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Chapter 1

Introduction

The first theory of interactions in quantum many-body systems (presently known
as the Landau’s Fermi liquid theory) was proposed by L. D. Landau in 1950s [IH3]
and is the starting point for the whole field of many-body physics. This seminal
work was the first example of a before unimaginative solution to the exponential
complexity of an interacting system consisting of many quantum particles that was
actually found in a robust way creating a basis for the modern understanding of the
effect of Coulomb interactions between electrons in conductors. Since then a great
deal of progress has been made in this field: J. Bardeen, L. N. Cooper, and J. R.
Schrieffer have created a microscopic theory of the pairing effect between electrons
[4] as an effort to identify the microscopic mechanism behind superconductivity in
the same decade of 1950s and two decades later in the 1970s new theoretical tools
were developed]] [5H8] culminating in the theory of interactions in one dimension
(commonly referred to as Luttinger liquid as opposite to Fermi liquid) where both
the Fermi liquid and the BCS theory do not apply.

All of these three theories describe the low energy excitations of a many-body
system above its ground state, or above the gap energy in the case of a super-
conductor. At higher energy they become uncontrollable, e.g. the lifetime of the
quasiparticles of Fermi liquid becomes shorter and shorter when the excitation en-
ergy is increased away from the Fermi energy due to the effect of the non-linearity
of the single particle spectrum that eventually reduces the quasiparticle’s lifetime to
zero. This common limit of applicability raises the contemporary question: “what
is/are the many-body theory/ies at high energy?”. A part of the answer was given
only very recently (in 2000s) in one dimension by L. Glazman and his co-workers
in the form of the mobile impurity model [10, IT]. And this will be the point of
departure for the present work.

Although, the domain of this work is one dimension, it is instructive to recall first
the Landau’s Fermi liquid, since it was historically the first theory of interactions
and is a convenient way of introducing basic many-body concepts and notations and

IThis list is by no means complete, for a systematic review of the literature on this topic see
for example [9].
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Figure 1.1: (a) Occupation numbers ny of a system consisting of many fermions
as a function of the modulus of the momentum k£ = |k|: the dashed line is the
free electron system at zero temperature in which all the states up to the Fermi
momentum kg are filled and the full line is an interacting system in two or three
dimensions described by the Landau’s Fermi liquid theory. (b) Spectral function
A (k,¢) for a fixed value of k; as a function energy e: the dashed line is the position
of a delta function of a non-interacting system and the full line is a Lorentzian with
a finite width that corresponds to a quasiparticle in the Fermi liquid theory.

sketching the overall framework?] At zero temperature (7' = 0) a system consisting
of N free fermions forms a Fermi-Dirac condensate, e.g. electrons fill single particle
states with the lowest energy up a given threshold—Fermi energy Er. The corres-
ponding occupation number ny, where k is the single particle momentum, of the
Fermi sea is a step function that is one for all momenta which modulus |k| < kg,
where kp is the Fermi momentum, and is zero for |k| > kg, see the dashed line in Fig.
1.1j(a). Excitations of the free system with respect to its ground state, correspond
to adding an extra particle above the Fermi energy (or removing a particle below it)
with a well-defined momentum k. These excitations also have a well-defined energy
ex and the infinite lifetime since they are the eigenstates of the Hamiltonian. A
common way of characterising these many-body excitations is the spectral function
A (k, ), which is defined as the probability density of finding an excitation with
energy ¢ and momentum k. For free electrons it is A (k,&) = § (¢ — ex + EF), see
the dashed line in the cut of the spectral function along the energy axis for a fixed

momentum k; > kp in Fig. [L.I|(b).

2The BCS theory will not be introduced here at all since we are dealing with repulsive interac-
tions only and also since interactions of any sign do not open a gap in one dimension making the
theoretical approach the same for repulsion as for attraction, unlike higher dimensions where the
pairing instability opens a gap leading to a completely different physics.
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When interactions are turned on, the properties of the system essentially do not
change, i.e. they remain almost the same as that of the free electrons—and this
is the main result of the Fermi liquid theory. The free particles are not individual
excitations anymore, they are dressed by density fluctuations of the existing Fermi
sea, constructed out of the excitations of the electron-hole pairs type that do not
change the total number of particles but they are coupled to the single particle states
via the interaction. These collective objects are called quasiparticles now since they
are formed by many individual electrons, however these quasiparticles still retain
most of the fermionic properties of the undressed single particle excitations within
the Fermi liquid theory. The whole effect of the interactions is manifested only in
renormalisation of the single particle properties by so-called Landau parameters.

Occupation numbers n, in the Fermi liquid theory still have a discontinuity at
the Fermi surface, see the full line in Fig. [1.Ifa). However the amplitude of this
discontinuity is not one anymore but is a number Z smaller than one Z < 1, which
represents the fraction of electrons which still keeps the original fermionic property
of a free electron after it has been smeared by the interactions with other electrons.
The bigger is the smearing the less of the original single particle properties remain
and the smaller is Z. Any finite Z > 0 means that quasiparticles are still defined
through a single-particle-like dispersion relation . Although, €y is not the bare
energy of a single electron. Nevertheless, close to the Fermi surface the dispersion
can be linearised in the powers of k — kr as

kp
=Fp+—(k—k 1.1
€k F+ m* ( F) ) ( )
where k = |k| is the modulus of the momentum and m* is a parameter that is

usually called effective mass, for free electrons m* = m is the mass of the electron
itself. Here we assumed rotational symmetry in two and three dimensions, therefore
the Fermi surface is circular (spherical) and the above expansion is the same in
all directions. Thus, close to the Fermi surface we can use the same free electron
dispersion changing only the mass of the particles from m to m*, and no extra
parameters are needed. The Fermi momentum is not changed by interactions due
to Luttinger theorem [12]. The theorem states that for the translationally invariant
systems, though the shape of the Fermi surface can be changed by interactions, the
volume enclosed by it is proportional only to the electron density irrespective of the
interactions. For also rotationally invariant systems it directly implies that kg is
also independent of interactions (it is an invariant of the interaction strength).
Since the quasiparticles are not completely free particles, their lifetime 7 is finite.
The corresponding spectral function in Fig. (b) is not a delta function anymore,
like for a free particle (dashed line), but is a Lorentzian with a finite width 1/7
(solid line), which position for a fixed k; is centred at the energy given by Eq.
(L.I). When the lifetime 7 is shorter than the characteristic timescale defined by
the dispersion, 1/ (x — Er), the notion of a quasiparticle disappears altogether, i.e.
it is not possible anymore to define a single-particle-like dispersion in Eq. .
In the proximity to the Fermi surface k — kg, the timescale 1/ (ex — Er) becomes
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bigger and bigger, but fortunately the lifetime 7 also diverges since electrons have
less and less phase space to scatter close to the Fermi surface leading to a smaller
degree of smeariness of the quasiparticles that is reflected in the energy dependence
of the lifetime 7.. For instance, simple phase-space arguments [13] show that 7. ~
1/ (e — Er)® close to the Fermi energy in three dimension. Thus, the width of
the Lorentzian 1/7. is always narrower than the energy scale (¢ — Fr) making the
quasiparticles always well-defined and, therefore, making the Fermi liquid theory
better and better when the energy is closer and closer to the Fermi level. For most
of the low energy properties a big but finite lifetime can be just ignored.

It has to be noted that the quasiparticle states are not the exact eigenstates
of the quantum model. The Fock space of a many-body system is exponentially
large. For example for a system of spinless fermions on a lattice in D dimensions
the total number of states is 2V, where N = L” is the number of sites, L is the
linear dimension of the lattice in the units of the lattice spacing, and D is its spatial
dimension. Therefore, the average distance between the many-body eigenenergies is
exponentially small, ~ exp(—L). For a free system however the excitation energy
for is given by Eq. with m* = m, thus the distance between the states in
the energy domain is much larger, ~ 1/L, than the level spacing of the interacting
system. This is caused by a huge degeneracy of the many-body states of the free
system, which is lifted by the interactions. The existence of quasiparticles in a Fermi
liquid is a result of clustering of the exact eigenstates from the exponentially large
continuum around certain points in the energy domain, given by the quasiparticle
dispersion in Eq. (1.I). An ensemble of many states from the exponentially large
continuum forms a quasiparticle with its finite lifetime, a Lorentzian with a finite
width given by the full dashed line in Fig. [L.I|(b).

Essentially a free Fermi gas description of interacting electrons, the interactions
only renormalise parameters of the free system, is what makes Fermi liquid so suc-
cessful. For instance, it forms the basis of the modern theory of transport in con-
ductors: metals and semiconductors. Even in semiconductors the Fermi energy is at
least 5000K (for Silicon or GaAs) and is even higher for metals. In a typical range
from low 1K to room 300K temperatures the relevant quasiparticles are always close
to the Fermi energy and thus the almost free particle approximation of Fermi liquid
is generally robust. It is routinely confirmed by a plethora of solid-state experiments,
including electrical, thermo-electrical, classical Hall, spintronics, thermo-spin, and
SO on experimentsﬂ Another realisation of Fermi liquid is Hes, which obeys the
Fermi statistics at low temperatures since it has total spin 1/2. The Fermi energy is
quite small ~ 5K that requires the temperatures to be in the milli-Kelvins range in
order to keep excitations only close to the Fermi surface. This temperature range is
still accessible via the currently available cryogenic techniques, where experiments
do observe a renormalisation of the free Fermi gas parameters, e.g. in Ref. [14], [15].
Also in industry the field of electronics uses the transport theory of semiconductors

3The applications of the Fermi liquid theory in the field of solid-state are so many and are
so diverse that reviewing them with any reasonable degree of comprehension is just not possible.
Only a few highlights are given here.
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based on the Fermi liquid theory as a fundamental building block of a countless
number of modern consumer devices.

Landau has originally constructed the Fermi liquid theory [I, 2] in a phenomen-
ological way by expanding the free energy of an interacting Fermi gas up to the
second order in small deviations from the free particle distribution function. Then,
all of the observable properties can derived starting from this postulated form of free
energy. Later, the same picture was reproduced microscopically by the many-body
perturbation theory in interactions in diagrammatic form [16] [I7] (a good review is
given in the book [13]) and by renormalisation group [18,[19]. Although the Landau’s
phenomenological approach still keeps its value due to its technical simplicity and
physical transparency. Both, microscopically and phenomenologically, the lifetime
of the excitations shortens away from the Fermi energy. Eventually quasiparticles
become undefined. This breakdown point happens not at a large energy scale, like
the Fermi energy, but at a much lower energy. It can be visualised as an increasing
contribution of the parabolic correction to Eq. . When it becomes of the same
order as the linear term the quasiparticles are no longer defined, making the Fermi
liquid theory valid only at low energy. The non-linear theory—for excitations with
non-linear dispersion—still remains an open problem.

While the Fermi liquid theory works well in two and three dimensions, it fails
completely in one dimension, even at low energy. The lowest order perturbative
correction in the interaction potential to the free electron self-energy in one dimen-
sion is proportional to 1/ (e —¢x) close to the Fermi level [20]. This divergence
signals that the many-body eigenstates are very different from free particle excita-
tions, and require a new solution to the many-body problem. Fortunately, at low
energy the one dimensional problem was completely solved at the microscopic level
by bosonisation. Under linearisation of the single particle dispersion at low energy
er = Er 4+ vrk, the electron-hole excitations of the free particle spectrum becomes
equidistant and very degenerate, like for bosons, that allows to map all of the free
Fermi states onto pure bosonic excitations consisting of many electron-hole pairs
[21]. Moreover the density-density interaction between the fermions, quartic in the
field operators, becomes only quadratic in bosonic operators under this mapping.
Thus, this procedure of bosonisation makes the interacting Hamiltonian quadratic
in the bosonic degrees of freedom, which is just a harmonic oscillator that is solved
immediately, and the same procedure remains valid for arbitrary strength of the
interactions between the original fermionic particles.

The usual way of performing calculations using the result of this bosonisation
procedure is to start from the so-called Tomonaga-Luttinger model [21], 22]

v 2 1 2
Hpp=— | de | K (V6 — 1.2
m= g [do [ (V0P 4 £ (0] (1.2
where the bosonic degrees of freedom are represented by a pair of fields, V6 and
Vi, that have the meaning of the current and the density operators respectively,
with the following boson-like commutation relation between them [¢ (z), V6 (2')] =
imd (x — x’). Here we use the notations of the Giamarchi’s book [23]. The only two



1. Introduction

effective parameters that describe a generic interacting system in one dimension are
v and K: v is the sound velocity and K is Luttinger parameter, which together
encode the original interaction strength.

Since the Tomonaga-Luttinger model is quadratic in bosonic operators, the cor-
responding conformal field theory can be constructed straightforwardly by writing
down the action for the Hamiltonian in Eq. . Then, observables are calculated
as Gaussian averages of the operators over the free fields 6 and ¢ producing the
hallmark of the Luttiger liquid physics, power-law dependencies in various quantit-
ies, where the exponents depends on v and K. For the dynamical structure factor,
S (k,e) = [dtdze’®=*)(p(z,t) p(0,0)) where the density p has to be expressed
through Vi and its time evolution p (x,t) and the zero temperature average (...)
are given by the model in Eq. , this procedure gives the zero delta-functional
width of the excitations S (k, ) ~ |k — kr|d (¢ — v |k — kp|). However, these excita-
tions are Bose-like hydrodynamic modes consisting of many electron-hole excitations
of the original fermions (the so-called charge density wave or CDW) instead of the
Fermi-like quasiparticles of the Landau’s Fermi liquid theory. The occupation num-
bers ny = [ dwe=** (¢t (x)1) (0)) ~ 1/2 + const - sign (k — kp) |k — kF\<K+K_1)/2_1,
where the original fermionic field operator is bosonised as 1 ~ ¢®*% has no discon-
tinuity at the Fermi momentum unlike Fermi liquid, see Fig. (a), but rather has
a smooth power-law behaviour with the exponent (K + K~!) /2 — 1 > 0 given by
Luttinger parameter K, which is a clear manifestation of a non-Fermi liquid nature
of the interacting systems in one dimension.

The systems with spin behave in even stranger way in one dimension—their
spin degeneracy is lifted by interaction producing two different velocities, unlike
higher dimensions where the double degeneracy of electron spin-1/2 enters only as
a factor in the density of states. The up and the down spin states produce two sets
of bosonic fields in the Tomonaga-Luttinger model. The density-density interaction
couples two species since fermions with the same spin cannot be at the same point in
space but different spins can, hybridising the two independent liquids. Application
of the bosonisation technique to the model of spinful fermions gives two independent
Tomonaga-Luttinger models for the charge degree of freedom p (CDW) and for the
spin degree of freedom o (spin density wave or SDW) [23]. Each of the two models
has the form of Eq. but the sound velocities v,, and Luttinger parameters
K, are different for any finite interaction strength between the original fermions.
Thus, the degeneracy with respect to the spin degree of freedom is not present,
which is manifested, for example, in a extra branch of dispersion with v, # v, in
the excitation spectrum in one dimension [23].

Realisations of one dimensional system are quite uncommon in nature. But the
big theoretical advancements in 1970s motivated strongly the experimental com-
munity to manufacture artificial systems that behave essentially one-dimensional
inside a three-dimensional system. One class of such designs are strongly aniso-
tropic magnetic insulators or organic materials, which three-dimensional crystals
consist of bundles of magnetic chains with a weak magnetic exchange between them
that can be neglected, e.g. KCuFj3 [24] and (TNTSF),PFs [25]. Another system
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Figure 1.2: (a) Linear-response two-terminal conductances G of single-wall carbon
nanotubes as functions of temperature at a double-logarithmic scale. The triangles
are a pair of straight nanotubes and squares are a nanotube with a kink. The solid
lines are power-law functions G ~ T with the real exponents a (o = 0.35 for the
straight nanotubes and a = 2.2 for the nanotube with a kink) generally predicted
by the Tomonaga-Luttinger model for an interacting one-dimensional conductor.
The figure is taken from Ref. [26]. (b) Differential conductance measured through
a double-well GaAs heterostructure where quantum wires are formed in the upper
layer by potential gates. The magnetic field B applied perpendicular to the wires
and the bias between the two layers V. provide the momentum and the energy
resolution in the measured spectral function. Two branches with linear dispersions,
marked by v, # v,, extend from the Fermi point at B = 3.4 T and Vg, = 0. The
figure is taken from Ref. [2§].

is carbon nanotubes that self-assemble themselves under certain conditions and are
one-dimensional conductors. Electrical conductance of a nanotube can be meas-
ured straightforwardly by attaching it to a pair of electrodes. The temperature
dependence of the conductance |26] shows a power-law function predicted by the
Tomonaga-Luttinger model, we reproduce them in Fig. |1.2{a). A quantum wire
can also be made using the currently available techniques of nano-lithography in
semiconductors. Starting from the GaAs double-well heterostructures this design
allows to measure a more detailed quantity, spectral function A (k,e), with both
momentum and energy resolutions, where the separation of the free electronic excit-
ations into the spin and the charge modes with different velocities, also predicted by
the Tomonaga-Luttinger model, was observed [27, 28|, which we reproduce in Fig.
T2(b).

Away from low energy the curvature of the original parabolic dispersion at the
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Fermi energy becomes progressively more important. It, for instance, broadens
the sharp dynamical structure factor that is strictly delta-functional, S (k,e) ~
d (e —v |k — kp|), for the linearised spectrum, reflecting the infinite lifetime of the
hydrodynamic modes of the Tomonaga-Luttinger model. Addition of a quadratic
term, k?/ (2m*), to the linearised dispersion &, = Er + vk should on a simple level
introduces a finite width to the delta function. Close to the Fermi energy the mo-
mentum can be expressed though energy as k = (¢ — Er) /ur giving the broadening
1/7. ~ (¢ — Ep)® / (mv?) that increases from zero at ¢ = Ep to bigger and bigger
values away from it, like the quasiparticle lifetime of the Fermi liquid in higher di-
mensions. However, unlike in the Fermi liquid perturbation theory in the k%/ (2m*)
correction on top of the Tomonaga-Luttiger model fails due to many divergencies,
and there is no clear way how to deal with them [29] [30]. This is not totally surpris-
ing since linearisation of the dispersion imposes an additional symmetry (Lorentz
invariance) on the system. Thus, the eigenstates become additionally degenerate,
the energy and the momentum conservation laws of the linear model become the
same. When, a finite curvature (the parabolic 1/m* term) reduces the Lorentz in-
variance to Galilean, the energy and momentum conservation laws become different,
making the corresponding perturbation theory degenerate and producing various di-
vergencies.

These singularities occur not only at the special (Fermi) points but also at arbit-
rary momenta, analogously to another problem, the Fermi edge singularity effect in
x-ray absorption or emission in three dimensional metals. The solution to the latter
problem was given by Nozieres and De Dominicis in the form of the heavy impurity
model [31] that is an effective one-body problem of a single impurity (representing a
hole-like excitation deep under the Fermi level) coupled to many Fermi liquid qua-
siparticles at the Fermi level. The connection between the nonlinearity problem in
one dimension and the edge singularity in a Fermi liquid was first spotted on the
microscopic level for weakly interacting fermions in [32, [33].

The field theoretical methods, which were based only on this analogy, further led
L. Glazman and his co-workers to the phenomenological construction of the non-
linear Luttiger liquid theory [34]. In one dimension the continuum of the many-body
excitations does not cover the whole energy-momentum plane due to a kinematic
constraint, see the white regions in Fig. [L.3[(a). For example, creation of an excit-
ation of the electron-hole pair type at a fixed momentum k # kp requires at least
a finite energy of removing at least a single particle at some finite distance from
the Fermi level and putting in the lowest available state just above the Fermi level
since there are only two Fermi points £kr. In two dimension such a constraint
already does not exists since it is always possible to connect two different points
on the Fermi circle with a vector k of an arbitrary length, creating an excitation
with zero energy at arbitrary finite momentum |k| < 2kpr. Therefore, a threshold in
the energy-momentum plane that separates the region with a finite density of states
from the zero density is yet another peculiarity of the one-dimensional physics.

