor (VTH F_ VfI F). Hence, with increasing temperature the probability
to flip a spin becomes larger and the magnetization drops faster than without
this prefactor.
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Within this approximation the calculation of the spin magnetization is easily
possible after the spectral function A,(F) has been extracted from the self-
energy expression via the imaginary part of the Green’s function:

Ay (E) = —2ImGI*(E) = —2Im ! . (9)

The explicit discussion of (9) reveals that except for the temperature dependent
interval Efq F<E<L ff{ F _ A,, where incoherent band contributions occur, the

denominator is real. Two quasiparticle poles of the Green’s function Ey < §TH F
and Er > §fF — A, can be found as solutions of the equation F — ffF =

E‘{”(E). They show up as quasiparticle poles with weights zp and z#’ in the
spin-up spectral function. A more detailed study shows that these two poles
exhaust most of the spectral weigth for any temperature: z? +z; ~ 1. In the
limit of zero temperature z; = 1 and Ey = &7 = —(A, 4+ Xa(0))/2, so that
the SHF-solution is recovered.

The spin magnetization is given as the ratio of expectation values for the
particle number of spin-up and spin-down electrons: (Ny — N|)/(N; + N|) =
(vy —vy)/(v1 +v),), where v, = N, /Ng. Expressing the magnetization by means
of the spectral function and using the special particle-hole symmetry at filling
v=11itis

M(T) /Mo = / T g (B) - 1)A(B) | (10)

oo 2T

When analyzing the contribution of the collective excitations to ET(E) from the
small k-region in egw (k) with a cut-off at kf. ~ 1, we find that the weight equals

it
o= [1+e§/ dikns (esw (k)] . (1)
0

The location of the low energy pole is then
Ey =& = 2a(0)[1 - 2] (12)

Substitution of A;(E) ~ 27z, 6(E—E;) into (10) yields again the low-temperature
behavior of the magnetization already known from the naive spin-wave theory
(6).

In Fig. 3 the result of the numerical evaluation of the spectral function of our
theory is rendered. We choose A, = 0.016\ as a typical value at about 7 Tesla
used in the experiments of Barrett et al.[1] It yields a considerable improvement
when compared with the self-consistent Hartree-Fock theory and with the naive
spin-wave theory.

However, our calculation trying to cover the whole temperature range has
some deficiencies. Firstly, the spin-wave-spin-wave interaction is not accounted
for as can be seen from the infinite lifetime of the spin-waves at finite temper-
atures in €gw (k). From results of exact diagonalizations of a finite number of
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particles, we realize that an eigenstate consisting of two one-spin-flip spin-waves
has a lower energy than the sum of the single spin-wave energies indicating the
lowering of the eigenenergy due to interaction and therefore fostering a further
decrease of the magnetization.[8] Secondly, screening has to be considered in our
approach. Although at zero temperature screening is absent due to the charged
excitation gap, for any finite temperature a non-zero temperature dependent
screening wavevector kg, exists. We take this into account in a Thomas-Fermi
theory, which leads to an effective interaction f/(k:) in the long-wavelength limit,
i. e. the Fourier transform of the bare interaction (27¢.)/k is replaced by the
effective expression 27l./(k 4 ks.). The resulting self-consistent equation for k.
was solved for some temperatures in order to check the influence of the screening
on the magnetization. The curve of our theory in Fig. 3 is for ks, = 0.014, ! and
corresponds to a screening wavevector at temperature T ~ 0.09/kp. At least,
for low and moderate temperatures the influence of screening is relatively weak,
but becomes stronger at higher temperatures. In any case, screening has to be
considered at any temperature because otherwise certain self-energy diagrams
would diverge logarithmically. Hence, the bare interaction a(k) in Eq. (5) has to
be replaced by the renormalized function a(k).

A different self-consistent diagrammatic method was developed recently by
Haussmann.[10] It is particularly suited at high and moderate temperatures,
but fails at low temperatures where the magnetization diverges. It is based on a
bosonic random phase approximation like theory also starting from the Hamil-
tonian (1), see Fig. 3.