This spectral threshold is an analog of the Fermi edge in the x-ray scattering
problem in three dimension. The nonlinear Luttinger liquid model was constructed
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Figure 1.3: (a) Density of the many-body excitations of a one-dimensional system
on the energy-momentum plane: finite in the grey areas and zero in the white areas.
The red line marks the border between the two defining the dispersion of the spectral
edge ey, (k), it is generally a multi-valued function. The low energy regions around
the £kp points, where the linear Luttinger liquid theory is valid, are marked with
green circles (b) Dynamical structure factor S (k, ) along the vertical cut at a fixed
k1 in the non-linear region marked by the dashed line in (a) as a function of € (only
its bottom half for e < 0 is plotted). Above the threshold, € > ey, (k1), it is zero
and below, € < gy, (k), it is a power-law singularity close to the threshold with the
exponent « (k;) that generally depends on the position of the cut k;.

phenomenologically [34] as a heavy impurity at a fixed momentum, which takes the
excitations along the edge with arbitrary curvature up to higher energy—see the
red line in Fig. (a), coupled to the Luttinger liquid modes at low energy, which
describe the excitations just above (in the particle sector) or below (in the hole
sector) the spectral edge. The coupling is of the density-density type conserving the
occupation number of the heavy impurity that restricts the validity of this model
to higher energy, where the process of absorption or emission of the heavy impurity
by the Luttinger liquid modes is forbidden by a large energy barrieif’]

The two unknown coupling constant between the mobile impurity and the pair
of the canonically conjugated variables of the Tomonaga-Luttinger model in Eq.
can be fixed phenomenologically considering physical properties of the hybrid
system. One is the translation invariance of the couple model and the other is an
observable that corresponds to the change of the total energy with respect long-
range variations of the density. Thus, only one addition parameter in the nonlinear
Luttinger liquid theory, on top of v and K of the linear theory in one dimension, is
the dispersion of the spectral threshold e, (k), represented by the red line in Fig.

4Unlike in the x-ray problem, heavy impurity in the non-linear Luttinger theory has to be
mobile (so-called mobile impurity model) since the spectral threshold extends long all momenta.
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1.3((a), that enters as the single particles dispersion of the mobile impurity

Hus = Hro+ [ do [Wevew@w did+d (m (k) - z’asg,fk)ax) d} (13)

where d is the fermionic operator of the mobile impurity that depends on the spatial
coordinate d = d(x), the coupling constants are Vy = Okey, (k) — k/m and V,, =
0pe (k) +mv/K, pis the particle density, and Hpy, is the Tomonaga-Luttinger model
in Eq. . Then, owing to the quadratic in the bosonic operators structure of
Hrp, the observables in the nonlinear Luttinger theory given by the model in Eq.
can be calculated using again the conformal field theory, after the coupling
between the mobile impurity and the hydrodynamic modes eliminated via a unitary
rotation, relating expectation value to the dispersion of the spectral threshold and
the Luttinger parameters. For instance, this gives power-law singularities around
the threshold in the dynamic response function in a wide energy range, see Fig.
1.3|(b), and relates the corresponding exponents to the derivatives of ey, (k), v, and
K. This behaviour is very different from just gradually disappearing quasiparticle
lifetime in the Fermi liquid theory in higher dimensions in Fig. [L.I(b).

Being constructed phenomenologically, the nonlinear Luttinger liquid theory is
universal in the sense that it is applicable to all types of interacting models in one
dimension: fermionic, bosonic, and spin. It also breaks the low energy restriction
of the Tomonaga-Luttinger model, strictly imposed by the linearisation condition
around the Fermi point. At the same time the nonlinear Luttinger liquid theory
leaves the problem of calculating the dispersion of the spectral edges in an interact-
ing system &4, (k) open. It is also only the first example of an interacting theory
beyond the low energy limit in one dimension, which is however still restricted to
the proximity of the spectral edges. A broader question remains open: what is
the general theory of interacting systems at high energy that is not restricted to a
particular class of many-body excitations in one-dimension?

In this introduction to six papers [35-40], reprinted in the appendix, the answers
to both of these questions are discussed in the form of explicit calculation of the
dispersion for the spectral threshold and a new theory at high energy—hierarchy of
modes—that is not restricted to the proximity of the spectral edges, as well as a few
experiments confirming these theoretical predictions. Here we will also discuss an
application of the new high energy theory to the problem of magnetoelasticity in
one dimension.

The fundamental models of Fermi and Bose particles with short-range interaction
(with and without spin) in one dimension can be analysed using the available exact
diagonalisation method of Bethe ansatz [41]. While this approach is completely free
of approximations and it does provide the full microscopic information about the
exponentially large continuum of the many-body states at all energy scales, it makes
calculation of observables very difficult in practice, especially the ones that still
involve the many-body matrix elements, due to a huge mathematical complexity.
The problem of evaluating energy of the lowest (in the particle sector) and the
highest (in the hole sector) energy states for a fixed momentum, which form the

10
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dispersion of the spectral edge modes &4, (k) and require solving only the eigenvalue
problem for a polynomial number of states, is still feasible in the thermodynamic
limit [35, 36]. It gives an empirical model for the dispersion with only one free
parameter—effective mass m*,

k2, N (k — ko)

2m* 2m*

e (k) = p+ , (1.4)
where =+ refers to the particle/hole sector, see Fig. [1.3|(a), ko = 0 (kr) for fermions
(bosons), and g is the chemical potential. Here the concept of effective mass is
introduced at all energy scales that reduces to the renormalised velocity v = kr/m*
of the Tomonaga-Luttinger model at low energy. Thus, m* can be defined using only
the already existing low energy Luttinger parameter v in addition to the original
mass of the free particles as m* = Km for spinless particles and m* = K,m in the
spinful case. This result is exact for spinless particles and non-parabolic deviations
are small but still finite for particles with spin [36]. In combination with Eq.
the nonlinear Luttinger theory gives full description of the high energy modes around
the spectral edges in terms of only two Luttinger parameters v and K defined at
low energy, e.g. it gives an explicit dependence of the threshold exponent o on k,
see Fig. [L.3(b), in term of only v and K.

Away from the spectral edges the nonlinear Luttinger liquid theory becomes in-
applicable. However, also away from low energy, a different structure emerges—the
exponentially huge continuum of the many-body excitations splits itself into a hier-
archy of levels formed by only polynomial number of excitations, separated by powers
of the small parameter R?*/L? in their spectral power, where R is the interaction
radius and L is the length of the system [37], [38]. Thus, only small numbers of ex-
citations in a representative region on the energy-momentum plane accumulate the
principle amplitude of a particular observable. This allows analytical calculations
in the thermodynamic limit that are not restricted to the proximity of the spectral
edges. For instance, for spinless fermions the two strongest excitations, with R?/L?
to the zeroth power, form a single particles-like (parabolic) dispersion with a renor-
malised mass in the spectral function and the second-level, with R?/L? to the first
power, produce an inverse power-law line shape to the principle parabola. In the
hole sector, where the strongest excitations are on the spectral edge, see the red line
between the points +kr in Fig. (a), the low energy side of this line shape is the
threshold singularity calculated by the nonlinear Luttinger theory and the exponent
o (k) is the same as predicted by the model in Eq. (1.3).

At low energy the hierarchy of modes crosses over into the linear Luttinger liquid
that can be illustrated using the local density of states n (¢). At high energy the
main contribution is accumulated by the principal parabola (the strongest level for
this observable) giving the inverse square root functional behaviour, n (¢) ~ 1/4/¢,
like for a free system, where the interactions only renormalise the prefactor. At
low energy the Tomonaga-Luttinger model predicts that n (¢) is suppressed at the
Fermi energy as a power-law, n(e) ~ |e — EF|”8 where the exponent # depends
on the Luttinger parameter K [23]. This signals a breakdown of the hierarchy of
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1. Introduction

modes, which predicts a finite n (¢) ~ 1/v/Ep, at low energy. Thus, the Tomonaga-
Luttinger model becomes the relevant theory, in which all of the many-body modes
form hydrodynamic excitations in the linear regime, marked by green circles in Fig.
1.3((a), in which Lorentz invariance is dominant. However, the further we go into
the non-linear region the more important becomes the nonlinearity, reducing Lorentz
invariance to Galilean and making the hierarchy of modes the relevant theory at high
energy. The border between the two regimes is of the crossover type that can be
established via the Bethe ansatz approach, which is valid at all energy scales—see
[38] for details.

Hierarchy of interacting modes has already been applied to the many-body theory
of magnetoelasticity in one dimension. In a spin chain, the atoms that hosts the
spins can move around their equilibrium positions changing the exchange energy
between the neighbours. This is the microscopic mechanism for coupling magnetic
excitations of the Heisenberg model with the phonons that are formed by motion of
the atoms in the chain. The magnetic energy scale characterised by the exchange
energy is usually much smaller than the phononic energy scale characterised by the
Debye’s energy, making the interaction between the two subsystems perturbative.
The renormalisation of the mechanical properties, e.g. change of the velocity of
the acoustic mode, is given by the next-neighbour correlation function of the spins,
which can be related only to the ground states energy of the Heisenberg model in
one dimension, which is a well-established quantity [41].

There is also another process in the microscopic theory—attenuation of the phon-
ons, which is a bit more complicated. The resonance decay into the many-body ex-
citations of the spin chain is always possible due to a continuum of their excitations,
see the grey area in Fig. (a), but is very slow since the relevant high-energy excit-
ations belong to the second level of the hierarchy so that the transition amplitude,
~ 1/L*, vanishes in the thermodynamic limit. The main mechanism is then hybrid-
isation of a single phonon with a continuum of the many-body magnetic excitations.
While the degree of hybridisation with one many-body state is tiny, the sum over a
polynomial number of these second-level excitations compensates for this smallness
remaining finite in the thermodynamic limit. And the contribution of the third- and
higher-level excitations become already small, i.e. their contribution also vanishes
in the thermodynamic limit, which is a manifestation of the hierarchy of modes in
this theory [40]. The magnetic field dependence of the phononic attenuation is an
observable that can be probed directly, e.g. in ultrasound experiments in anisotropic
magnetic insulators.

Experiments on probing the high energy regime are already ongoing in fermionic
realisations of interacting one-dimensional systems [38] 39]. In a double-well hetero-
structure, the two-dimensional electron gas in the bottom layer has a well defined
Fermi energy (a Fermi liquid) that serves as a good probe of the quantum wires
formed in the top layer by potential gates, see the sketch in the top-left inset in Fig.
1.4(a). A current through such a system adds or removes an electron from the wire,
depending on the sign of the bias applied between the two layers V., measuring the
spectral function of the one-dimensional electronic system. A variable in amplitude
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Figure 1.4: (a) Conductance through a double-well heterostructure with quantum
wires of length L. = 10um, see details in the text. In the linear regime around
kr it shows two different velocities, spin-charge separation—see a zoom-in in the
bottom-right inset. The solid green parabola marks the strongest excitations of
the one-dimensional system. All other lines mark parasitic signals coming from
different parts of the sample and from two-dimensional dispersion probed by the one-
dimensional system. The figure is taken from Ref. [38]. (b) The same experiment
as in (a) but the wires are shorter, L = lum. All lines mark parasitic signals.
In addition to the principal one-dimensional parabola, a one-dimensional replica
formed by subleading excitation is observed; marked by arrows. The figure is taken
from Ref. [39].

magnetic field applied perpendicular to the wires (B) gives a momentum resolution
by changing the projection of the electron momentum parallel to the wire in a con-
trollable way. A transport measurement through such a structure as a function of B
and V. probes directly the spectral function as a function of momentum and energy
A(k, ), see details in [28].

At low energy the already known spin-charge separation—a Luttinger liquid
effect—is observed, see the bottom-left inset in Fig. |1.4{a). Fitting of the charge
and the spin velocities gives the ration v,/v, = 1.4 + 1.8. The existence of two
objects with different linear dispersions (that is absent in the Fermi liquid theory
but is predicted for Luttinger liquids) confirms that the interactions in the one-
dimension electronic system are appreciable and this ration between the velocities
gives the ration between the interaction and the kinetic energies of the order of
one. At high energy there is only a single parabola—formed by the leading order
excitations—in long wire (of length about L = 10um), see the main figure in Fig.
[[.4(a). An estimate of the amplitude of the first subleading modes gives four orders
of magnitude (A\%/L* ~ 10* where A\ was used as an estimate for the screening
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1. Introduction

radius R) suppression with respect to the amplitude of the observable leading mode,
reducing the amplitude of the subleading modes at least an order of magnitude below
the noise floor of this experiment. In shorter wires (of length about L = 1um)
the suppression A%/L? ~ 10? becomes two order of magnitude weaker making the
first subleading mode (a replica of the principal parabola in the particle sector)
observable, see Fig. (b), thus, experimentally confirming the existence of the
small parameter R?/L? at high energy in a one-dimensional interacting system.

The remainder of the introduction is organised as follows. Chapter 2 contains a
derivation of the Tomonaga-Luttinger model and a brief account of the observables
evaluated within this model. This low energy theory of interactions is well-developed
in the literature and is confirmed quite comprehensively in experiments. Thus, it
can serve as a good reference point to any further developments in one dimension.
Section 2.1 describes the bosonisation technique in one dimension that will be used
in Sections 2.2 and 2.3 and will be needed in Chapter 3 in the non-linear Luttinger
liquid theory. A derivation of the local density of states within the Tomonaga-
Luttinger model is given in Section 2.2. This quantity is used to demonstrate the
crossover from the hierarchy of modes at high energy to the Luttinger liquid beha-
viour at low energy in papers [37, [38]. In Section 2.3, the spin-charge separation
effect is derived for the spinful model with short range interactions using the boson-
isation approach. The ratio of the velocities of the charge to the spin modes is used
as a gauge of the interaction strength in the experiment on transport spectroscopy
that measures a one dimensional spectral function at all energy scales [39].

A summary of the mobile impurity model and its main prediction—power-law
singularities at the spectral threshold—is presented in Chapter 3. In Section 3.1,
a phenomenological construction of the model is given by extending the notion of
Luttinger liquids beyond the linear region and low energy. This only new quantity
needed for the non-linear model is dispersion of the spectral edge at high energies.
A calculation of the power-laws around the spectral edges is given in terms of the
curvature of this dispersion and the low energy parameters v and K. This dispersion
is evaluated microscopically in the papers [35], B6] for the all principal models with
short range interactions in one dimension in terms of only the Luttinger parameter
K and the free particle mass. In conjunction with the mobile impurity model result,
it reduces the dependencies of the threshold exponents to only the momentum in the
non-linear region and the Luttinger parameters from low energy. These expressions
for the spinless and spinful fermion cases are obtained in Section 3.2.

Details of the microscopic Bethe ansatz technique are given in Chapter 4. This
is an exact diagonalisation tools that is applicable to a wide range of systems with
short range interactions in one dimension. In Section 4.1, a derivation of the Bethe
ansatz equations is given, using the XXZ model as an example, which reduces the
exponential complexity of diagonalising a many-body Hamiltonian to solving only a
system of N non-linear equation, where N is the number of particles. A construction
of the algebraic representation of Bethe ansatz is given in Section 4.2. This approach
is an essential tool enabling evaluation of the matrix elements, generally needed for
the observables, for a large number of particles. Both technique are used as a work
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1. Introduction

horse in the papers [35, 36] for evaluating the dispersion of the spectral threshold, for
identifying the hierarchy of modes at high energy and for studying its crossover to
the Luttinger liquid physics in low energy in the papers [37,38], and for constructing
the many-body theory of magnetoelasticity in the paper [40].

An introduction to magnetoelasticity is given in Chapter 5. The microscopic
origin of the magneto-elastic coupling is discussed in Section 5.1 and experimentally
accessible observables in this class of systems in one dimension are summarised in
Section 5.2. This chapter also serves as an extended introduction to the paper [40].
Finally, concluding remarks are given in Chapter 6.
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Chapter 2

Low energies

This chapter contains a review of the Luttiger liquid theory. It starts from the
linear approximation to the interacting model of spinless fermions. Then, the bosonic
degrees of freedom are introduced via a rotation in Fock space and it is shown that in
these variables the interacting model is diagonal. The usual form of the Tomonaga-
Luttiger model is finally given in term of the canonically conjugated fields # and
¢ that are superpositions of the bosonic operators. A more convenient tool for
calculating the expectation values is the conformal field theory since the model is
quadratic in bosons. In Section 2.2 we will present a calculation of the correlation
function and the local density of states. Finally, we will bosonise the model of
spinful fermions with density-density interaction and show that the resulting pair
of Tomonaga-Luttinger models for the spin and charge degrees of freedom have
different velocities explicitly in Section 2.3. In this chapter we will use the notations
of the book [23].
Let us start from the model of interacting spinless fermions,

V.
_ T q
H = gk ExCLCr + Eq —QLP(Q)P(_CI)a (2.1)
where
—kQ 2.2
L om (2:2)

is the parabolic dispersion, the ¢; operators obey the Fermi commutation relations

{Ck,CL} = 5kk', (23)

the Fourier transform of the density operator is
p@) = chiger: (2.4)
k

Vg is the Fourier transform of the two-body interaction potential, and we assume
h=1.
Close to the Fermi energy the spectrum is almost linear so it can be linearised
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2. Low energies

[ i

Figure 2.1: (a) The model of fermions with a parabolic dispersion in one dimension
in free space. The single particles states up to a Fermi energy are filled (grey region)
and the states above the Fermi energy are empty (white region). The dashed lines
are the linearised dispersion at the two Fermi points +kp. (b) The model with
linearised dispersion that splits the electrons into two subbands: the left (L) and
the right (R) movers with the velocities +vp. Each subband is extended to infinite
number of negative states.

explicitly in the model in Eq. (2.1). Since there are only two Fermi point (+kr) in
one dimension this procedure introduces two subbands,

Ep ~ 6L7RUFI{I (25)

where vp = pp/m, that represent the left movers (L) with ¢, = —1 and the right
movers (R) with ep = 1, see Fig. 2.1b). Substitution of Eq. (2.5) into Eq. (2.1)

gives

H= Y vplek—kp)cher+ ) ;/—zp (9)p(—q), (2.6)

k,r=L,R

where the Fermi energy was already subtracted from the Hamiltonian.

Although, at high energy the models in Eq. and Eq. are very different,
see Fig. [2.1] at low energy they are almost the same making their observable at low
energy also almost the same. The models in Eq. however is much easier to
analyse due to purely linear spectrum of the single particle excitations that increases
the symmetry from Galelian to Lorentzian, making the energy and the momentum
conservation laws the same. In the following section we review the analysis of model
in Eq. extending k to +oo and forgetting about the curvature of the original
dispersion completely.
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2.1. Bosonisation

E 0 1 2 3
. 011000. .. 010100...
Fermions | [110000...), | [101000...). {100100'“;? IlOOOlO...;i
01 11
Bosons 100), 110), } 20;@ ; 30??

Table 2.1: The correspondence between the electron-hole pair excitations in a fermi-
onic system with a linear dispersion and bosonic excitations with the same dispersion
for N = 2 fermionic particles and up to the energy £ = 3.

2.1 Bosonisation

Before mapping the fermionic degrees of freedom in Eq. (2.6) onto bosons, it is
convenient to split the linear Hamiltonian into the free part

H(] = Z (U (GTk — k’F) c,trckr (27)
k;r=L,R
and the interaction part
Vq
Hine =), 570 (0) P (=9). (2.8)

q

Then, let us deal with H first.

The linear spectrum in Eq. (2.7) has equidistant level spacing reminding of
a single bosonic level, which can be populated with one, two, three, and so on
excitations producing the same spectrum. At a more detailed level, it is not a
single fermion that can be represented as a bosonic excitation in a many-particle
system but an electron-hole pair on top of the Fermi sea; its total spin is even
(zero) like that of a boson. In order to visualise the structure of the many-body
spectrum of free particles, let us consider a simple example of a Fermi sea consisting
of only N = 1 fermion, see Fig. (a). There is only one electron-hole pair with
possible momentum k£ = 1,2,3, ..., see an illustration in Fig. [2.2(b). This spectrum
corresponds to the spectrum of the bosonic Hamiltonian'| H = > 77, kb;bk under
the constraint that the total number of bosons is N = 1. Starting from the Fermi
sea with N = 2 fermions, there is only one electron-hole pair excitation at the
lowest energy £ = 1 with £k = 1. There are two excitations with £ = 2, two
excitations with £ = 3, and so on. The correspondence between the fermionic

ni no
111,15,03,...)p = clel - |0) and the bosonic |ny, na, . ) = (bi) (b;) )
states (where |0) is the vacuum state) up to the energy £ = 3 is given in Table. 2.1]
The degeneracies coincide as well thus this is also the spectrum of the same bosonic

"'We consider only one branch (eg = 1) in the model in Eq. |D and assume that vp =1 and
k=0,1,2,... for illustrative purposes here.
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2.1. Bosonisation

Hamiltonian H = 3 .-, kbLbk for N = 2 bosons. A rigorous proof of completeness
of the Fock space under the Bose-Fermi mapping for arbitrary N is given in [42].
A formal change of variables can be in-

troduced by constructing bosonic operat- E A (a) E A (b)

ors out of the fermionic density operator in

the momentum space in Eq. (2.4), which k k
creates electron-hole pairs, in the following
way O 4 O 4
o 3 Qo 3
2m
t i
bpr - 7 L |p| ppT‘ () 2 . 2
2 o 1 o 1
= L |p| Ck-‘rp’f’ckT7 (2 9)
e O o0

p pr Figure 2.2: States of a fermionic sys-
tem with a linear spectrum for N = 1:

_ / Ck e (2.10) (a) the ground state |10000...), and

(b) an electron-hole pair [00100...) .

These bosonic operators immediately commute when the band index r is different,
[pr,bLL] = 0. Within the same subband commutation relations encounter a di-
vergence that needs to regularised first. It is caused by extension of the linearised
spectrum to —oo, see Fig. (b), that creates formally an infinite number of occu-
pied states at negative energies. The common way of handling this problem is by
introducing normal ordering,

. AB := AB — (0|AB]0), (2.11)

where the average of over the ground state, (0]...|0), is subtracted from the oper-
ators. This is the only property of the normal ordering that is needed in the present
context. For instance, application of the rule in Eq. (2.11]) to the fermionic operators

Egs. (2.9§2.10) gives

T
Ckip’rckm p 7é 07
: CL:i:p,rcpT = { T 0> p=0. (212>

T
CrpChr — (0 ’ckrckr

The commutator between the bosonic operators within the same subband eval-
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2.1. Bosonisation

uates as
[bTbT,} _ 2—”§:<CT e —cl Ck+,r>
S Ly/lplp'] G N e

27
= mépp/ Z ( : c};rcm — CL+p7rck+p,r :
k

0>>

= Opp (2.13)

T T
+ <0 ‘Ckrckr = ChyprChtp,r

When p # p’ in the first line of the above expression, the momentum £ in the first
term under the sum can be shifted as k — k —p and is canceled by the second term,
resulting in zero for the whole sum, i.e. in d,, in the second line. When p = p/, the
shift in k& becomes trickier. A way to clarify it is by introducing the normal ordering
in the second line of the above expression using Eq. . Then, the two parts of
the normal ordered term cancel each other under the shift of & — k£ + p in the first
part. And the second term with the expectation values evaluates as

2 (5 1 _,,1 _ iy 2.14
7 Z —Z “Ipar (2.14)

k=—oc0 k=—00

where 1 is the expectation value of the filled fermionic states, producing the bosonic

commutation relation between the operators defined in Eqgs. (2.9|2.10)
[ (2.15)

Now, the free model in terms of the original fermionic degrees of freedom in Eq.
has to be mapped to the bosonic representation in Eqs. . Instead
of solving the inverse problem of expressing the fermionic operators through the
bosonic operators explicitly, it is more convenient to commute the b, with Hj using
the fermionic commutation rules,

| 2w
[pr7 HO] = —1 —— [Cziperkr, VF (Er/k, — k’F) CLT’C’C,T/]
L |p| r'kk’
27
_ ; T
= U/ 77 7VF& D C—p - Chr
Ve 2
= Vp€ |p| by (2.16)

The commutator of the bosonic creation operators is done in the same way giving
b5, Ho| = vpe, p| b,

pr?
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2.1. Bosonisation
The number of electron hole-pairs operator can be introduced as follows,
N, = Z <CL,«Ckr - <O ’clrckr O>) , (2.17)
k

where the average (0|...|0) is again taken with respect to the ground state. Since
this operator commutes with the Hamiltonian, [Hy, N.] = 0, we can evaluate an
expectation value of Hy with respect to a state with a fixed value of (N,) = n,,

QMU TUR
(n, | Ho| ny) = = Zq:an (n, +1). (2.18)

g=1

Here the electron-hole pairs are created around the Fermi energy. The only form

that obeys Eq. (2.16) and Eq. (2.18]) is

v
Ho=Y (vF 1P| Bl b + TFNE) , (2.19)
r,p#0

where we have already substructed the linear in N, term since it is a conserved
quantity of the model.

It is more convenient to use the bosonic model in terms of canonically conjugated
variables rather than in the form of second quantisation in Eq. . The usual
way of introducing coordinate-momentum variables is via a pair of fields in real
space in terms of the bosonic operators,

L |p| e—olel/2=ipe
o (x) = — (Np+ Np) == - Z VS |p bjDR +o, } (2.20)

psﬁo

and

L | e—olpl/2—ipz
0(x) = (Np— Ni) ———Z\/ |p bj,R—b_pL] (2.21)

p#0

where Y (z) = 1 for x > 0 and Y () = 0 for x < 0 is a step function and « is
an arbitrary small parameter that is needed for regularisation. Strictly speaking
the a — 0 limit has to be taken, but it is simpler for calculations to keep it finite
that corresponds to having a finite bandwidth, wy ~ 1/«, for the model. The
commutation relation between these two fields can be evaluated using Eq. as

[ (x),0(z")] = Zleip(w’fw)mlpl

p#0 Lp
*d
= z/ L sin (p(z' —x))e P
o P
= Zg&gm (2 —x), (2.22)
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2.1. Bosonisation

where in the second line the continuum, Zp 2w /L — [ dp, and the o — 0 limit were
taken. Here sign(z) = 1 for z > 0, sign (z) = —1 for z < 0, and sign (0) = 1/2
is the sign function. The derivative of the above equation with respect to z’ gives
almost the canonical commutation relation,

[o(x),VO (2] =ind (2 — 2), (2.23)

for ¢ and V6. Thus, VO/m can be identified as the momentum and ¢ as the co-
ordinate variable.

Gradients of ¢ and 6 can be evaluated in terms of the density operators of the
left and the right movers in the continuum limit as

Vo(z) = —m(pr (@) +pL (7)), (2.24)
VO (z) = m(pr(x)—po (), (2.25

where the real space densities are the Fourier transforms of Egs. )

~—

1 .
v () = — [ dpe* p,,. 2.26
@) = 5 [ dpen, (2.26)
It gives Vo () as a sum of the densities of both subbands that can be interpreted
as a total density fluctuation at point x and V6 (z) is a difference in the number of
the left and the right movers. Thus, it can be interpreted as the current operator.

Finally, the free model in Eq. (2.19) can be written using Eqgs. (2.20[2.21)) as

Hy = ;’—i / dz [(VO)* + (Ve)?] . (2.27)

The last step is mapping of the interaction part of the linear Hamiltonian in Eq.
onto the bosonic variables. The bosonic operators in Eqs. are linear
in densities. Therefore, the resulting form of H;,; will also be a quadratic form in
bosonic variables. This is a huge advantage of the bosonisation procedure that maps
the whole interacting Hamiltonian that is quartic in the original fermionic operators
onto a quadratic form in a bosonic operators that can be diagonalised trivially. This
mapping holds for any interaction strength V', including the regions of intermediate
and large values of V' where there is no hope to apply the perturbation theory to
free fermion in any formE| Instead of the momentum representation of H;,; in Eq.
, we will start from the real space representation,

Hip = /d:r;d:c’V (x —a")p(z)p(a), (2.28)

and consider only a short range interaction potential, V (x — 2’) =~ V46 (z — 2’). Fi-
nite range interactions potential can also be taken in account by a similar procedure
but we restrict ourselves to the delta function for illustration purposes here.

In one dimension perturbation theory in interactions produces logarithmic divergencies, unlike
in two and three dimensions, so strictly speaking it is inapplicable even at small V.
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2.1. Bosonisation

The fermionic field operator in the real space can be split into a sum over two
subbands consisting the left and right the movers, see visual representation of the

bands in Fig. 2.2(b), as

U(z) =

[ Z e*r ey, + Z e“”ck] (2.29)
—A<k—kp<A —A<k+kp<A

) + Yr (). (2.30)

: gl

where A is a momentum cutoff. The total density operator, p(z) = T (z) (z),
becomes

p () =¥} (2) Yo (2) + f (2) U (2) + (U (2) ¥ () + ] (@) ¥r (:L’)] - (231

The first two terms here correspond to the scattering processes within the same sub-
band that are responding to the density fluctuation at ¢ ~ 0 and the last two terms
are the scattering process between the two subbands at ¢ ~ 2kg. In a continuum
model with a short range interaction only the first pair is responsible for the low
energy excitations [43] 44]. Thus we keep only their contributions to the density
fluctuations,

p(x) =pr(x)+ pr(2), (2.32)
where the density operators for each subband can, in turn, be expressed in terms of

the bosonic variables using Eqgs. (2.9|2.10).

For the delta-functional interaction profile the interaction Hamiltonian depends
only on one parameter, the interaction strength Vj,

Hi =V, / dzp? (z), (2.33)
where the density squared operator is split into the left and the right movers using
Eq. 232) as

p()’ = pp (@) + i (2) + 2pR (2) pr. (2), (2.34)

where the densities of different subbands commute with each other. Expressing the
pr () operator in the bosonic language of ¢ and 6 by means of the relations in Eqs.

(2.24} [2.25)) the contribution of the first two terms become

Vo 2
Vo/dpr () pr () = W/da: (Vyp — Vo) (2.35)
and "
Vo [ dops @)1 2) = 2 [ o (V4 90" (2.36)
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2.1. Bosonisation

The contribution of the third term is obtained via the same procedure as

2V
(27)°

Then, the interaction part of the Hamiltonian is the sum of all three contributions

in Eqs. (Z35Z30257).

2 [ dap (@) (o) = =2 [ de[(9)" - (90)"). (237)

4V, )
Hu= oo / dz (V)?. (2.38)

The total Hamiltonian in terms of ¢ and 6 is a sum of Hy in Eq. (2.27) and H;,,
in Eq. (2.38),

H= ;’—i /dm (V) + (;—i + (;17‘:;)2) /dx (Vo)?. (2.39)

It is usually parameterised in terms of the Luttinger parameters v and K that are
defined via the factors in front of the two terms above as

vK = vp, (2.40)
v 2V

— = 1+ — 2.41
K vr ( + 7'("UF) ’ ( )

which can be solved immediately for v and K as

2V,
v o= um/1+#, (2.42)
F

K = 1 (2.43)

[T L 2V

L+
Note that for a finite-range interaction, V' (x), the explicit expressions of Luttinger
parameters in terms of microscopic interaction parameters will be different but the
form of H in terms of ¢ and 6 will stay the same. It is also instructive to note that

Eq. (2.40) holds generally for all microscopic systems with Galilean invariance [45].
In terms of these parameters Eq. (2.39)) reads as

Hrpp, = % / dx {K (VO)* + % (V)| . (2.44)

This is the celebrated Tomonaga-Luttiger model written in the commonly used form
that was stated in the introduction in Eq. .

While the derivation here was performed starting from a specific microscopic
model, the resulting Hamiltonian is generic for linear spectrum and arbitrary in-
teractions, e.g. see the book in [23]. It is usual in the literature to start already
from the Tomonaga-Luttinger model in Eq. , where v and K are arbitrary
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2.2. Correlation functions

parameters that contain all the relevant information about microscopic details of the
specific underlaying model, without rederiving it every time. For fermionic systems
K <1 (v> vp) for repulsive and K > 1 (v < vp) for attractive interactions.

2.2 Correlation functions

The bosonised model in Eq. in the second quantisation representation or in
Eq. in the representation of canonically conjugated variables is already diag-
onal in the bosonic degrees of freedom: its eigenvectors are single bosonic excitations.
In terms of the original fermions, see Eq. , each bosonic excitation consists of
many electron-hole pairs created at a given momentum that form (charge) density
waves (CDW) on top of the Fermi ground state. Thus, it is also easier to evaluate
observables as expectation values with respect to the effective free bosonic model,
since the bosonic path integrals are easer to construct than the fermionic ones, in
which anti-commuticity of the fermions complicate matters considerably [46]. Then,
the well developed machinery of path integral can be used for practical calculations
of the correlation functions. The only non-trivial task in this approach is expressing
the original fermionic operators of the physical observables in terms of the bosonic
degrees of freedom.

The form of the fermionic field operator for a single subband ), (z) can be
assessed by means of a similar procedure to what has been used for establishing the
form of the free Hamiltonian Hy, see in Eqs. (2.16]2.19). For ¢, (z), the density
operator p, (x) needs to be commuting with the field operator for the same subband
using their representations in terms of the fermionic operators in Egs.
and the fermionic commutation rules,

1 -
[pjarﬂ wr} - ﬁ Z elk ’ |:CJlr€+p,rckra Ck’,r]

kK’
= —eP, (7). (2.45)

The bosonic representation of the field operator then can be guessed as
Wy () ~ X e (2.46)

that satisfy the same commutation rule in Eq. , which can be straightforwardly
checked by using the bosonic commutation relation for p,, and p;w in Eq. (2.13).
The form in Eq. is correct but, unfortunately, it still misses an essential
part. It can be seen almost immediately since the field operator v, () changes the
total number of particles in the system by destroying one. On the other hand the
form in Eq. conserves the number of particles since the density operator p,,
creates only electron-hole pairs. Therefore, the missing factor in the bosonic rep-
resentation has to change the total number of fermions. These additional operators
are the so-called 'Klein factors’. They commute with the bosonic operators and are
introduced for each fermion species r as U,.. The full expression for the field operator
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2.2. Correlation functions

reads

2mer i

e o (2.47)

Uy (x) = UreZP

In the above expression, the operator U, destroys the density uniformly, i.e. U, is
independent of z, and the exponential factor is responsible for the spatial depend-
ence. Due to this factorisation only the exponential part is needed for calculating
the correlation functions. Although the U, operators are needed for the rigorous
mapping between the fermions and the bosons [42, 47|, they will not be introduced
here since they will not be needed for the calculations in what follows. A detailed
but a bit tedious construction of the Klein factors U, and the exact fermionic to
bosonic mapping is given, for example, in a good review in [9]. The usual form of
the v, (x) operator in terms of the bosonlc ﬁelds ¢ (x) and 6 (x) can be recovered

by employing the definitions in Egs. - ) from Eq. - as

U .
Ur () = %e“rkﬂe*lww*“m)), (2.48)

where « is a small auxiliary variable that should be understood as a cutoff represent—
ing a finite bandwidth, like in the definitions of ¢ (z) and 6 (z) in Egs. (2.20]2.21)),
and the v — 0 limit has to be taken in the final results.

Correlation function can be evaluated in a convenient way using the formalism
of the functional integral. Here a detailed information to the technique will be omit
and the reader is referred to the book in [48]. The notations of this book in the
bosonic case will be followed below.

Let us start with Tomonaga-Luttinger model Hry in Eq. (2.44) represented in
terms of two canonically conjugated fields ¢ (z) and II = V@ /7 that satisfy the
canonical commutation relation

[ (x), T (2")] =40 (x — 2'), (2.49)

which is equivalent to Eq. (2.23). The partition function can be expressed via the
following functional integral,

7 = / DyDIle/l drdz(illore=Hrr) (2.50)

where ¢ = ¢ (z,7) and I1 =TI (z, 7) and the function of coordinate x and imaginary
time 7, [ Dy means integration over all possible functions ¢ (x, 7), finite temperat-
ures are considered thus the integral over 7 is taken over a finite range foﬂ dr, and
is the inverse temperature. Bosonic statistics of Hyy, allows only the periodic bound-
ary condition, ¢ (z,7+ ) = ¢ (x,7) [48]. The time-ordered correlation functions,
involving a product of two operators A (z,7) and B (0,0), where the time evolution
of an operator is given by the Hamiltonian,

A(r)=eA0)e ™, (2.51)
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2.2. Correlation functions

can also be expressed via functional integral as
1 :
(TA(2,7) B(0,0)) = / DYDIIA (z,7) B (0,0) f #rds(More—Hrs) (9 59

where T is the time ordering operator and A (z,7) and B (0,0) depend on = and
7 through the bosonic fields as A (¢ (z,7),6 (z,7)) and B (¢(0,0),6(0,0)). The
functional integral representation automatically takes care of the time order in the
right hand side of the above expression [4§].

The common observable that describes dynamical properties of the system is the
single-particle Green function. For the right movers subband it reads

Gr(e,7) = = (T (e,7) 0k (0,0))
ikpx

ek (Tei(elam)=0(:m) =ile(0.0)-0(0.0))
2

ikpx
_ _62%6—%(T[«o(m)—e(x,r))—(w(o,O)—e<o7o>>12> (2.53)

where Eq. was used to express g (z) in terms of the field operators ¢ and
0. The third line was obtained from the second by means of the Debye-Waller rela-
tionship, which can be proved directly in the operator form [49]. Now the function
integral in Eq. can be used in order to evaluate the following correlation

functions,
(T (¢ (r) = (0)%),
(T(0(r)—0(0)%), (2.54)
(T (r) ¢ (0)) ,

of the bosonic fields, where the short hand notations r = (z,7) in the real and
q = (k,w) in the Fourier space for the calculations below were introduced.

Let us first evaluate the first line in Eq. in the Fourier domain of the
bosonic field. Introducing Fourier reprentation of the field ¢ (r) as

o (1) = ﬁiL Z o (q) e, (2.55)

where ¢ (q) is its Fourier component, the needed correlation function can be written
as

LS (T (@) o (@) (7 — 1) (6T 1) (250)

(T (p(r) =9 (0)7) = quqz

i(kz—wT)

where €97 = ¢ . The average in the momentum space has to be evaluated

27



2.2. Correlation functions
using the function integral in Eq. (2.52) as

To(a) (@) = [ DeDOo(a)olas)e™ (2.57)

where the action given by Hamiltonian in Eq. (2.44]) in the real space,

S=— / dr Eve (r) 0,0 (r) — % (v (V6 () + - (Vg (r))2>] (259

has to be expressed in the momentum space as well. Using Eq. (2.55) and the
corresponding expression for the other field 6 (r), which is written in the absolutely
the same way in terms of its Fourier components 6 (q), the action reads

S=—22> {—%—ws@ ()6 (~a) — 2k ()6 (~q) —

- o - 27TK90(01) w(—q)} :

(2.59)
Note that Fourier components of the real fields ¢ and 6 have the following property
v (—q) = ¢* (q) and 6 (—q) = 0* (q). Since the expression under the average does
not depend on 6, the integration over # is easier to do first. By completing the
square of the # part in the action,

© (@ (—q) - 2
QWUKSOqSO q QWKSO

()¢ (—q)] , (2.60)

the shifted field 0 (q) = 0 (q) + % can be integrated as a Gaussian integral. The
resulting factor cancels with the same in the denominator reducing Eq. (2.57) to an

integral over only one field ¢,

(T (1) o (a2)) = Zi / Do (@) ¢ (a) e, (2.61)

where the partition function, Z, = [ Dye™¢, and the reduced action is a function
of ¢ field only,

1 1 [w .
Se =51 Sangt Ly TV @@ (2.62)
q
The second Gaussian integral over ¢ finally gives
TKdq, q. 0L
(To (a1)  (a2)) = ﬁ (2.63)

Substitution of the above result into Eq. (2.56) gives the following real space
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correlation function,

Tl -oOF) = g o 5 -2em(an)

— BZ/ 27r°’ +Uk2(1—cos(k;a:—|—w7))

The thermodynamic limit of . — oo was taken producing an integral over k in the
second line of the above expression. In the zero temperature limit the summation
over the bosonic Matsubara frequencies turns into an integral over the imaginary
axis, Y /B — [ dw/ (27) and the sum over energies can be evaluated explicitly, see
[13] for details of the finite temperature technique, producing

> dk
(T (p(r)—¢ (O))2> = K/ - (1- eIk cos (kz)) . (2.64)
0
This integral is diverged for large k£ demanding a regularisation. It can be done

by inserting a factor of e=®* where av > 0 is a small parameter, emulating a finite
bandwidth. This results in a finite integral,

(T(p(r)—¢ (O))2> = K/OOO %eo‘k (1 —e*cos (k)

_ Ky (xZ + @it + O‘)Q) . (2.65)

2 o

The second correlation function in Eq. (2.54)) can be obtained immediately from Eq.
(2.65) using a symmetry of the model. The model in Eq. (2.44)) is invariant under
the change of ¢ — 6 and K — 1/K. Performing this substitution in Eq. (2.65)), we
get

o2

(T (0 (x) — 0(0))°) = %m (xz vl +a) ) . (2.66)

Note that a finite « is still needed in order to have a finite expression here.
The third correlation function in Eq. (2.54)) is calculated in a similar way in the
Fourier domain. Analogously to Eq. (2.56|) we write

]' iq1-r
ToweO) = GrE 2 ela bl

1 1wk ;
L 2.
BL v+ w2k (2:67)

where the expectation value was calculation following the same procedure as between
Eq. (2.57) and Eq. (2.63). The summation over q turns into two integrals: one is a
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2.2. Correlation functions

result of the continuum limit for &£ and another is a result of the zero temperature
limit for w. It has to be noted before calculating of the remaining integrals that we
have used the bosonic time-ordering in evaluation of the averages in Eqgs. (2.54)),
which is defined as

(T9 (x,7)¥"(0,0)) =Y (7) (¢ (w,7) " (0,0)) + ¥ (=7) (¥ (0,0) ¥ (2, 7)), (2.68)

where Y (z) =1 for z > 0 and Y (z) = 0 for < 0 is a step function. However the
original Green function in the first line in Eq. (2.53)) is fermionic, which is defined
by as

(T% (z,7)¥"(0,0)) =Y (1) ¢ (2,7) ¥ (0,0) = Y (=7) ¥' (0,0) ¥ (w, 7). (2.69)

The different sign in front of the second term in Eqgs. (2.68}2.69)) can be accounted
for by multiplying the whole Green function by a factor of

e;dw)/(—f)ﬁgn(z). (2.70)

It will be absorbed third line in Eq. (2.54) as a shift of —iY (—7)sign (z) in Eq.
(2.67)), see also the whole exponent of the Green function in Eq. (2.53)),

<T0 (I‘) %) (0)) = / %e—ak—kasign(T)—iWY(—T)sign(a:) sin (k’l’Slgn(T))
0

= —darg (v +ix + asign(7)), (2.71)

where in the first line the integral over the imaginary axis was already evaluated and
the bandwidth cutoff a was already introduced in the same way as in Eq. (2.65)).
In the second line the last integral over k was evaluated.