4 Other Theoretical Approaches
and Comparison with Experiment

Another approach to determine the spin magnetization at ¥ = 1 is based on the
observation that the long-wavelength spin-wave excitations of the microscopic
model (1) and the low-lying excitations of a ferromagnetic Heisenberg model
are similar. However, one should keep in mind, that such a mapping cannot
conserve all features of the original electronic model. The Heisenberg model on
a two-dimensional lattice with an external magnetic field reads

H==J3% S()SG)-gusB*)_ 5 (13)

<ij>

with the three-dimensional spins S(i) and the constraint S2(i) = S(S + 1) for
each lattice site ¢ and with S = 1/2 in our case. The nearest-neighbor exchange
constant J > 0 of this phenomenological model can be related to the spin stiff-
ness in (5) of the microscopic Hamiltonian (1) due to the relation J = 4p; so
that J/A = @(0)/(4n). This results in a maximum value of J = 1/(4v/27)\
for the unscreened Coulomb interaction. On one hand, the evaluation of the
magnetization can be done by turning to a continuum model, generalizing the
orginal SU(2)-symmetry represented by two types of Schwinger bosons to a



216 Marcus Kasner

SU(N)-symmetry and evaluating the large N limit.[11] Then, the mean field
solution becomes exact for N — oo. A similar kind of generalization can also
be performed, when one starts from a O(3)-representation for the spins. The
resulting mean field solution for the SU(N)-symmetry is equivalent to the ap-
proximation of non-interacting magnons in the low-temperature region, see (6)
and gives better results than the result of the mean field O(N)-theory. A system-
atic improvement of these theories can be achieved calculating 1/N-corrections.
[12] However, for the SU(N) theory the validity is restricted to not too large
temperatures, otherwise the magnetization becomes negative. At moderate and
higher temperatures the O(NN)-theory with 1/N corrections is rather appropriate
to describe the magnetization. These results can be independently checked by
utilizing results of Monte Carlo calculations of the magnetization for the lattice
Heisenberg model.[12]

To date, two experimental methods are available to examine the spin magne-
tization at small filling factors. Firstly, NMR-experiments allow the measurement
of the electron spin magnetization because the electrons generate an additional
magnetic field at the location of the "' Ga-nuclei, which is proportional to the
measured Knight shift of the resonance line. Assuming saturated ferromagnetism
at v = 1 the relative magnetization can be derived from the strength of the shift.
This technique was put forth by Barrett and collaborators and provided data
for the temperature dependent spin magnetization at and about v =1 and 1/3
as well as data for the spin-lattice relaxation rate 1/77.[1,6] Secondly, Goldberg
et al. derived directly M (T) from magneto-optical absorption experiments. [2]
The measured absorption for optical interband transitions into the majority and
minority spin states of the LLL, respectively, is proportional to the calculated
optical matrix elements for those transitions and the number of non-occupied
states in the final state in the LLL with spin o. Qualitatively, the results of
these two independent methods agree. Therefore, we restrict the comparison of
the various theoretical results shown in Fig. 3 to Barrett’s NMR-data.

Before comparing the theoretical results with experiment some words of cau-
tion are necessary as the two models used to describe the quantum Hall ferro-
magnet at v = 1 are originally quite different. From the microscopic point of view
the Hamiltonian (1) is much better justified than the Heisenberg model. In gen-
eral, the latter does not account for the charge degree of freedom and therefore
the itinerant character is neglected. This has consequences: the high tempera-
ture expansion of the Heisenberg model yields as leading term the same result
as that for free localized spins, namely M (T')/My ~ (8A.)/2, while (BA.)/4
is the correct result at v = 1, see Eq. (2). On the other hand, such a high-
temperature expansion should not be overestimated as mixing of the Landau
levels is excluded. A disadvantage of the continuum quantum field theory is its
inability to describe experiments where the charge is important, e. g. in tunnel-
ing experiments in a bilayer system where the electrons can tunnel through a
barrier between the two parallel 2DES which are kept at the same filling factor.
Applying a voltage V between the layers without changing v in each layer allows
to measure the tunneling current I. Theoretically, this current-voltage charac-