Now, substitution of Eqs. (2.65] 2.71)) into Eq. (2.53)) gives the zero temper-

ature Green function of the right movers as

K4+K L

ikFCE 2 4
GR ([E 7_) _ e o ei arg(vT+iz+asign(r)) (272)
’ 2ra \a? + (v|7] + @)’ ’

where the contribution of (6 () ¢ (r)) and (# (0) ¢ (0)) to the exponent in Eq.
is zero. For a non-zero interaction strength Vy # 0 in Eq. the Luttinger
parameter K # 1 and the exponent in the two-point correlation function is a non-
universal real number that depends on the interactions instead of the a universal
exponent, which is a hallmark of the Luttinger liquid physics. The K = 1 limit
of Eq. recovers the free Green function for fermionic particles with linear
dispersion,

Z'eikpx 1

Ggr(z,7)=— (2.73)

21z + wpT + dasign (1)’

where for the free system v = vp according to Eq. (2.72), that can be calculated
straightaway in the fermionic language starting from the model in Eq. (2.7). The
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>

0 kEr k

Figure 2.3: The occupation numbers n (k)from Eq. as a function of the
momentum k. At the Fermi momentum kp it is continuous within the Luttinger
liquid theory, being a power-law around kp with the exponent (K + K~!')/2 —
1. This behaviour is qualitatively different from a discontinuity in two and three
dimensions given by the Fermi liquid theory, see Fig. [1.1](a).

real-time Green function can be recovered by Wick rotation 7 — it in both Egs.
(2.722.73]). At finite temperatures, the Green function can be evaluated in the same
way but without taking the 8 — oo limit in Eqs. (2.72]2.73).

Another correlation function that can be calculated using the bosonisation de-
scribed in this Section is the occupation numbers n, an analog of the Fermi step in
the Fermi liquid theory. Within the strongly-correlated theory it can be expressed
directly using the two-point correlation function, see [I3] for details of the definitions
within the Green function language, that is already evaluated in this Section,

n(k) = /d:ve_ikaR (x,7 = —0)

1 N
= _2_ dxei(kF—k)x ( 2?_ 2) eiarg(ix—a)
yiye; i (67
-1
~ k= kel (2.74)

where the zero temperature Green function from Eq. is substituted in the
second line and the third line is expanded in a Taylor series in a small |k — kp|.
Instead of a discontinuity at the kr in two and three dimension, see Fig. (a)
for the Fermi liquid result, in one dimension the height of the step is zero even at
zero temperature signalling that, indeed, the individual Fermi-like quasiparticles do
not survive. The occupation numbers in one dimension is a smooth function of k,
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2.3. Spin-charge separation

which behaves as a finite power-law around the kr point, see Fig. 2.3 However, the
position of kg is not changed by the interactions even in one dimension due to the
Luttinger’s theorem.

The local density of states (LDOS) describes the tunnelling rate that is measured
by a tip, that is brought in contact with the one dimensional system. This observable
can be expressed again in terms of the two-point correlation function, see [13] for
details, as

1 )
ple —Ep) = —= /dtez(a_EF)tImGR (x = 0,it)

T
o e gy | (2.75)

where again the zero temperature Green function from Eq. is substituted
and the second line is expanded in a Taylor series in a small |¢ — Fg|. Close to
the Fermi energy the LDOS vanishes in a power-law fashion with a non-universal
exponent (K + K1) /2—1 that depends on interaction strength V; through K given
by Eq. (2.43). Note that p (Er) = 0 does not mean that there are no states at the
Fermi energy—the ground state of a Luttinger liquid is still gapless—but it means
that the excitations around the Fermi energy are absolutely not single-particle like.
The other dynamical correlation functions as well as static observables of Luttinger
liquids can be evaluated in a similar way of doing bosonisation and integrating over
the bosonic fields as described in this Section, see [23]| for a good overview of the
results.

2.3 Spin-charge separation

So far the spin degree of freedom of the fermionic particles was completely neglected.
But fermions do have a non-zero (half-integer) spin, with the most important ex-
ample being electrons—fermions with spin one-half. Since the wide relevance of this
case for practical applications, it is instructive to consider it in detail. Instead of
only one type of fermions on each subband of the left and the right movers, ¢, in
Eq. (2.6), now there are two, ¢k, where s =1 corresponds to electrons with spin up
and s =] to electrons with spin down. The fermion-to-boson mapping of the spinful
model works in an almost identical way to the spinless case in the Section 2.1 with
only doubled number of the bosonic field, ¢4, and 64 .

We reproduce this procedure briefly. The free particle part of the Hamiltonian
in Eq. gains additional summation over the spin index s within each of the
left and the right movers subbands, see Fig. [2.1|(b),

Hy, = Z vr (6.k — kr) c,tjsrcksr. (2.76)
kE,r=L R
s=",]

Without interactions the two spin species are independent of each other. Thus, for
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2.3. Spin-charge separation

each value of s the bosonisation procedure can be performed in exactly the same
way, like in Section 2.1, giving

Hy = 12)_:; > /dm [(V0,)* + (Ves)?], (2.77)
s=14

where 0, and ¢, are two pairs of the bosonic fields that satisfy the commutation
relation in Eq. for the same s and just commute with each other for different
s.

Like in the previous subsection we consider only the delta-functional potential
profile, V' (z) = V46 (), for illustration purposes. The total density in Eq. is
the sum of the densities of the two spin species, p () = p; (x) + ps (), giving the
interaction part of the Hamiltonian as

Hus =V [ d2 [20,0) py (@) + 2 (0) + 2 (@] (2.78)

For the p (x) and p] () terms describing interactions within the same species the
bosonisation procedure works exactly like in Section 2.1. Each density squared
operators splits into the left and the right movers part, ps (x) = psr (z) + psr (x),
giving the same contributions as in the spinless case,

1V :
o [z, (2.79)

for each species in terms of the field 4 that now has the spin index s. The first terms
in Eq. (2.78]) describing interactions between the different spin species is bit different.

Using Eqgs. (2.24]2.25)) to express the density operators as ps (x) = —Vp,/m its
contribution,

8V
(27)°

makes the whole Hamiltonian, H = Hy + H;,;, non-diagonal,

H:/darz

s=1{

/degoTVgQ, (2.80)

4Vo

(2m)°

(V0 2 (T o (V]

8V,
+ —()Q/dxv%v%. (2.81)
(2m)

The last hybridising term can be eliminated by a unitary rotation that introduces
the new mixed degrees of freedom for the charge

33



2.3. Spin-charge separation

1
0 = —5(6,+6), (2.82)

(o1 + 1) (2.83)

I
S-S

and for the spin

b, — — (6,0, (2.84)

-

Yo = —=(pr —wy) (2.85)

&

fields. The resulting Hamiltonian is a sum of two copies of Eq. (2.44)) in terms of
these variables

v 1
HTL = ﬁ/dl‘ |:Kp (VQP)Q + ? (V@p)2:|

p

o 1
+;’— dz {KU(VG(,)Z—FF(V@U)Q . (2.86)

™ o

where the number of the Luttinger parameters K, , and v,, also doubles. They are
identified from the prefactors in Eq. (2.81) by mean of the same definitions as in

Egs. (2.40[2.41),
4V,
v, = UF,/1+#, (2.87)
F
1

K = 2.88
) — (2.89)
VR
4V
vy = vpy)l— —2, (2.89)
TUR
1
K, = ——. (2.90)
1_4V0
TVE

In the spinful case, the scattering between the branches of the left and the right
movers is a bit more delicate. Keeping the cross terms in Eq. for both
species leads to an additional ~ [ dx cos (2\/§<po) term in Eq. that generally
is not negligible. However, for the most relevant case of fermions with repulsive
interactions, i.e. electrons, this term flows to zero in the scaling analysis, see details
in [23], leading only to a renormalisation of the Luttinger parameters in Egs.
2.90)), but does not result in any qualitative change of the ground state, i.e. it does
not open any gap.
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Figure 2.4: Spectral function of the right movers in a spinful Luttinger liquid for a
fixed ko > 0 as a function of energy . Velocities of the spin v, and charge v, modes
are different for a finite interaction strength. The points of both linear dispersion
are marked with the dashed lines. The divergent power-laws around this point are
given by Eq. (2.91). For energies ¢ < kov, the spectral function is zero due the
kinematic constraint.

A remarkable consequence of the result in Eq. is the complete separation
of the originally interacting particles with different spins into a decoupled pair of
bosonic modes. Each of these modes consists of both of the original particles with
both spin orientations but their charge (charge density waves or CDW) and their spin
(spin density waves or SDW) degrees of freedom are disconnected into completely
orthogonal collective excitations. Even more remarkably, the velocities of the CDW
and SDW modes are different, see Eqs. , when the interaction strength is
finite, which is entirely alien to the Fermi liquids in higher dimensions. This effect
is called spin-charge separation. Different velocities make it easily observable in
spectral properties, e.g. there will be two linear dispersions with different slopes in
the spectral function of one dimensional fermions at low energy.

The correlation function in the spinful case can be evaluate by the same means
of functional integral as described in Section 2.2. For the bosonised model in Eq.
the functional integral has to be take over the two pairs of the bosonic fields.
The result for the two-point correlation function is analogous to Eq. for each
of the spin and the charge degrees of freedom. Then, the spectral function of, for
instance, the right movers can be evaluated directly using the Green function via a
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2.3. Spin-charge separation
general relation
1 )
Agr (k+ kp,e + Ep) = —— / drdte'"*=ImG, (z,it) , (2.91)
s

see [I3] for the definition. This calculation is done in the spinful case in detail in
[50, 51] giving

Y (e — v,k)

e — v k|27 e — vok|2 2

AR (k+kp,€—|—EF> ~ (292)

which is specified for the vicinity of the +kp point for the £ > 0 and € > 0 sector
here and where v = (K, + K, ' —2) /8+(K, + K,;' —2) /8. The two non-equal
velocities v, # v, result in two divergencies along these dispersions, see a plot of
the spectral function Eq. in Fig. where it is visualised as a function of
¢ for a fixed value of ¢ > 0. The shape of these peaks is a power-law instead of the
usual Lorentzian manifesting a completely different nature of the spin and density
wave excitations in the Luttinger liquid theory from the quasiparticles of the Fermi
liquid in Fig. [1.1b). Two different velocities of the Luttinger liquid were directly
observed in transport measurements of the electronic spectral function in [27] 2§)].
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Chapter 3

Nonlinear Luttinger liquids

The rigorous fermion to boson mapping described in the previous chapter, on which
the bosonisation technique and the resulting Tomonaga-Luttinger model are based,
assumes strictly linearity of the spectrum at the Fermi points in Eq. (2.6). Any finite
curvature in the original fermionic spectrum lifts the Lorentz invariance making the
bosons in form of the charge density waves not the the exact eigenstates, e.g. see
Fig. where the fermionic spectrum will become non-equidistant and thus not
Bose like. At least close to the Fermi points it is tempting to treat a weak non-linear
term as a perturbation in hope that the exact eigenstates in this regime are not very
different from the CDW of the exactly linear model in Eq. (2.6). This route gives
rise to an additional three-body interaction terms that is proportional to a finite
curvature 1/m [42]. The perturbative analysis of this 1/m term in the basis of the
linear CDWs fails already in the leading order producing a divergent bosonic self-
energy on the mass shell [30]. No robust methods of resuming these singularities
has been developed so far.

It is instructive to take a step back at this point and to consider the original model
of interacting fermions. Any two-body interaction changes the delta-functional ex-
citation spectrum of the free particles (centred at the single particle parabola) into a
continuum since removal of a single particle from the system affects all other particles
involving many degrees of freedom and producing the continuum. In two and three
dimensions this continuum covers the whole energy-momentum space since it is al-
ways possible to create an excitation at an infinitesimally small energy at all finite
momenta by connecting two points on a circle or on a sphere by a finite vector of
the length |k| < kp. One dimension is special due to only two Fermi points. Thus,
there is a minimal energy of removing a single particle at a finite k& corresponding
to taking out just this one particle without touching the rest, see the hole in Fig.
3.1)(a). This leads to a forbidden regions on the energy-momentum plane, see white
regions in Fig. [.1](a), which are separated from the many-body continuum of the
excitations by the dispersion of this single hole with the minimal energy, see thick
red line in Fig. B.1|(a).

A hole state deep under the Fermi surface reminds of another problem—=x-ray
scattering in metals, where the hole is created by adsorption of a high energy x-
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3. Nonlinear Luttinger liquids

Figure 3.1: (a) Dispersion of an interacting one-dimensional system. White is the
kinematically forbidden region (see explanation in the text) and grey is continuum
of the many-body excitations. The thick red line separates the border between
the two, the states on the border corresponds to removing a single particle (a hole
at ki) from the many-particle state. (b) Splitting of the fermionic dispersion into
two subbands: for the heavy hole with the velocity k;/m and for the excitations
around the Fermi energy with the velocity vg, see the Hamiltonian in Eq. and
explanation in the text.

ray photon. This problem is known to have a power-law singularity close to the
Fermi level that originates from the interactions between the deep hole and the
quasiparticles around the Fermi energy. The direct perturbation theory in the inter-
action in the x-ray problem is also known to be divergent [52, 53] and for which the
way of handling these divergencies was proposed by Nozieres and De Dominicis in
[31} 54] in the form of the heavy impurity model consisting of the Fermi liquid qua-
siparticles interacting with a localised state deep under the Fermi level; this model
can be digonalised exactly. An analogous construction in one dimension can be done

[10} 32, [33] by starting from the fermionic model]
1
_ IR 2
H /da: [ Qmw 050 + Vop (x)} : (3.1)

which corresponds to the model in Eq. (2.1) with V () = V4 (x) in the real space
and where the fermionic field operator is

1 ikx
¥ (z) = NG7 zk:cke : (3.2)

'Here we follow the construction in [32] and the notations there.
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3. Nonlinear Luttinger liquids

Then, it can be projected into two subbands: one for the deep hole and another for
the excitations around the Fermi point, say for positive total momenta around +kp,
see a sketch of the bands in Fig. [3.1|(b). Correspondingly the field operators in Eq.

(3.1)) splits into
Ze cqr;  Ya(z Z el ch, (3.3)

Iq\<ko Ik’ ql<ko

where k is the size of both of the subbands, each of them is much smaller than the
Fermi energy, ko < kp.

Then, the spectrum of the both subbands can be linearised in order to obtain a
linear model,

Hp= / dx [wi () (—ivpds) ¥r (z) + Vopy (2)

bl (o) (o o0, ) ) + Vopa ) () | (50

where the dispersion of the threshold is the free particle dispersion, k*/2m, the
velocity of the impurity band is k/m, the velocity at the Fermi energy is vg, and
the density operators are p, () = i ()1, () and pg (x) = ¥} (x) ¢4 (x). There is
no Vyp? term since there is no second impurity that can interact with the first one.

Unlike the x-ray model, the impurity in Eq. has to be mobile since the total
momentum of the both subbands still has to conserved when excitations are created
in proximity to the edge. The other difference is a one-dimensional spectral threshold
which is a line on the momentum-energy plane characterised by a dispersion instead
of just the Fermi energy in the x-ray problem requiring a extra input parameter
the momentum £ in the Hamiltonian. The construction in Eq. is also strictly
speaking valid only in the weak interaction regime, in which the dispersion of the
threshold is close to that of the free particles.

This linearised model in Eq. can be solved without further approximations.
The 1), operator in the first and the second term of Eq. can be bosonised using
the technique described in Section 2.1 producing a Tomonaga-Luttinger model—a
free bosonic model. The coupling in the fourth term of Eq. can be eliminated by
a unitary rotation in the two-by-two space of the two subbands leaving the third term
as a free model for a single fermion. The expectation value for the observables, then,
can be evaluated as a pair of Gaussian integrals over the two free fields, similarly to
the procedure described in Section 2.2. This already provides a way of accounting
for the non-linear spectrum away from the Fermi energy in a non-perturbative way
that resolves the problem of a finite mass in the Tomonaga-Luttinger model. The
parabolicity of the original fermionic spectrum is incorporated in the third term in
Eq. as the dispersion of the spectral threshold, k?/2m, while the dispersion of
the dynamical variables is linearised in order to account for the fluctuations around
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3.1. Mobile impurity model

the edge. We, however, will not follow this microscopic analysis here but will consider
a more general model that can be defined phenomenologically, motivated by this
microscopic approach, in the next section.

3.1 Mobile impurity model

Instead of starting from the fermionic model in Eq. the mobile impurity model
can be constructed starting from the Tomonaga-Luttinger model in Eq. ([2.44)). Here
we will follow the review [34]. A deep hole state can be added to Hr, assuming that
the hole state is sufficiently far in the energy domain from the Fermi level so it is
a distinct from the low-energy excitations, similarly to the construction in Fig. [3.1]
The dispersion of this hole is now an arbitrary input parameter of the model, e, (k).
The coupling to the CDW of Luttinger liquid is of the density-density type exchange
processes are forbidden by a larger energy difference between the hole band and the
Fermi energy. The density operators can be expressed through the bosonisation
expressions in Egs. in terms of the gradients of the 6 and ¢ fields and
there is an arbitrary coupling constants of these field to the mobile impurity density
pa ().

Adding up of these three terms the phenomenologically defined mobile impurity
model reads [11], 53],

Hynr = Hrp + / dz d' (z) (gth (k) — z’agtg}fk)am) d(z)

+ /d:c (VoVO + V.V ) pa(x), (3.5)

where the spinless Tomonaga-Luttinger model is given by Hyy in Eq. ([2.44)), d (z)
is the Fermi operator of a single fermion, {d(z),d' (z')} = § (z — '), the density
operator of the impurity is pg () = d' (x)d (), the bosonic fields § and ¢ satisfy
[ (x),VO(2)] = ind (x — 2’), Oxew (k) is the velocity of the deep hole band, ana-
logously to Fig. and Vp and V,, are two arbitrary couplings originating from the
unknown interaction strengths of the deep hole with the left and the right movers
of the Luttinger liquid—they will be fixed in a moment.

The two coupling constants Vy and V,, are not free parameters but are related to
other parameters of the model. They can be derived from considering at least two
different physical properties. One is the translation invariance of the system. The
velocity of the bosonic excitations is given by (V6) /7, see discussion after Eq.(2.47)),
and it has to be compensated by the velocity within the d-band, see Fig. since
the total velocity of the whole system still has to be k/m, protected by the Galilean
invariance. This fixes the interaction strength in front of V6 as

%:E— a€th(l€>‘

- % (3.6)
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3.1. Mobile impurity model

Another property is change of the energy of the whole system with a small change
of its density, dp = VO/7, see again the discussion after Eq. . Such a variation
adds the term V,mdp to the model in Eq. that should be equal to Jey, (k) /Op+
Ou/0p, where the last term can be expressed through the Luttinger parametersﬂ
using the bosonisation technique described in Section 2.1. This procedure gives

1 Oeth (k‘) v
V, = = 5p + e (3.7)
where Oey, (k) /Op is derivative of the dispersion of the spectral edge with respect
to the density of the particles.

The structure of the model in Eq. , together with Eqs. , is thus
a generic way of accommodating a spectral non-linearity for arbitrary interactions
and for arbitrary dispersion of the spectral threshold. This way of defining the non-
linear model has the advantage of being valid for arbitrary non-linear parameters,
unlike the derivation before Eq. . The input parameters, the pair of the linear
Luttinger liquid v and K and the dispersion of the spectral threshold ey, (k), can
have arbitrary values within the non-linear Luttinger liquid model. For a given mi-
croscopic model the low energy parameters v and K can be evaluated (or measured)
in the usual way, see [23]. The additional parameter—the dispersion of the spectral
edge—can be obtained similarly, see a sketch of a generic situation in Fig. [3.2] It
consists of the electron and the hole parts for a given momentum between the +kp
points and is 2k periodic due to the translation invariance of the model.

Although, the model is Eq. is not restricted by the linear constraint of
the Tomonaga-Luttinger model it is still valid only in the proximity of the spectral
edges, see green regions in Fig. [3.2] since the spectrum of the mobile impurity
was linearised; increasing the energy away from the edges means exploring larger
and larger deviations in the position of the deep hole away from the point of the
linearisation, rendering the linear approximation invalid. The input parameter k
also has to be sufficiently different from the Fermi points k = +kp. Otherwise the
processes of emitting and absorbing the mobile impurity by the CDW around the
Fermi energy become active, and the density-density interaction in Eq. has to
be extended by adding the exchange terms making the whole model in Eq.
inapplicable.

In the case of electrons with spin-1/2, phenomenological construction of the
mobile impurity model can be done in a similar way [56, 57]. There will be two
types of the bosonic fields, for the charge and the spin degrees of freedom—see their
introduction for the linear Tomonaga-Luttinger model in Section 2.3. In the absence
of the external magnetic field the mobile impurity couples only to the charge fields

2See more details on definition of the chemical potential within the Luttinger liquid theory in
[23].
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3.1. Mobile impurity model

Figure 3.2: Applicability region of the mobile impurity model in Eq. encircled
with the green lines. They are in proximity of the spectral edges and are away
from the Fermi points. There are two spectral threshold for a given k: ey, (k)
in the particle sector and ey, , (k) in the hole sector. They are symmetrical with
respect to the ¢ = Ep line and are 2kp periodic along the momentum axis due to
the translation invariance.

due to the symmetry of the two spin orientations,

H,rr, = Hrp, + /dx d (z) (Eth (k) — i@sg]{:(k)ax> d(x)

n / dr (VaV0, + VyVi,) pa(z). (3.8)

where the spinful Tomonaga-Luttinger model is given by Hp; in Eq. , (o)
and ¢, are the bosonic field of the CDW (SDW) satisfying [¢, (z), Vs (2')] =
im0ap0 (x — 2’), and the other parameters are the same as in the spinless non-linear
model in Eq. . The coupling constants Vy and V,, are also not independent
parameters. They can be related to the linear Luttinger parameter and the disper-
sion of the spectral edge by considering the velocity of the whole system and the
variation of the total energy with the density, as in the spinless case, giving

k _ 86th (k')
V2m V20k
af‘:th (k‘) X Vo

V20p V2K,
where v, and K, are the Luttinger parameters of the spin density mode. The mobile

impurity model is not restricted only to fermions but it can be constructed for other
one-dimensional systems, e.g. spin chains [58] and bosonic models [59]. A general

V, =

(3.9)

v, (3.10)
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3.2. Power-law singularities around spectral edges

overview and corresponding references are given in the review in [34].

3.2 Power-law singularities around spectral edges

The model in Eq. can be diagonalised using a unitary rotation in the two-by-
two space of the Tomonaga-Luttinger model and the mobile impurity. Then, the
expectation values for the observables can be evaluated using the Gaussian integrals
over the free fields, like for the linear Luttinger liquid case in Section 2.2. The
diagonalisation is performed via the e~V H,,; 1.e'V rotation, where the rotation matrix
can be found in the perturbation theory analysis from the condition [H,U] =0 as

U= /d:c [c; (\/?eﬂp/\/?) INea (\/?9—90/\/?)] Pa, (3.11)

where the coefficients are

1 k 8€th (kf) 1 1 8Eth (k) v
Cio=—F+=|K|(—— +—=|- — 3.12
* WK ( (m ok K \n dp + K ’ ( )
where the coupling constant from Eqgs. D were already substituted.
The averages with respect to the free model after the rotation can be evaluated
as Gaussian integrals in two types of the fields. We will consider only the spectral
function here. It can be defined using the Green function as [13]

1
A(k,e) = ——ImG (k, ¢) signe, (3.13)
™

where the real-frequency Green function is a Fourier transform of the time-ordered
two-point correlation function, G (k,e) = —i [ dadt exp (ict — ikx) (T (x,t) ¢ (0,0)).
The fermionic excitation gives the dominant contribution to the spectral function
close to the spectral threshold [I1], 32, 33]. Thus, its most singular part can be
expressed through the correlation function of the mobile impurity operator as

Ak, ) ~ / dtdec ) (41 (x, 1) d (0,0)) (3.14)

where the time evolution of the mobile impurity hole operator is given by the model
in Eq. (B.5), d(z,t) = exp (—iH,rt) d (x) exp (iH,.1t), and the expectation value
has to be taken also with respect to the whole model in Eq. (3.5)).

The same procedure as was already described in Section 2.2 gives a power-law
function in energy,

1

A(’ﬁ@”m,

(3.15)
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3.2. Power-law singularities around spectral edges

where the exponent is

1 2 1 /141 2
ai:1_§(2n\/ﬁ—c+—c,> _§<\/E C, — C), (3.16)

+ refer to the particle (hole) sector on the energy-momentum plane, n is the integer
number of translations of principal region in the momentum variable from —kpg to
kp, see Fig and Cy are given in Eq. (3.12).

The spectral function of the spinful fermionic model in Eq. can be evaluated
in the same way [50, [57]. Due the spin-charge separation the spectral function for
spin-up and -down electrons is the same. For repulsive interactions V[, > 0 the
velocity of the SDW is slower, see Eqs. (2.87)2.89). Thus, the spectral threshold
e (k) is given by the spin modes in this case and the spectral functionﬂ is

1

AS k; N~ T T N jar
(k) e £ o ()

(3.17)

where the right hand side is independent of the spin index s =7, | and the exponent
is

2

2 2
Here the coefficient of the rotation matrix, which diagonalises the spinful model in
Eq. (3.8) in the two-by-two space of the mobile impurity and the charge density
modes, are given in term of curvature of the spectral edge as

. E (s 23)
o 2\/_ (asth(k kF) ' ( ' )
mKC

where the coupling constants from Egs. were already substituted.

Both exponents, in the spinless case in Eq. and in the spinful case in
Eq. , depend on momentum k through a finite curvature of the spectral edge
in addition to the interaction strength through the Luttinger parameters in the
usual linear Tomonaga-Luttinger model. For the both of the fermionic model the
dispersions of the spectral edges can be calculated microscopically and is close to a
parabola with a good accuracy [35, [36],

- C’) . (3.18)

k% (k—kp)®
. ( F)
2m* 2m*

where the effective mass is m* = mK and m* = mK, in the spinless and in the
spinful case respectively and + refer to the particle and to the hole branch of the

spectral edge. Substitution of Eq. (3.20) in Eqs. (3.16}3.18]) gives the explicit

3See details of this calculation in [57].

Eth (k) = + ) (320)
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3.2. Power-law singularities around spectral edges

spinless spinful

particle (0, ) | 1— % (1- £)° | ~% (1 D_ (1)~ % (L + D, ()

4

hole (- ) | 1% (1= 1) | 1% (1 D_ (k)P % (& — D ()

Table 3.1: Explicit momentum dependence of threshold exponents in the non-
linear Luttinger models for fermions with repulsive interaction in the prin-
cipal range n = 0: the left column is the spinless and the right column
is the spinful case. The upper raw is for the particle edge and the bot-
tom raw is for the hole edge. The explicit momentum function in the spinful
case are D_ (k) = (k—kp) (kr/K2+k/K?2)/ (K*/K?—k;/K2) and D, (k) =
(k — kr) (kp/ (K,Kq) + k) (K. K,)) | (K*/ K7 = ki/ K7).

dependencies of the exponents on the momentum, see Table. In the spinless
case the momentum dependence cancels out but in the spinful case it remains. The
latter can be measured directly using the already available technique of tunnelling
spectroscopy in quantum wires defined electrostatically on top of a semiconductor
heterostructure, like in experiments in |28, 38].
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Chapter 4

Bethe ansatz

This chapter contains a brief introduction into the Bethe ansatz technique. In
this approach many-body Hamiltonians in one dimension are diagonalised directly
without any approximations, like linearisation of the dispersion or separation of the
whole many-body spectrum into subbands. Thus, all energy regimes of the model
can be analysed using the same method and on the same footing. However, since
all microscopic details about the many-body excitations are retained, the practical
calculations of physically measurable observables require quite a complicated math-
ematical machinery that took a rather long time to develop. The first complication
is the exponentially large Hamiltonian that need to be diagonalised, the size of the
Fock space is ~ 2 where N is the number of particles. It was resolved by redu-
cing the diagonalisation problem to a system of only N non-linear equations for N
parameters [60] that allows to take the thermodynamic limit. Another big complic-
ation is a non-factorised form of the N-particle wave functions in real space. This
problem was resolved by construction of the algebraic Bethe ansatz [61] permitting
evaluation of the many-body matrix elements.

A peculiarity of Bethe ansatz is in the first step of its construction, on which
the form of the many-body functions has to be guessed. The fact that they are the
eigenfunction of the Hamiltonian, orthogonality between them, and completeness of
the basis that they form is proven only post priori, complicating generalisation of this
method to other systems. Although, after the original discovery for the Heisenberg
spin chains [60], the Bethe ansatz wave functions were constructed for bosons with
contact interactions in the form of the Lieb-Liniger model [62] [63], fermions with
the next-neighbour interactions [41], and for the Hubbard model in one dimension
by nesting two Bethe wave functions [64]. These cover all principal systems with
short range interactions in one dimension providing a way—though a somewhat
complicated one—to check rigorously any more universal theory that still contains
an approximation, like the Tomonaga-Luttinger model or the mobile impurity model
described in Chapters 2 and 3, and to search for new still undiscovered many-body
theories.

In the following two sections, a construction of the Bethe wave is described for a
spin system, using the XXZ model as an example, and introduction in the algebraic
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4.1. Set of non-linear equations as eigenvalue problem

Bethe ansatz is given for the same system.

4.1 Set of non-linear equations as eigenvalue prob-
lem

The XXZ model is a generalisation of the Heisenberg model for a chain of spins,
where an asymmetry A = 0...00 between the couplings in the xy—plane and in
z-direction is introduced. For an external magnetic field B that is also parallel to
the z-axis it reads [41]

— S+ L
H = JZ ( a+1 AR AS;S]ZH> + BZS;, (4.1)
j=1

J=1

where S are the spin-1/2 operators that obey the angular momentum commutation
relation [S]?", SJ’B,] = iéjj/eaﬁvsj, Sj-t = Sf:l:iS}’, J is the exchange coupling constant,
and L is the number of spins in the chain. Here we assume the periodic boundary
condition, S = S;.

The model in Eq. 1) has z-project of the total spin, 5% = Z -~ 5%, as a
conserved quantity [H,S?] = 0, and therefore its expectation value <SZ> is a good
quantum number. Thus, its eigenfunctions can be written in each sector with the
given total number of spin flips with respect to reference state, say with all spins
pointing down, that corresponds to the values of (S*) = —L/2,...,L/2 as

U= > a4 Si S, (4.2)
J1<-<jn

where N is the number of flips (or “particles”) and the summation runs over an order
set of coordinates of NV particles, j; < --- < juy, since the S;-r operators commute for
different spins and the product of two or more S operators for the same spin gives

zero. The amplitudes a;, . ;, describe a wave function in a given sector.
For a single spin flip, (S*) = —L/2 + 1, the third term in Eq. gives a
constant since only one spin cannot interact with itself. Thus, the first two terms
give just a free hopping model, see the sketch in Fig. (a), which eigenstates are

the plain waves—magnons, .
a; = e, (4.3)

The eigenenergy of the state above can be found from the eigenvalue problem, HV =
EV. Acting of H in Eq. (4.1) on ¥ in Eq. (4.2) with N = 1 and projecting the
result on each individual spin, <U S H |\I/>, gives the same expression for all j,

J L JAL
5 (aj,l + Clj+1> + (B (—E + 1) + T) a; = Eaj. (44)

Substitution of a; from Eq. (4.3) in the above equation confirms that Eq. (4.3)
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4.1. Set of non-linear equations as eigenvalue problem

Figure 4.1: Sketches of representative spin configurations for the eigenvalue problem:
(a) a single spin on with no neighbours for N = 1, (b) there is one neighbour for
N = 2 and two-body scattering matrix, and (c) there are two neighbours for N =3
and three-body scattering matrix. The dashed lines mark allowed jump and the
crossed lines mark forbidden jump.

is an eigenstate and gives the corresponding eigenenergy as
JA L
E:J(cosq—A)+B+(7—B)§. (4.5)

At the moment ¢ is an arbitrary parameter. It can be fixed using the periodic bound-
ary condition that implies a7 = a; and gives the usual quantisation condition for

free particles,

2l
= 4.
¢=—7 (4.6)

where [ is an integer number from 0 to L — 1.

For two spin flips, (§%) = —L/2+ 2, the third term in Eq. already becomes
relevant since it describes an interaction between two magnons. When two spins are
away from each other, i.e. jo — j; > 1, the eigenvalue problem still can be satisfied
by a product of two plain waves, e'191¢%272 suggesting the following ansatz for the

eigenfunctions,
— i(q1j1+g272 i(q2J1+q172
Qjijo = Ale ( ) + A2€ ( ), (47)

where the two coefficients A; 5 are free parameters since the statistics of the two-
magnon wavefunctions is not fixed yet. The eigenvalue equation for this wave func-
tion for jo — j; > 1,

J L JAL
o (@) 14y + ajy115,) + <B (—— + 2) + T) ajj, = Fajg,, (4.8)

2 2
J L JAL
5 (@ o1 + @y jor1) + (B (—5 + 2) +— ) ajj, = Pajj,  (4.9)
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is satisfied by Eq. (4.7) giving the following eigenenergy,

E=J

2
Jj=

(cosq; —A) +2B + <£ — B) g (4.10)

2
1

For the j, = j7; + 1 case the eigenvalue problem reads, see the sketch in Fig.

4.1[(b), as

J L JAL
) (@jy—1.4p + Wy joy1) + (B <—§ + 1) + T) ajyjy = Faj,j,. (4.11)

Luckily, there are still available free parameters A;, in the ansatz in Eq. (4.7),
which can be selected so that Eq. (4.11)) is satisfied,

Ay eilat+a2) + 1 — 2Ae
Ay eilate) {1 — 2Aeite’

(4.12)

and so that the diagonalisation problem is solved for all ji, jo. Reparametring these
coefficients A, 5 in a symmetrical way

Al = ew/g, Ag = G_i@/g, (413)

where the phase A;/A; = exp (ip) is given by the r.h.s. of Eq. (4.12), we identify
the so-called two-body scattering phase ¢.

The periodic boundary condition, a; 111 = a1 ;, becomes a bit more complicated
due to the ordered sum of coordinates in the wavefunction in Eq. . Application
of it in the two-flip case admixes the scattering phases into the quantisation condition
as

anL —2p = 2rnl, (4.14)
@L+2p = 27l (4.15)

where [; and [, are two non-equal integer numbers and ¢ is the scattering phase
in Eq. that depends on ¢; and ¢» in a non-linear way making the system
of two equations non-linear. Although, the sum of Eqgs. gives the free
quantisation condition for the total momentum Q = ¢, + ¢ as QL = 27 (I} + I5),
protected by the total translation invariance of the model in Eq. that is not
broken by the interactions.

In the three-flip case, (S*) = —L/2 + 3, the extra complication is represented
by the configuration of three spins next to each other, see the sketch in Fig. [4.1)(c).
However, in one dimension the coordination number is two. Thus, one spin can
have maximum two neighbours and the three-body scattering matrix factorises into
a product of only two-body scattering matrices, i.e. it satisfies the Yang-Baxter
equation [65]. Then, generalisation of the eigenfunctions for arbitrary N follows the
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4.2. Many-body matrix elements: Algebraic Bethe ansatz

two-body case in Egs. :
. . . PPy
Ajrjn = ZeXp (Z quz +1 Z #) ; (4.16)
P .

<t

where ), is the sum over all permutations of N quasimomenta ¢; and the two-body
scattering phases between every pair of magnons [ and [’ are

sy eilaita) 11 — 2\ el 17
€ T eilaita) +1—2Aei (4.17)

The eigenenergy is found from the eigenvalue problem as

N
JA L
E=J i —A)+ NB — —B)—. 4.18
jz:; (cos g; )+ + < 5 ) 5 (4.18)
The periodic boundary condition gives the following set of N non-linear quantisation
equations,

GL =Y pn=2rI, (4.19)
1]
due to the scattering phases in Eq. , where I; is a set of N non-equal integer
numbers. The total momentum of all magnons, () = Zjvzl q;, is a conserved quantity
satisfying the free quantisation condition that can be checked by adding up all lines
in Eq. .

The quantisation equations in Egs. are commonly called the coordinate
Bethe ansatz. They reduce the original exponential complexity of diagonalisation of
the Hamiltonian matrix to solving only a linear number of equations, for the price
of non-linearity in this system of equations. Nevertheless, methods of taking the
continuum limit for Eq. are available, see the book in [41], allowing explicit
calculations of the thermodynamic quantities.

4.2 Many-body matrix elements: Algebraic Bethe
ansatz

The many-body states ¥ in the coordinate representation in Eq. are not
factorisable into a product for different particles like free Bose or Fermi wavefunction
in the second quantisation representation, making calculations of the expectation
values for the observables in this representation almost intractable. Even numerical
evaluation of an N-fold integral becomes quickly unfeasible as N grows. However,
evaluation of the matrix element becomes manageable using the algebraic form of
Bethe ansatz [61], in which Bethe states do factorise in terms of operators with given
commutation relations. Then, these commutation relations can be used for explicit
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4.2. Many-body matrix elements: Algebraic Bethe ansatz

calculations, almost like in the usual second quantisation formalism. In this section
we will follow the book in [61].

The many-body wave functions can be written down using operators that satisfy
a Yang-Baxter algebra as

N

) =[] C () 1), (4.20)

J=1

where u; are N auxiliary parameters and C' (u) is one of the four matrix elements
of the transition matrix

T (u) = ( égzg 58 ) , (4.21)

which is defined in an auxiliary two-by-two space. This T-matrix satisfies the Yang-
Baxter equation

Ru—v)(T(w)@T()=(Tw) T (u)R(u—1v). (4.22)
Here we use the following R-matrix that corresponds to the spin Hamiltonian in

Eq.(4.1),
R(u) = b(u) c(u) (4.23)
where b (u) = sinh (u) /sinh (u + 2n) and ¢ (u) = sinh (27) /sinh (u + 27).

The entries of Eq. (4.22) give commutation relations between the matrix ele-
ments of T'. Here we write down four of them that will be used later,

[Bu, Cy] = ZEZ—:Z; (AuD, — A,D,), (4.24)
B 1 _c(u—v)

A C, = ) (=) C,A, Y0 (@ =) C,A,, (4.25)
B 1 _c(v—u)

D,C, b0 — ) C,D, PP (0= u)CuDv’ (4.26)

[Aua Dv] = % (CvBu - Cqu) . (427>

We have introduced the subscript v and v as a shorthand of the argument, e.g.
A, = A(u), above.