Thermodynamics of Quantum Hall Ferromagnets 217

teristic can be expressed as the convolution of the single layer spectral functions
whose calculation was done above. Therefore we can predict the temperature
dependent I — V' characteristic at v = 1. Such an experiment offers another
opportunity to check the quality of the calculated spectral function. [8]

10 T T T T T
® experiment — S.Barrett et al.
—— SW corrections - w=3.11 1, k=0.01 1"
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Fig. 3. The temperature dependence of the spin magnetization in various theoretical
approximations compared with data from [1] rendered as filled circles, where the Zee-
man energy is A, = 0.016\ and the quantum well width is w = 3.11 l.. The solid line
shows our theory based on spin-wave corrections to the electronic self-energy with a
static screening wavevector ks. = 0.01 I 1, the dot-dashed curve is the self-consistent
random phase approximation valid at moderate and higher temperatures [10] and the
long-dashed curve depicts the result of an exact diagonalization for nine particles with
a width similar to that in the experiment.[8] The next three curves are results for
the Heisenberg model without finite thickness corrections which would lead to a fur-
ther decrease of the magnetization: the dot-dashed curve with circles is the mean field
SU(N)-theory, the solid line with stars is the result of a O(N)-theory with 1/N cor-
rections and the dashed line is the result of the Monte Carlo calculation [12]

Comparison with experiment requests the consideration of the finite width of
the quantum well perpendicular to the plane so far neglected in the theories. The
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single particle wave functions exhibit actually also an extension in the direction
perpendicular to the layer, e. g. a width of about 30 nm ~ 3/, in Barrett’s
experiment, and the interaction has to be corrected by a form factor. Assuming
an infinite heigth of the quantum well and an ideal Coulomb interaction the
function a(k) becomes smaller and the effective spin stiffness is only one half of

the ideal value \/(16v/27).

Fig. 3 shows the results of the theories discussed above and compares them
with the NMR-data. The numerical diagonalization data are, except for finite
size corrections, exact and quite close to the experiment.[8] For low temper-
atures the experimental data decrease too slowly and for large temperatures
too quickly since they fall even below the magnetization of free electrons. Our
theory developed in section 3 is an improvement over the SHF-theory and the
naive theory of free magnons and reflects the correct low-temperature and high-
temperature behavior, but is much too high at moderate temperatures where the
magnetization drops almost linearly. The results of the Heisenberg model show
astonishingly good agreement with experiment. All the theories neglect disor-
der and Landau level mixing. However, there are some experimental hints that
disorder changes the clean-limit behavior and accounts for deviations mentioned
above, whereas the influence of higher Landau levels seems to be small.[10] In all
theories evaluated so far skyrmions are not taken into account. Although they
are the energetically lowest charged excitations, their influence should be small,
since the one-flip excitations dominate energetically at small and moderate tem-
peratures, where experiments are performed.

5 Summary

In this paper we studied the thermodynamics of a quantum Hall ferromagnet
calculating the temperature dependent spin magnetization at v = 1. At least
for this filling factor, we could show that an effectively one-particle treatment is
not sufficient and that a many-particle approach is necessary that accounts for
the collective spin-wave excitations. However, such a situation does not always
occur as recent experiments [6]and theoretical studies [13] of the quantum Hall
ferromagnet at v = 1/3 indicate. There, the ratio of the particle-hole gap to the
Zeeman gap is much smaller than that at ¥ = 1 so that the low-temperature
physics can be described by the v = 1 free particle formula with a renormalized
Zeeman gap. Besides the approximate calculation of the spectral function, in
principle, also the determination of two-particle quantities like the spin suscep-
tibility, which enters the spin-lattice relaxation rate as a measurable quantity,
is possible. In concluding, we note that the 2DES in a strong magnetic field is
particularly appropriate to test theoretical ideas with importance for itinerant
ferromagnets due to its close relationship to experiment.
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