The transfer matrix 7 (u) = Tr7T (u) = A(u) + D (u) contains all of the con-
served quantities of the model in Eq. including the Hamiltonian. Thus if |u) is
a eigenstate of 7 (u) then it is an eigenstate of the Hamiltonian. The eigenvalue equa-
tion, 7 (u) |u) = 7, |u) where T, is a scalar quantity — the corresponding eigenvalue,
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4.2. Many-body matrix elements: Algebraic Bethe ansatz

can be solved using the commutation relations in Eqs. (#.24/4.27). The results of
acting with the A, and D, operators on the state |u) in Eq. (4.20|) are obtained by
commuting them from left to right through the product of C' (u;) operators,

N N N N
1 1
A JTC @) [0) = au [ ] 7—C () 0) - Zajb 220w [T 5-C) vy, (428)
j=1 j=1 "% j=1 =145 !
N N N
uj
D ][ € () 10) = du H b C (w)[0) + Zdj@c*(u) H‘gjcwl) 4y, (4.29)
7=1 Jj=1 I=1#j
where the vacuum eigenvalues of the operators, A, |{}) = a, [{}) and D, |{}) = d, |},
are
h" (u —
g, = O =) g~ (4.30)

cosh” (u + 1)

Since the right hand side of Eqs. (4.28)4.29) contains terms that are not propor-
tional to the original state multiplied by a scalar, an arbitrary Bethe state is not an
eigenstate of the transfer matrix 7 for an arbitrary set of the auxiliary parameters
u;. However, the second terms in Eqs. (4.284.29)) can be made zero by selecting
specific sets of u; that are solutions of the following set of non-linear equations,

N
A § (4.31)
dj ;b
where we have used the shorthand with the subscripts, i.e. a; = a(u;) and b =
b(u; —w;). Substitution of the expressions for a; and d; from Eq. (4.30) and for
by from Eq. (4.23) gives the following Bethe equation and the eigenvalue of the
transfer matrix 7,

h (u —u— 2
L H w —2n) (4.32)
cosh (u; + )" it uj — w + 2n)

H bi H bi (4.33)

The Bethe ansatz equations—in the coordinate representation in Eq. (4.1)—are
obtained under substitution of

- (4.34)
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4.2. Many-body matrix elements: Algebraic Bethe ansatz

and

B acoshA

: (4.35)

n
into Eq. (4.32).

The scalar product between two Bethe states (v| and |u) can be calculated using
the commutation relations in Eqs. (4.2474.27)). The multiplication of the bra and
ket states in the form of Eq. is evaluated by commuting each operator B (v;)
from left to right through the product of C'(u;) operators and then by using the
vacuum eigenvalues of the generated A and D operators from Eq. . When
u; is a solution of Eq. and v; is an arbitrary set of auxiliary parameters the
result can be written in a compact form as a determinant of an N x N matrix — the
so-called Slavnov’s formula, [66]

ng:l sinh (v; — u;)
[1;<isinh (v; —v) [T, sinh (u; — w;)
where matrix elements are Ty, = 0,,7 (vp). Under substitution of 7 (u) from Eq.
(4.23]) these matrix elements read

(v|u) = det 7T, (4.36)

cosh” (v, —n)  sinh (27) ﬁ sinh (vp — u; + 2n)
cosh” (v 4 1) sinh? (v, — u,) sinh (v, — ;)

ab —

j=1%#a
sinh (2n) ﬂ sinh (u; — v, + 2n)

sinh? (uq — vp) sinh (u; —vp)

(4.37)

j=1#a

The normalisation factor of Bethe states in Eq. (4.20)) can be evaluated by taking
the v — u limit of Eq. (4.36]), |41} [61]

sinh (u; — w; + 2n)
sinh (u; — w;)

det M, (4.38)

(ufu) = sinh™ (2) H

i#j=1

where the matrix elements are

sinh 4n
sinh(up—uq+2n) sinh(up—uq—2n) y @ 7& b.

o sinh 2n . sinh 4n _
Mab:{ L oottt costua—m) — 20 Sh(en—wy—2n)siubun w2 00 = Oy (4.39)

The local spin operators S can be expressed in the non-local operators of the
algebraic Bethe ansatz A, B,C, and D in Eq. by means of the so-called F-
matrix [67], which is a representation of a Drinfeld twist [68]. This procedure gives
the following explicit relations for all of the three spin operators [69} [70]
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4.2. Many-body matrix elements: Algebraic Bethe ansatz

St = lCert, (4.40)
Sy = 7' Bt (4.41)
: 1 4e = De 1

S = 7! T (4.42)

where £ = —im/2 + 1.

Then, any correlation function can be evaluated by means of Egs.
in terms of determinants of only N-by-N matrices. For example, for the
matrix element of the S| operator, needed for evaluation of the spectral function,
one obtains [69] [70]

Hj\gl cosh (v; — 1) sinh™*! (2n) det M
[T, cosh (uy + 1) T oo sinh (15 — ) [y sinh (v — )
(4.43)

where |u) and (v| are a pair of the eigenstates of the Hamiltonian in Eq. (4.1) and
the matrix elements of M are

Y

(vISiTu) =i

N . N+1
1 sinh (up — u; + 2n) ~
My—— : J sinh (up —v; — 2
b= Sinh (up — vq) (j:llb sinh (uy, — Uj — 2n) jzlla (up j n)

N+1
— I sinh (u — v, +2n)>, (4.44)

j=1%#a
for b < N + 1, and

1
V. 14
ab cosh (Ua — 77) cosh (Ua + 77) ’ ( 5)

for b= N + 1. The expressions of the type like above can be evaluated numerically
for large systems or even analytically in some regimes, giving the full access to the
correlation functions in the thermodynamic limit without any approximation in one
dimension.
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Chapter 5

Magnetoelasticity

Magnetoelasticity was discovered in 1842 by James Joule in the form of the mag-
netostriction effect in iron [7I]. A sample of magnetic material changes its shape
when its magnetisation changes. Phenomenologically this effect can by understood
by constructing the simplest rotational invariant out of the variables involved. Mag-
netisation M is a vector and deformation u is a second rank tensor. Thus, the
simplest scalar combination is quadratic in M and linear in @, making the inter-
action term between the two V = kM - 4 - M, which has to be a scalar since it
describes the interaction energy and where k is a coupling constant. Since magnet-
isation is usually coupled to the crystalline anisotropy, the magnetostriction effect
also exhibits hysteresis.

On the macroscopic level, this effect causes a loss of energy in ferromagnetic
cores due to frictional heating. It is also responsible for the low-frequency humming
sound that is produced by transformers. Alternating current generates a changing
magnetic field, which in turn changes the shape of transformer’s core periodically,
making it emit acoustic waves. On the microscopic level the classical magnetostric-
tion has to be affected by quantum effects. In the next two section we will discuss
the microscopic origin of the magneto-elastic coupling and some of its observable
quantities in the quantum regime that can be measured in ultrasound experiments.
This chapter focuses on the one-dimension version of the effect, where the reduced
dimensionality amplifies the quantum fluctuations in the strongest way possible.

5.1 Microscopic origin

Microscopically magnetostriction originates from the change of the exchange integral
that is responsible for the Heisenberg interaction, see the sketch in Fig. (a), when
distance between two neighbouring atoms is changed, see the sketch in Fig. (b)
For small deformations, e.g. caused by a phonon, the exchange integral can be
expanded in a Taylor series in small changes of the distance between the atoms with
respect to its equilibrium value given by the lattice parameter . The zeroth term
in such an expansion is the usual coupling constant in the Heisenberg model and
small corrections in the first, in the second, and so on orders are the spin-phonon
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5.1. Microscopic origin

(a) (b)

&b

Figure 5.1: (a) A schematic overlap between a pair of orbitals of neighbouring atoms
that corresponds to the exchange coupling constant between the spins on these atoms
in the Heisenberg model. (b) A small deviation in the distance between the atoms
from its equilibrium value that changes the exchange integral and is responsible
microscopically from the magneto-elastic coupling.

couplings. In one dimension the coupling term reads

V= Z (Jl (.Tj+1 — .’L’j) + JQ (.Tj+1 — .Tj)Q) Sj : Sj+1; (51)
J

where the coupling constants J; and J; are the derivatives of the exchange energy
with respect to distance between the atoms evaluated at the lattice spacing,

1 d"J(=)
n! dan wb

, (5.2)

n

and x4 — x; are small deviations caused by a deformation. In the quantum regime
two subleading terms of the expansion are needed, unlike in the classical regime,
due to peculiarities of the quantum fluctuations.

In the full quantum regime deformation field ; also has to be quantised forming
phonon modes and the total Hamiltonian consists of three parts, [72, [73]

H=H,+Hy+V, (5.3)

where the Heisenberg model describing magnetism is

Hm:JZSj'Sj+17 (54)
J

J = Jy is the exchange integral in equilibrium, S; are the spin operators, the free
phonon model describing the deformations is

th = Zwkazak, (55)
k

the dispersion on the equidistant lattice is wy = 2wp |sin (k/2)], wp is Debye energy,
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5.2. Observables in the quantum regime
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Figure 5.2: Scheme of an ultrasound experiment in an effectively one-dimensional
magnetic insulator. The length of the magnetic chains is L. Inducer injects a phonon
at a given time. Collector detects it recording the propagation time ¢ and amplitude
of the signal.

ay are the bosonic operators, the position operator is

b o
=) T) ~iki 5.6
i p muy k| L <ak+ak € (5.6)

v 1s the sound velocity, and V' is the spin-phonon coupling in Eq. (5.1).

The Heisenberg Hamiltonian H,, in Eq. can be analysed using the nonop-
erative methods described in Chapters 2-4. The phonon Hamiltonian H,, is already
diagonal, see Eq. . And the coupling V' can be treated perturbatively since the
energy scale of the phonons, Debye energy wp, is typically very different from the
energy of the magnons, exchange energy J. Thus, the whole model in Eq. can
be analysed, including its thermodynamic observables and the expectation values of
relevant operators, completely on the quantum mechanical footing in one dimension.

5.2 Observables in the quantum regime

A way of probing the magnetoelastic effects in the quantum regime is provided
by ultrasound in magnetic insulators. At low temperatures and at low ultrasound
powers only a few phonons are excited and the magnet is close to its ground state.
The spin chains can realised in anisotropic three-dimensional magnets, which are
effective one-dimensional in a finite windows of temperature, e.g. KCuFj [74] or
CsoCuCly [75], in which the chains are oriented along the direction of the strongest
exchange coupling.

In an ultrasound experiment, a pair of piezolements are attached on the opposite
sides of a sample perpendicular to the directions of the spin chains, see the sketch of
an experiment in Fig. . One piezoelement (inducer in Fig. injects a phonon
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5.2. Observables in the quantum regime

on one side of the chain, then the phonon propagates through the sample, and is
detected on the the other end by the other piezoelement (collector in Fig. [5.2). Two
quantities can be measure in such a setup. One is propagation time, ¢, of the phonon
over a fixed distance, L, that gives the phonon velocity

v = % (5.7)

The other is the phonon attenuation on the collector,

1,
A _ collector ‘ (58)

Iinducer

Both quantities are finite in a non-magnetic crystal: there is a finite sound ve-
locity, v = vy, and there are phonon relaxation mechanisms due to their scattering
off non-magnetic impurities and dislocations in a crystal, A < 1. However, in a
magnetic crystal both quantities are magnetic-field dependent, v (B) # v (B = 0)
and A (B) # A(B =0). The magnetic-field sensitive parts come purely from the
magnetic subsystem that is strongly affected by the magnetic field. These contribu-
tions are described microscopically by the model in Eq. . The renomalisation of
sound velocity, v (B) — v (0), in Eq. is given the first magnetoelastic constant
Ji in Eq. and attenuation of the phonon amplitude, A (B)— A (0), in Eq.
by the second constant J, in Eq. [40]. The one-dimensional regime in mag-
netic insulators is readily available in experiments on Csy,CuCly [75] [76], CsNiCls
[77], KCuF3 [78], and a metal organic coordination polymer Cu(II)-2,5-bis(pyrazol-
1-y1)-1,4-dihydroxybenzene [79]. Since in the experimentally relevant regimes the
magnetic subsystem itself is strongly correlated, the phonons are essentially free
excitations, and the coupling between them is perturbative, the ultrasound can also
serve as a probe of strong correlations in one-dimensional spin systems, similarly to
the neutron-scattering technique.

This chapter gives a broader physical context and provides a motivation for the
microscopic theory of magneto-elasticity in one dimension that is constructed in the
paper [40] reprinted in the appendix.
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Chapter 6

Conclusions

The general aim of this work is advancing the microscopic understanding of the
many-body physics, which is still a major open problem. At low energy the effective
theory is already established on firm grounds in the form of Landau’s Fermi liquid
in two and three dimensions and in the form of Luttinger liquid in one dimension.
However, the higher energy scales remain mainly unexplored. The only successful
attempt so far emerged only recently, in the last decade, in the form of the mobile
impurity model (also called the non-linear Luttinger liquid theory) in one dimension,
which still describes only proximity of the spectral edges but not arbitrary many-
body excitations at high energy. This result gave an inspiration for this work.
The choice of the reduced dimension (one dimension) was motivated by at least
somewhat simplified version of the problem, which, e.g., enables the microscopic
many-body technique of Bethe ansatz, allowing to tackle the enormous complexity
of the many-body systems in full in this case.

The first step was the analysis of the spectral edge mode for a variety of one-
dimensional models with short-range interactions that bounds a continuum of many-
body excitations. Explicit diagonalisation by means of Bethe ansatz techniques,
described in Chapter 4, showed that this mode has an almost perfect parabolic dis-
persion in all cases |35, [36]. Based on this emergent phenomenon, the spectral edge
mode can be described empirically by a free, nonrelativistic particle with effective
mass identified from the low-energy theory as a free electron mass strongly renorm-
alised by interactions via the dimensionless Luttinger parameter K (K, for particles
with spin). However, unlike a free particle, the spectral edge mode is not protected
by a symmetry, thus deviations from the quadratic dispersion may develop—the
biggest discrepancy (< 20%) occurs for Fermi particles with spin and a very large
interaction strength. The empirical model remains robust for finite sound velocities
of the collective modes at low energies v (v,) > v; , where v; = 27/ (mL) is the
quantum of momentum.

The relevance of the Luttinger (low-energy) parameters beyond the low-energy
limit implies that they can be extracted using a much wider range of experimental
data using the whole energy window from the bottom of the band to the Fermi
energy. However, the dispersion of the spectral edge mode itself cannot be used as
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a qualitative feature to rule out interaction effects since the interactions between
particles do not change the parabolic shape of the single-particle dispersion. The
biggest deviations could be observed for strongly interacting spinful fermions (K, 2
10), e.g., electrons in semiconductors at low densities or cold Fermi atoms in a
one-dimensional trap that would require a good resolution of the experiment.

This result complements the mobile impurity model, which was developed by
Glazman and co-workers as a description of one-dimensional systems above the
spectral edge at high energies and is summarised in Chapter 3. The parabolicity of
the dispersion of the edge mode removes an arbitrary input parameter (curvature of
the dispersion) that leaves only the few Luttinger parameters and the bare electron
mass as a minimal set of necessary ingredients to model excitations above the spec-
tral edge at arbitrary energies. Within such a framework, for example, exponents
of the spectral function are expressed explicitly in terms of only a few Luttinger
parameters. The explicit result in the case of fermions is obtained in the paper [36]
and is quoted in Section 3.2

The main result of this work is identification of a hierarchy of modes as a general
structure in the many-body excitations outside of the low energy regime. It was
shown [37, 38| that the hierarchy, which emerges in systems of interacting fermions in
one dimension at high energy, is controlled by the system length—the corresponding
form factors are proportional to different powers of R?/L?, where R is the particle-
particle interaction radius and L is the length of the system, in marked contrast to
the well-known fermionic quasiparticles of a Fermi liquid and hydrodynamic modes
of a Luttinger liquid at low energy. The dynamic response functions have been
obtained for a model of spinless fermions with short-range interactions using the
exact diagonalisation methods of Bethe ansatz for the spectrum and the form factors
of the system. Analysing the spectral function in detail, it has been found that the
first-level (strongest) mode in long systems has a parabolic dispersion, like that of
a renormalized free particle. The second-level excitations produce a singular power-
law line shape for the first-level mode and different kinds of power-law behavior at
the spectral edges. The threshold exponents predicted by the mobile impurity model
were reproduced by the second-level excitation of the hierarchy around the spectral
edges.

Using the same many-body matrix elements obtained microscopically, the local
density of states (LDOS) has also been calculated, which provides a more conveni-
ent way to analyse how the hierarchical structure at high energy changes into the
hydrodynamic modes of the Luttinger liquid at low energies. It has been shown, via
a full Bethe-ansatz calculation, that the LDOS is suppressed at the Fermi energy in
a power-law fashion in full accord with the prediction of the Tomonaga-Luttinger
model. Away from the Fermi point, where the Lorentz invariance of the linear dis-
persion is reduced to Galilean by the parabolicity of the spectrum, the LDOS is
dominated by the first (leading) level of the hierarchy. The transition from one
regime to the other was demonstrated to be a smooth crossover.

This new result has already been confirmed experimentally, in tunnelling spec-
troscopy measurements on GaAs-AlGaAs double-quantum-well heterostructures [38|
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39]. The quantum wires were formed in/out the top well by electrostatic gates and
momentum-resolved tunnelling of electrons in the upper layer from/to a 2D electron
gas in the lower layer probes the spectral function for spinful fermions. Control
of the bias between the two wells provides the energy and magnetic field applied
perpendicular to the wires provides the momentum resolution in this setup, see [2§]
for experimental details. A well-resolved spin-charge separation was observed at
low energy with appreciable interaction strength-—a distinct effect of the spinful
Luttinger liquid described in Section 2.3. The ratio of charge and spin velocities is
upto v./vs &~ 1.8 confirming that the interaction energy is of the order of the kin-
etic energy in these experiments. At high energy, in addition to the spin and charge
curves, there is only a small structure just above kr, which amplitude decays rapidly
away from the kr point, in 10pum-long wires. This is no surprise since the amplitude
of the second-level excitations is suppressed by at least four orders of magnitude
with respect to the clearly observed first-level excitations, R?/L? ~ 107*. In an
order of magnitude shorter wires (1um-long) the suppression factor is two orders
of magnitude weaker, R?/L* ~ 1072, and a complete second order mode is clearly
observed [39]. The same experimental setup can be used to measure the spectral
edge exponents in the spectral function predicted by the non-linear Luttinger liquid
theory, which is described in Chapter 3.

An application of hierarchy of modes was a necessary ingredient in construc-
tion of a microscopic theory of magnetoelasticity, introduced in Chapter 5, in one
dimension [40]. It was done using the diagonalisation methods of Bethe ansatz,
described in Chapter 4. The matrix elements for the four-point correlation function
that couples the strongly-correlated spins to phonons dynamically have been derived
and it has been shown that the contribution of the static correlation function to the
renormalisation of the sound velocity is parametrically larger than the dynamical
correlation functions. Also it has been shown that the resonant decay of phonons in
the many-body spin continuum vanishes very fast, as the fourth power of the length
in long chains. However, another mechanism has been identified, hybridisation of
the phonons with the magnetic excitations at high energy via the dynamical cor-
relation function, that remains finite in the thermodynamic limit. The many-body
excitations of the spin chain that are involved in this mechanism are at high energy
and are away from the spectral edges. The hierarchy provides the only tool for eval-
uating the principal contribution to the phonon attenuation, which otherwise would
not be tractable due to exponential complexity of the Fock space at high energy.

The hybridisation mechanism has already been confirmed experimentally in
ultrasonic measurements on high-quality single crystals of Csy,CuCly in its one-
dimensional regime [40]. The observed magnetic-field dependent part of the at-
tenuation has the same magnetic field dependence as predicted by the hybridisation
mechanism.

This work describes techniques that are used in the papers and is complementary
to them. While I have tried to give a overall picture with at least a bit of detail,
some topics (like the main result of the hierarchy of modes) were discussed only
briefly or (like bosonic systems) were left out almost completely. For a more in-
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depth discussion of these topics the reader is referred to the original research papers,
which are reproduced in the appendix.
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Luttinger parameters of interacting fermions in one dimension at high energies
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Interactions between electrons in one dimension are fully described at low energies by only a few parameters of
the Tomonaga-Luttinger model, which is based on linearization of the spectrum. We consider a model of spinless
fermions with short-range interaction via the Bethe-Ansatz technique and show that a Luttinger parameter
emerges in an observable beyond the low-energy limit. A distinct feature of the spectral function, the edge that
marks the lowest possible excitation energy for a given momentum, is parabolic for arbitrary momenta and the

prefactor is a function of the Luttinger parameter, K .

DOI: 10.1103/PhysRevB.88.115142

I. INTRODUCTION

The effects of interactions between fermions in one dimen-
sion are mainly understood at low energies within the scope
of the Tomonaga-Luttinger model.! This framework is based
on the linear approximation to the single-particle spectrum
around the Fermi energy and provides, via the bosonization
technique,' a generic way to calculate various correlation func-
tions. Understanding of interacting fermions beyond the low-
energy limit still presents a challenge. Studies are currently
focused on dynamical response functions,””’ e.g., the spectral
function which can be measured by momentum-resolved
tunneling of electrons in semiconductors,®” by angle-resolved
photoemission in correlated materials'® and by photoemission
spectroscopy in cold atoms.'' Recently significant theoretical
progress was achieved in this direction by making a connection
between Luttinger liquids and the Fermi edge singularity
problem.'? As a result, power-law singularities were found
at the edge of the spectral function at zero temperature and
their powers were related to the corresponding curvature.'?
The edge marks the smallest energy at a fixed momentum with
which a particle can tunnel into the system. At low energies
the edge disperses linearly with a slope which is the sound
velocity of collective modes v defined by parameters from the
Tomonaga-Luttinger model;'# a small quadratic correction to
the linear slope at low momenta was found in Ref. 3. In this
paper we calculate the position of the edge for the spinless
fermions with a short-range interaction at arbitrary energies
and show that a Luttinger parameter is still relevant at large
energies.

Our strategy is to consider the exact diagonalization of the
model on a lattice via the Bethe-Ansatz approach. Then we
analyze the spectral function in the continuum regime—a com-
bination of the thermodynamic limit and a small occupancy of
the lattice!>—which corresponds to the continuum model with
a contact interaction. In this regime we find that the position of
the edge is parabolic for arbitrary momenta and the prefactor
is a function of the dimensionless Luttinger parameter K [see
Eq. (10)], which is defined in the low-energy domain of the
Tomonaga-Luttinger model. Our result could be directly ob-
served in experiments on spin-polarized particles such as elec-
trons in ferromagnetic semiconductors'® using the setups of
Refs. 8 and 9 or polarized cold atoms using the setup of Ref. 11.
In closely related models of spin chains,' the position of the
edge depends on the Luttinger K in an analogous way, but for a
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weakly polarized chain, for example, the parabolic function of
momentum becomes a cosine. With the parabolic shape found
in this paper, the phenomenological nonlinear Luttinger liquid
theory'3 gives a divergent power of the edge singularity.

In the continuum regime the Luttinger parameter K is
bounded and the smallest K for large interaction strengths
is almost degenerate with its noninteracting value K = 1. We
use the Bethe-Ansatz approach for a finite-range interaction
potential beyond nearest neighbor in the limit V = co and
show that the regime of strong interaction effects (correspond-
ing to the minimum value of K = 0in the Tomonaga-Luttinger
model) can only be accessed by a microscopic model with the
interaction range at least of the order of the average distance
between particles.

The paper is organized as follows. Section II contains a
definition of the model of spinless fermions on a lattice and the
spectral function. In Sec. III we analyze the edge of the spectral
function for next-neighbor interaction in the low (Sec. A) and
high (Sec. B) regimes. In Sec. IV we consider a finite-range
interaction in the limit of infinite interaction strength. In the
Appendix we give numerical data that clarify the calculations
in Secs. Il and IV.

II. MODEL

Spinless fermions on a one-dimensional lattice with L sites
interact via a two-body potential V; as

L L,oo
H=—t Z(cjcjﬂ +c_];cj,1)+ Z V,-c_'fcjchicjﬂ,
=1 j=li=1

M

where ¢ is a hopping amplitude and operators ¢; obey Fermi
commutation relations {c,-,c;} = 6,-j.17 Below we consider
periodic boundary conditions c¢;.; =c¢; to maintain the
translation symmetry of the finite length chain and consider
only repulsive interactions, V; > 0.

The spectral function describes the tunneling probability
for a particle with momentum k and energy e, A(k,e) =
—ImG(k,e) sgn(e — u)/m, where p is the chemical potential
and G(k,s) = —i Zjfdte"(kj_“)(T(e‘iH’cjeiH’cI))/L is a
Fourier transform of the single-particle Green function at zero
temperature. To be specific, we discuss only a particular region,
kr < k < 3kp and e > p. The spectral function in this domain

©2013 American Physical Society
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reads'®

Ak.e) = LY (fIel0)Potk — Ps(e + Eo — Ep). (2)
:

where E is the energy of the ground state |0), and P; and E s
are the momenta and the eigenenergies of the eigenstates | f);
all eigenstates are assumed normalized.

III. NEXT-NEIGHBOR INTERACTION

The model of Eq. (1) can be diagonalized using the
Bethe Ansatz when the interaction potential is restricted to
the nearest neighbor only, V; = VS,;I.]Q In the coordinate
basis, [¥) =3, _. _; ajlm,-”cj.l ...cllvac), where |vac) is
the fermionic vacuum, a superposition of plain waves, a;, j =
Spe Eioi ke gt Xicwmi 970 | is an n particle eigenstate and
H|y) = E|y) with the eigenenergy

E=-2t) cos(k;)+2in . 3)

Jj=1

Here a constant 2¢n was added for convenience, the phase
shifts

o eikitkn) 11 4 YV oik;
el 2im — _ !

“@

et 11 4 Yok

are fixed by the two-body scattering problem, and ), is a
sum over all permutations of 7 integer numbers. The periodic
boundary condition quantizes all single-particle momenta
simultaneously,

Lkj =2 @jm =2m;, 3)

where A; are integer numbers. The sum P =} k; is a
conserved quantity—the total momentum of an n particle state.

The solutions of the nonlinear system of equations Eq. (5)
can be classified in the limit of noninteracting particles. Under
substitution of the scattering phase 2¢;, =7 for V =0,
Eq. (5) decouples into a set of independent quantization
conditions for plain waves,

(©)

The corresponding eigenstates are Slater determinants which
vanish when the momenta of any two particles are equal. Thus
all eigenstates are mapped onto all possible sets of n nonequal
integer numbers A; with —L/2 < A; < L/2. In the absence
of bound-state formation, these solutions are adiabatically
continued under a smooth deformation from V =0 to any
finite value of V. This permits us to use the free-particle
classification to label many-particle states for an arbitrary
interaction strength.

The limit of infinitely strong repulsion corresponds to free
fermions of a finite size. The scattering phase ¢;, = k; —
km + 7 for V = oo makes Eq. (5) a linear system of coupled
equations. In the continuum regime they decouple into a set of

PHYSICAL REVIEW B 88, 115142 (2013)

single-particle quantization conditions,

_ 27w A j (7)

T L—n’
Here the length of the system is reduced by the exclusion
volume taken by the finite size of the particles; see also Eq. (12)
for a finite-range interaction below.

The adiabatic method we are using breaks down when a
bound state is formed at a finite interaction strength while
sweeping from V =0 to V = oo. Such states occur only
when some of the quasimomenta of the solutions at V =0
are |k;| > /2 (see Appendix and Ref. 20). The bound states
can be observed, for instance, in the dynamics of a spin chain
following a quench.?! In the continuum regime there is a wide
range of model parameters where Eq. (7) is applicable: for
momenta and energies in the spectral function smaller than
/2 and smaller than half bandwidth respectively.

The ground state is a band filled from the bottom up to
the momentum kr = w(n — 1)/L using the classification of
Eq. (6). Here n is assumed odd for simplicity. Eigenstates
involved in the form factors of the spectral function have a
fixed number of particles n + 1. All other eigenstates do not
contribute to Eq. (2), as the number of particles is a conserved
quantity.

In this paper, we are concerned with the location of the
support of the spectral function (the lowest value of energy for
which the spectral function is not zero) as opposed to its value,
so we ignore the matrix elements in Eq. (2), assuming them to
be nonzero for all f which satisfy the number constraint. Two
8 functions in k and in &€ map directly the total momenta and the
eigenenergies of all many-body states | f) with n 4 1 particles
into the shape of the spectral function. For a fixed value of
k, the edge of the support is the smallest eigenenergy of all
states | f), with Py = k. Using the classification in Eq. (6),
these states can be parametrized by a single variable A P [see
the sketch in Fig. 2(b) and in the Appendix].

A. Low energies

At low energies the model of spinless fermions Eq. (1)
is well approximated by the Tomonaga-Luttinger model with
only two free parameters.' The first parameter is the slope of
the linearized spectrum of excitations at k. For the states from
Fig. 2(b) it is

L(E, — Ey)
v= ———

e ®

where E| and E; are energies of the states with AP = 0 and
AP =2m/L, respectively. The second Luttinger parameter
can be extracted as K = vp/v,?? where vy = 2tmw(n — 1)/L is
the Fermi velocity of the noninteracting system. The numerical
evaluation of K as a function of the interaction strength V
is presented in Fig. 1. For small V the function is linear,
K =1—2n/L x V/t 4+ O(V?/t?).Forlarge V it approaches
a lower bound such that K = K(co) +2n/(L —n) xt/V +
0(t?/ V?), where

2
K (00) = <1 - %) ©)

115142-2

71



LUTTINGER PARAMETERS OF INTERACTING FERMIONS . ..

14

—e— nuumerics

00
----asymptotes

v/t

FIG. 1. The numerical evaluation of the Luttinger parameter K as
a function of next-neighbor interaction strength V using Eqs. (3), (5),
and (8), full ellipses; L = 100 and n = 11. We compare it with the
bound on K at infinite interaction strength from Eq. (9), thick dashed
line. Small and larger V asymptotes are K =1 —2n/L x V/t and
K = K(00) +2n/(L — n) x t/V, thin dashed lines.

was computed using the values of quasimomenta for V = oo
in Eq. (7).

The Luttinger parameter K measures the effects of inter-
actions where for noninteracting particles K = 1. At V = oo
the interaction potential is a hard-wall interaction with a finite
interaction range, which still leaves some room for nonzero
kinetic energy, thus limiting the maximum value of K.

B. High energies

The main aim of this paper is a calculation beyond low
energies. In the nonlinear region the position of the edge of the
spectral function is given by the momentum dependence of the
states of Fig. 2(b), eqge(k) = Ex — Ep, where E} corresponds
to the states with AP = kp + 2w /N — k. For all values of V

V=0
(a) P o V=109t
/ N V=19
; s \ — -V =00
< 0.1] 14T T \\
\ 14 X
L /a RN
W y \
)] V7 R
0.05 s |(b) A\
f —kp kg \
’ AP
O T T T |
0 0.2 0.4 0.6

FIG. 2. (a) We show the main result of this paper, that the edge
of the support of the spectral function satisfies Eq. (10). Numerical
results at intermediate coupling (V = 1.9¢) are shown as open circles
and compared to the analytical result, Eq. (10), shown as a full line
for L = 400 and n = 39. The asymptotes in the weak-coupling limit
from Eq. (6) and the strong-coupling limit from Eq. (7) are shown
as thin and thick dashed lines, respectively. (b) Sketch of the sets
of quasimomenta, using classification Eq. (6), that correspond to the
edge states; parameter A P corresponds to different momenta k.

PHYSICAL REVIEW B 88, 115142 (2013)

we find it to be a parabolic function of momentum,

mv} (k — 2mvp)?

Sedge(k) = K mK s (10)
where m = (2¢)7! is the bare single-electron mass and the
Luttinger parameter K is determined by the slope atk = kp.In
the limiting cases V = Oand V = o0, itis calculated explicitly
using the expressions for quasimomenta in Egs. (6) and (7).
The crossover for intermediate values of V is calculated
using the numerical solution of the Bethe equations [Eq. (5)]
and is perfectly fitted by the same parabolic formula [see
Fig. 2(a)]. At k = kr, Eq. (10) gives the chemical potential
n= mv% /(2K), since the ground state for n + 1 particles is
constructed by adding an extra particle to the ground state |0)
at the lowest possible momentum above kr, which is the state
in Fig. 2(b) with AP = 0.

The many-body states that mark the edge of the spectral
function outside of the region kr < k < 3kp are parametrized
by a single variable similarly to Fig. 2(b) (see Appendix for
details). In the upper half of the energy-momentum plane
& > u the result in Eq. (10) is repeated along the momentum
axis with the period 2kp. SO &egge(k) becomes mv% /K —
(k —2jmvp)*/2mK) + Apj in regions (2j — Dkp <k <
(2j + Dkp, with an additional shift Ay for | j| > 1.The latter
is given by the recurrencerelation A j = Apj + 2| jlvp /K
with the initial value Ap; = 0. In the continuum regime of
interest, j < n, Au; is only a small finite size correction
to . In the “hole region” & < u, the position of the edge is
obtained by reflection of eqgc(k) with respect to the line e = u
(see Appendix).

A link between Luttinger liquids and the Fermi-edge
singularity problem was very recently established as a tool
to analyze interactions beyond the linear approximation in one
dimension.'? This has led to the development of a phenomeno-
logical theory of nonlinear Luttinger liquids where power-law
singularities, A(g,k) ~ 0[& — cdge(k)]|6 — Ecqge(k)| ™%, were
found above the edge of the support. Their exponents were
related to the curvature of eqee(k) for arbitrary momenta.'?
Substitution of Eq. (10) in the formula of Imambekov and
Glazman from Ref. 13 yields

—I—K(l—l)2 11
e=t-5\"%) (b

The Luttinger K of the model Eq. (1) (see Fig. 1) gives a
divergent exponent smaller than 1 and larger than a limiting
value calculated for K (co) from Eq. (9). Thus the form factors
in Eq. (2) are nonzero around the edge, thereby justifying our
assumption about matrix elements in the spectral function.

IV. FINITE-RANGE INTERACTION

A further consequence of the non-linearity of the free
particle dispersion is the bound on the Luttinger parameter
K in Eq. (9). It has to be treated with care analogously to
the point-splitting technique for field theoretical models,” in
which a small interaction range must be introduced to couple
a pair of fermions which cannot occupy the same point in
space, and then the limit of zero range is taken. For the
model on a lattice with next-neighbor coupling, the interaction

115142-3
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0.2

v/t

V/t

v/t

FIG. 3. The numerical solutions of Bethe equations, Eq. (5) of the main text, for k; as a function of interaction strengths V for n = 12
particles and L = 100, full lines. The thin dashed lines at large V correspond to asymptotes from Eq. (7) of the main text. The states are
classified according to Eq. (6) of the main text: (a) A; = {-5, —4, -3, -2, —1,0,1,2,3,4,10}; (b) A; = {-6, —4, =3, -2, —1,0,1,2,3,4,9};

(c) rj={-7,-6,-3,-2,-1,0,1,2,3,4,12}; (d) »; ={-5,—4,-3

,—2,-1,0,1,2,3,6,32,33}. A bound state forms out of a pair of

quasimomenta with k; > /m/2 above a finite value of V. The thick dashed line marks the value of k = /2, and the inset is the imaginary parts

of all quasimomenta k;.

range vanishes in the continuum regime (n < L) compared to
the average distance between particles; therefore K (co) — 1,
i.e., degenerate with its value for the noninteracting system
K (0) = 1. However, the interaction range between fermions
in physical systems is usually finite, e.g., the screening length
for electrons in a metal or a semiconductor, making K not equal
to 1. We, therefore, now consider a model with finite range.
We consider the limiting case of V = oo when the
interaction range (screening length) spans a large number
of lattice sites r. The Hamiltonian Eq. (1) with the po-
tential V; = VO[i — 110[r—], where 0[i] (6[i] =1 for i >
0 and O[i] =0 for i <0) is a Heaviside step function
and V — oo, can be diagonalized in the coordinate basis,

|1//) = Z}, <p—r-<ja—r ajl---juc;, fee Cj-” |VaC), by a SuperpOSi_
tion of plain waves, aj, j, = ZP ot 2= kit X ey Oy , with
2¢jm = (kj — ky)r + 7. Application of the periodic boundary

condition yields, similarly to Eq. (5),

GIL —r(n—=D1+r Y ky =27A;, (12)

m=1%j

which in the continuum regime gives a set of independent
quantization conditions k; = 2w ;/(L — rn). Finally, by re-
peating the same calculation used to obtain Eq. (9) we find

2
rn
K(c0) = (1 - T) , (13)

where the term rn/L can be interpreted as a product of
screening length and particle density.

A microscopic model of spinless fermions needs to have
an interaction range of the order of the average distance
between particles to reach the K = 0 value that corresponds
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—E/(2t)

I
-0.6h 1

FIG. 4. Spectrum of the eigenstates, Eq. (3) of the main text, that are involved in the form factor in Eq. (2) of the main text for the ground
state with n = 19 particles, L = 200, and V < ¢, dots. Large dots are the states at the edge. The insets are sketches of sets of quasimomenta
that correspond to the edge states using the classification Eq. (6) of the main text. The positive half planes E — E, > p are the states with an

extra added particle: (a) momenta are from —3kp to kr, the energies at the edge at

—3kp and —kp correspond to chemical potentials p_; and

Lo; (b) momenta are from k to 5k, the energies at the edge at kr, 3k, and 5k correspond to chemical potentials /41, (42, and 3. The negative

half planes E, —

to strong interaction effects in the Tomonaga-Luttinger model.
Specifically, for r = L/(2n), which allows some motion even
when V = oo, the bound is K (00) = 1/4. When r is increased
further, K (oco) approaches zero.

V. CONCLUSIONS

In conclusion, we have considered the exact diagonalization
of a model of spinless fermions on a lattice with next-neighbor
interactions via the Bethe-Ansatz approach. By analyzing the
spectral function in the continuum regime we have found that
the edge of its support has a parabolic shape for arbitrary
momenta and the prefactor is a function of the dimensionless
Luttinger parameter K, which is defined in the low-energy
domain. Additionally, we have extended our model with a finite
range of interactions in order to access the strongly interacting
regime (near K = 0) and have also found the parabolic shape
for the support (for V = 00), which is still characterized by K .
This suggests that Luttinger parameters control physical prop-
erties at higher energies where nonlinearity cannot be ignored.

E < v are the states with one particle removed: (c) momenta are from —3k to kr; and (d) momenta are from kp to Skp.
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APPENDIX: NUMERICAL DATA

Here we present results of numerical calculations. Figure 1
shows some of the solutions to the Bethe-Ansatz equations,
Eq. (5) of the main text, for different values of V. The states
are parametrized using Eq. (6) of the main text. The states
of Figs. 3(a)-3(c) have all |k;| < 7 /2. The state of Fig. 3(d)
contains a pair of |k;| > /2 that leads to formation of a
bound state at a finite V. Figure 4 shows the extension of
the edge beyond the region kr < k < 3kp and & > u. The
eigenstates on the edge are marked by large dots and corre-
sponding sets of quasimomenta are sketched in each region as
insets.
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A continuum of excitations in interacting one-dimensional systems is bounded from below by a spectral edge
that marks the lowest possible excitation energy for a given momentum. We analyze short-range interactions
between Fermi particles and between Bose particles (with and without spin) using Bethe-ansatz techniques and
find that the dispersions of the corresponding spectral edge modes are close to a parabola in all cases. Based on
this emergent phenomenon we propose an empirical model of a free, nonrelativistic particle with an effective
mass identified at low energies as the bare electron mass renormalized by the dimensionless Luttinger parameter
K (or K, for particles with spin). The relevance of the Luttinger parameters beyond the low-energy limit provides
a more robust method for extracting them experimentally using a much wider range of data from the bottom of
the one-dimensional band to the Fermi energy. The empirical model of the spectral edge mode complements the
mobile impurity model to give a description of the excitations in proximity of the edge at arbitrary momenta
in terms of only the low-energy parameters and the bare electron mass. Within such a framework, for example,

exponents of the spectral function are expressed explicitly in terms of only a few Luttinger parameters.

DOI: 10.1103/PhysRevB.90.014309

I. INTRODUCTION

The low-energy properties of interacting particles in one
dimension are well described by the Tomonaga-Luttinger
model [1] based on the linear approximation to the spectrum
of the excitation at the Fermi energy. In this framework
various correlation functions that involve a continuum of
many-body excitations can be evaluated explicitly resulting
in a common power-law behavior—in contrast to higher
dimensions where the Fermi gas approximation with renor-
malized parameters (the Fermi liquid model) [2] remains
robust. In the last few decades different experimental re-
alizations of one-dimensional geometries were developed:
carbon nanotubes [3], cleaved edge [4] or gated [5] one-
dimensional channels in semiconductor heterostructures, and
cold atomic gases in cigar-shaped optical lattices [6] where
the predictions of the low-energy theory [7] have already been
observed and measurements of high-energy effects are already
possible.

Recently, a new theoretical understanding of the behavior at
high energies was achieved by making a connection between
the features of the dynamical response of the one-dimensional
systems and the Fermi edge singularity in x-ray scattering in
metals [8]. Application of the mobile impurity model [9] to the
Tomonaga-Luttinger model gives a description of excitations
at high energies incorporating dispersion of the spectral
edge as an input parameter; the edge marks the smallest
excitation energy at a fixed momentum. Within the resulting
theory correlation functions exhibit a common power-law
behavior where exponents are related to the curvature of
the spectral edge and the Luttinger parameters [10-13].
However, the theory for the edge mode itself remains an open
problem.

In this paper we analyze fundamental models of Fermi and
Bose particles with short-range interactions (with and without
spin) in one dimension using the available diagonalization
methods based on Bethe ansatz. We investigate the edge mode
of the spectral function—a dynamical response function that

1098-0121/2014/90(1)/014309(9)

014309-1

PACS number(s): 71.10.Pm, 03.75.Kk, 73.21.—b

generalizes the single-particle spectrum to the many-particle
systems—and find that its dispersion is close to a parabola
for all cases in the thermodynamic limit [14]. It is exactly
parabolic for fermions without spin and the biggest deviation
(£20%) occurs for fermions with spin and a very large
interaction potential. Based on this result we propose an
empirical model of a free, nonrelativistic particle for the
spectral edge mode, which describes a charge wave in the
spinless case and a spin wave in the spinful case (see a graphical
representation of the spectral function in Fig. 1). The effective
mass m* is identified at low energies as the bare electron
mass m strongly renormalized by the dimensionless Luttinger
parameter; m*/m = K and m*/m = K, in the spinless and
the spinful case, respectively. The position of the edge of
the spectral function in terms of this empirical model can

FIG. 1. (Color online) A schematic representation of a tunneling
process into a one-dimensional system for a particle with fixed
momentum k and energy E that is described by the spectral function.
Excitations of the system are (a) density waves or [(a) and (b)] spin
wave for particles with spin.

©2014 American Physical Society
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be expressed as

kK (k—ko)?

2m* 2m*
where u is the chemical potential, kr is the Fermi momentum,
and ko = 0 (kr) for Fermi (Bose) particles.

The empirical model in Eq. (1) breaks down when the
effective mass becomes infinite. At low energies m* = oo
is equivalent to zero sound velocity of the collective modes
v(vy ). The characteristic threshold is given by the quantum of
the momentum v; = 27 /(mL) in a system of a finite size L.
For slower velocities v(v,) < vy the dispersion of the spectral
edge mode is not parabolalike and is not universal.

The parabolic shape of the spectral edge mode, which we
obtain in microscopic calculations for different models, can
be interpreted as emergence of “translational invariance.” The
kinetic energy of a single free particle is a parabolic function
of its momentum, enforced by the translational symmetry.
Finite system size discretizes the boosts for changing inertial
frames of reference in quanta of 27t/ L. For a system consisting
of N particles the minimal boost of 27 N/L corresponds
to the 2kp periodicity in the momentum space; note that
interaction potentials are also Galilean invariant. However,
the total momentum of the whole many-particle system is
still quantized in the units of 27 /L that can be facilitated by
giving a boost to only a fraction of the particles j < N. The
state on the spectral edge with the momentum k = 2w j/L
corresponds to a hole left between N — j particles in the rest
frame and j particles which have received the minimal boost
(see Sec. III for details). The effective mass of the holelike
quasiparticle is strongly renormalized by interactions since
a partial boost is not a Galilean invariant transformation.
However, the parabolic dependence of the hole energy on
momentum—which is analogous to the kinetic energy of a
free particle—is common for different microscopic models
thus it is an emergent phenomenon.

Excitations above the spectral edge are well described at
high energies by the application of the mobile impurity model
to the Tomonaga-Luttinger theory which incorporates the
curvature of the spectral edge as an input parameter [15]. The
result in Eq. (1) removes this arbitrary input complementing
the model above. Within such a framework, for example, the
edge exponents of the spectral function are expressed explicitly
in terms of only a few Luttinger parameters and the bare
electron mass that provides a systematic way to classify them
for a wide range of microscopic parameters.

The rest of the paper is organized as follows. Section II
describes the model of one-dimensional particles interacting
via short-range potentials, the corresponding spectral function,
and discusses their general properties. In Sec. III we evaluate
momentum dependence of the spectral edge mode using the
Bethe-ansatz approach for Fermi particles in the fundamental
region. Section IV contains the effective field theory for
excitations above the spectral edge and calculates the edge
exponents of the spectral functions using the dispersion of the
spectral edge mode itself obtained in Sec. III. In Sec. V we
show that Bose particles have the same parabolic dispersion,
with the mass renormalized by the same Luttinger parameter K
of the spectral edge mode as the Fermi particles. In Sec. VI we
summarize the results and discuss experimental implications.

gedge(k) =pn+ (0]
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II. MODEL

We consider particles in one dimension interacting via a
contact two-body potential U as

L/2
H= / dx<72iw;<xmwa<x) - ULp(xf), @

—L)2 m
where ¥/, (x) are the field operators of Fermi or Bose particles
at point x (with a spin @ =1 , | for spinful particles), p(x) =
w,i (x)¥4(x) is the particle density operator, L is the size of the
system, and m is the bare mass of a single particle. Below we
consider periodic boundary conditions, ¥, (x + L) = ¥ (x),
to maintain the translational symmetry of the finite length
system, restricting ourselves to repulsive interaction only, U >
0, and we assume i = 1.

The spectrum of excitations in the many-body case
is given by the spectral function which describes
the response of a strongly correlated system to a
single-particle excitation at energy e and momentum
k, Aglk,e) = —ImGgyy(k,e)sgn(e — p)/m, where p is
a chemical potential and Ggg(k,e) = —i [ dx dte'®=#D
(T (e 'y (x)e''444(0))) is a Fourier transform of Green
function at zero temperature. To be specific, we discuss
particlelike excitations, ¢ > . The spectral function in this
domain reads [16]

Aulk,e) =Y [FIVLOI0)8(e — E + Eo)d(k — Py),
f

3

where E is the energy of the ground state |0), and Py and E ¢
are the momenta and the eigenenergies of the eigenstate | f);
all eigenstates are assumed normalized.

Galilean invariance defines a fundamental region for the
spectrum of excitations on the momentum axis. A minimal
boost for changing an inertial frame of reference for N particles
is 2w N /L which is twice the Fermi momentum kp = 7N /L.
In momentum space this boost corresponds to 2k periodicity.
We choose the fundamental region as —kr < k < kp for the
Fermi and as 0 < k < 2kp for Bose particles.

Under a 2kp translation, the form factors in Eq. (3)
do not change and the energies acquire simple shifts. The
interaction term in Eq. (2) is invariant under the transfor-
mation x — x + 27tj/(mL), where j is the number of the
translation quanta, since the latter can be absorbed into a
change of the integration variable. The transformation of
the momentum operator, —iV — —iV +2xj/L, in the the
kinetic term results in a constant energy shift, £ — E +
27j P/(mL) + 22 j>N /(mL?), of the Hamiltonian but keeps
its matrix structure, and therefore, eigenstates unaltered. Thus
the spectral function can be extended to arbitrary momenta by
simultaneous translation of the momentum and of the energy
variables starting from the fundamental region.

Here, we are concerned with a distinctive feature of the
spectral function—the edge that marks the lowest possible
excitation energy for a given momentum. To identify its
location we need to obtain only the many-body spectrum of
the model due to a singularity [15] that guarantees large values
of the form factors in the proximity of the spectral edge. The
two & functions in Eq. (3) directly map the total momenta Py
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and the eigenenergies E; of all many-body states | f) into the
points of the spectral function k and ¢. We are going to identify
the states that have the smallest energy for each momentum
and study how the dispersion of the spectral edge mode, which
they form, depends on the interaction strength.

III. FERMIONS

A. Spinless

The zero range profile of two-body interaction potential in
the model in Eq. (2) has zero matrix elements for the Fermi
particles without spin due to the Pauli exclusion principle.
A model of interactions in this case requires a finite range
of interactions which is usually introduced by the point-
splitting technique [17] developed to address the problem in
the low-energy limit. Here we will use a different approach
of introducing a lattice with the next-neighbor interaction
between particles. The lattice counterpart of the model

in Eq. (2) is the Hamiltonian H = _Z/L'ffL/z(l/’;WjH +

1 N o
Ylyo0/@m) = U 52wl wl, v, where j s the
site index on the lattice and the operators v/; obey the Fermi
commutation relations {1/;;,1//;} = §jj.

The model above can be diagonalized using
the Bethe-ansatz approach [18]. In the coordinate
basis a superposition of N plane waves, ¥ =

. N . . N +

iy ke i Yy ey g T T .
Db iy € ST B ) fvac), is an
eigenstate, HW = EW, with the corresponding eigenenergy

1 N
E=— > I = cos(kj)]l. )

=1
Here |vac) is the vacuum state, the scattering phases are fixed
by the two-body scattering problem
ei(kHrk,r) +1-— szeik/

20
e = — iy ®
etkithkr) + 1 —2mU et

®

and ), is a sum over all permutations of N quasimomenta.
The periodic boundary condition quantizes the set of N
quasimomenta simultaneously,

ij—zz%-,:znl-, ©6)
I#]

where I; is a set of nonequal integer numbers. The total
momentum of N particles, P = ) ; kj.isaconserved quantity.

The continuum model in Eq. (2) corresponds to the low-
density (long-wavelength) limit of the lattice model. In this
limit the scattering phases in Eq. (5) are linear functions of
quasimomenta, 2¢; = (k; — k;/)/[1 + (mU)~'] + 7, and the
nonlinear system of equations in Eq. (6) becomes linear. In
the thermodynamic limit we solve it using perturbation theory
and obtain an independent quantization condition for each
quasimomentum as solutions of the Bethe equations in the
leading 1/N order,

kj = ——t. )

40

mU

Thus all N-particle eigenstates can be labeled by all possible
sets of integers /; similarly to Slater determinants for free

PHYSICAL REVIEW B 90, 014309 (2014)
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FIG. 2. (Color online) A set of quasimomenta from Eq. (7) that
corresponds to the edge mode of the spectral function for Fermi
particles without spin. The momentum of each many-particle state is
givenby k = —kp + AP.

fermions. The latter is possible as long as no bound states
exist, which is the case for any value of interaction strength
U > 0 in this limit [18].

The eigenstates contributing to the spectral function satisfy
the number of particle constraints, i.e., fixed to be N + 1. The
lowest energy state for a fixed momentum —kr + A P is given
by the set of integers in Fig. 2. At low energies the system
is in the universality class of Luttinger liquids. Its properties
are fully determined by the linear slope of the spectrum of
excitations at +kr. Using the parametrization in Fig. 2, the
first Luttinger parameter (the sound velocity of the collective
modes) is a discrete derivative v = L(E, — E;)/(2m), where
E; and E| are the energies of the states with AP = 27 /L and
AP =0.

For Galilean invariant systems the product of the first and
the second (dimensionless K) Luttinger parameters gives the
Fermi velocity of the noninteracting system [19], vK = vp
where vy = 7w N/(mL). By a straightforward calculation of
the eigenenergies in Eq. (4) using Eq. (7) for a pair of states
in Fig. 2 with AP = 0,2/L we directly obtain the second
Luttinger parameter,

K=|1 N 2 8)
- L(1+-5))

The dispersion of the spectral edge mode is given by the
energies and the momenta of all states in Fig. 2. Starting from
the solutions for quasimomenta in Eq. (7) and repeating the
same calculation as before, we directly obtain the parabolic
function of momentum [20] in Eq. (1), where m*/m = K
from Eq. (8) [21]. This calculation also gives the chemical
potential in Eq. (1) as the bare electron mass renormalized by
the Luttinger parameter K, u = k%/2mK).

B. Spinful

When Fermi particles have spin 1/2, the Pauli exclusion
principle suppresses only the interaction between the particles
with the same spin orientation in the model in Eq. (2). The
remaining part of the density-density interaction term consists
of a coupling between particles with opposite spin orientations.

This model can be diagonalized using the Bethe-ansatz
approach but the Bethe hypothesis has to be applied twice [22].
In the coordinate basis, a superposition of plane waves is an
eigenstate, HWV = EW, of the model in Eq. (2),

L2 ) ,
\I’=/-~-/ dx1-~~deZAPQe'(Pk)’(Q")ljfTQI(xI)-~
—L2 o

x Yl (xw)lvac), ©)
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where the operators ¥,(x) obey the Fermi commutation

rules {¥q (x), T(x/) = §(x — x')84, k; are N quasimomenta,
B B> Kj q

> p.o is a sum over all permutations of two independent sets

of N integer numbers (P and Q), and the coefficients A" are
chosen by a secondary use of the Bethe hypothesis,

. M
are—smpo)y | [ MR
,,

R I<l<l'sM

ﬁ L )
—k +1mU i _kP/+in;U'

Here A; are spin degrees of freedom of M “up” spins with
respect to the reference ferromagnetic state of N “down” spins,
>" g is a sum over all permutations of M integer numbers, and
z; is the position of the /th spin 1 in permutation Q. The
eigenenergy corresponding to the eigenstate in Eq. (9) is

L

The periodic boundary condition quantizes the set of N
quasimomenta k; (charge degrees of freedom) simultaneously,

‘\N

an

M

Lk; = gy =2nl;, (12)
=1

where scattering phases @; = log[(h — k; — 2%)/(A; —
k; + “20)]/i depend on the quasimomenta of both kinds (k;
and A;), I; is a set of N nonequal integer numbers, and M
quasimomenta A; (spin degrees of freedom) satisfy another set
of nonlinear equations,

N imU

ok —imU
P | [T ANE
j=1)hl_kj+ 5 r=1 I — m+tm

The sum P = Zli\’:l k; is a conserved quantity—the total
momentum of N particles.

The system of nonlinear equations, Eqs. (12) and (13),
can be solved explicitly in the limit of infinite repulsion U =
oo [23]. The quasimomenta A; diverge in this limit. Under
the substitution of A; = mU tan y;/2, the second system of
equations, Eq. (13), becomes independent of the first system
of equations, Eq. (12), in leading 1/U order,

) 1 4 26

M
zN\, — )N+M 1 .
/rl_llﬂ el () 41 4 2eiv

14

The above Bethe equations are identical to that of a Heisenberg
antiferromagnet [18] where the number of particles N plays
the role of the system size. In one dimension a spin chain is
mapped into the model of interacting Fermi particles by the
Jordan-Wigner transformation [18]; Eq. (14) is identical to
Eqgs. (5) and (6) where the interaction strength is set to mU =
—1. Thus all solutions of Eq. (14) can be labeled by all sets of
M nonequal integer numbers J; similarly to the case of Fermi
particles without spin (see Fig. 2). The system of equations for
the quasimomenta k; in Eq. (12) in the U = oo limit decouples

PHYSICAL REVIEW B 90, 014309 (2014)
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FIG. 3. (Color online) Parametrization of many-body states for
fermions with spin using the U = oo limit in Egs. (14) and (15).
Chargelike excitations correspond to different sets of /; and spinlike
excitations correspond to different sets of J;.

into a set of single-particle quantization conditions,

1— (=DM M
(f)ﬂ—f—Zyl. (15)

I=1

Lk; =271, +

Note that the independent magnetic subsystem, where quasi-
momenta y; satisfy Eq. (14), is translationally invariant, thus
S ow=2x M, Ji/N [as can be checked explicitly by
multiplying Eq. (14) for all y;]. Therefore, the quantization
condition in Eq. (17) depends only on two sets of integer
numbers, /; and J;.

All solutions of the original system of equations, Egs. (12)
and (13) can be labeled by all sets of N 4+ M integer numbers
I; and J; (see Fig. 3). The values of k; and A, that correspond
to these integers can be obtained in two steps. First, the
spin degrees of freedom y; that correspond to a set of J
are adiabatically continued under a smooth deformation of
Eq. (6) from U =0, which is the free particle limit, to
U = —1/m, which coincides with Eq. (14). Note that the
long-wavelength solution in Eq. (7) cannot be used here
because the most interesting case of zero polarization for
spinful fermions corresponds to half-filling of the band for
the model in Eqs. (12) and (13) which is outside of the
limits of applicability of the low-density regime. The values
k; that correspond to a set of /; and J; are obtained directly
from Eq. (15). Secondly, the known values of k; and X; in
the U = oo limit are adiabatically continued under a smooth
deformation of Egs. (12) and (13) to arbitrary value of the
interaction strength U.

The interaction effects are controlled by a single dimension-
less parameter that can be defined using the 1/ U corrections in
the large U limit. Power series expansion of Eqs. (12) and (13)
up to the first subleading 1/U order, A; = mU tan y;/2 + y(1>

andk; = k;o) + 2k§»1) /(mU), where y; and ki-o) are the solutions
of Egs. (14) and (15), yields

Z k(0> ») cos? yy =

1)

M
Yo =2
-2 _ A A
Z (tany; — tan y;)? + 4
=141
(16)

and
M

2
k;]) — Z Z (kEO)

1=1

V) cos? . a7

The first-order coefficients y,“) can be expressed from Eq. (16)

in terms of zeroth-order coefficients k;o) and y;. Then, in the
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FIG. 4. (Color online) Velocities of the collective modes for
fermions with spins at low energies as a function of the interaction
parameters yy¢ from Eq. (18). The red line corresponds to the holon
branch, the green line corresponds to the spinon branch, and the blue
dashed line marks a quantum of momentum v, = 2w /(mL); L = 400,
N =40, yyg = 3.44mU . Inset: Degree of double degeneracy [see the
definition in Eq. (19)] for the ground state in Fig. 3 with Ak = AL =0
as a function of the interaction parameter yyg.

thermodynamic limit, the first-order corrections to the quasi-
momenta k; in Eq. (17) become k;l) = 2k§0) Z;Aj=1 cos? y; /L.
This gives a condition of validity for the 1/U expansion of
the Bethe equations, Zk;]) /(mU k;o)), which is independent of
both indices j and [.

We use the latter to define a single parameter,

_ mL U
2N (14 3 Y0 cos yi)

that characterizes the degree of repulsion between fermions.
When yys > 1 the particles with opposite spin orientations
scatter strongly off each other and when yys < 1 they interact
weakly with each other. For example, this is manifested in a
change of degeneracy of the quasimomenta & that correspond
to the ground state of unpolarized Fermi particles, M = N /2.
We account for the degree of double degeneracy with respect
to spin 1/2 using

YrG (18)

L Z_],-Vz_ll(kjﬂ —kj)
TN '

This quantity is D = 1 when each momentum state of free
fermions is doubly occupied (U = 0) and is D = 0 when each
momentum state is occupied by a single particle (U = 00).
The crossover from one regime to another occurs at yyg = 1
where D crosses the value of 1/2 (see inset in Fig. 4).

The ground state of the model in Eq. (2) has zero spin
polarization when the external magnetic field is absent, M =
N /2. To be specific we consider the ground states with even
values of N and M. Excited states contributing to the spectral
function satisfy the number of particles being constrained to
be N + 1. In the U = oo limit the lowest-energy eigenstates
for a fixed momentum P = —kp 4+ AP are given by a set of
integers in Fig. 3 with Ak =0 and AP = AX [24]. In the
opposite limit of free fermions, the lowest-energy eigenstates

D=2 (19)

PHYSICAL REVIEW B 90, 014309 (2014)

for a fixed momentum P = —kp + A P are doubly degenerate
with respect to spin 1/2 and are given by the set of integers
in Fig. 3 for each spin orientation. The quasimomenta in both
limits are smoothly connected under adiabatic deformation of
Eqgs. (12) and (13) from U = oo to U = 0 marking the edge
of the spectral function in Eq. (3) for arbitrary U.

At low energies the eigenstates are strongly mixed in
the spin sector due to spin-charge separation [7] implying
that A, (k,e) = A, (k,e). The excitations of the system are
spinons and holons which are well approximated by the spinful
generalization of the Tomonaga-Luttinger model with only
four free parameters v, , and K, ,. The pair of velocities is
the slopes of the linearized dispersions of the charge and spin
excitations at £k . Using the representation of the eigenstates
in Fig. 3 they are

_ L(E,—Ey) _ L(Es-E))
P 2 ’ - 27

where E|, E;, and E3 correspond to the energies of the states
with (Ak =0, AL =0), (Ak =2x/L, AL =0), and (Ak =
0, AX =2m/L), respectively [25]. The numerical evaluation
of v, , as a function of the interaction parameter yyq [26] is
presented in Fig. 4. For yy = 0 both velocities coincide, v, =
v; = vp. For large yyg > 1 the holon velocity doubles, v, =
2vp, due to strong repulsion between particles with opposite
spin orientations [27], and the spinon velocity becomes zero,
v, = 0, since it vanishes as ~ 1/(m?U) in this limit [18]. The
other pair of Luttinger parameters can be obtained directly for
Galilean invariant systems using v, , and the Fermi velocity
K, - =vr/v,, Where vp = M/L, without the need of a
second observable such as compressibility [7].

Beyond the linear regime the position of the edge of the
spectral function is given by following of the low-energy
spinon mode. Numerical evaluation shows that gcge.(k) =
Ey — Ey, where E; corresponds to the states in Fig. 3 with
Ak =0 and k = —kp + AX, is close to a parabola for all
values of yy¢ (see Fig. 5). For yys = Othe shape of the spectral
edge mode is exactly parabolic following the dispersion of
free Fermi particles. For yy > 1 deviations from a parabola
are largest. We quantify them by comparing the effective mass
m*, obtained by the best fit of Eq. (1) at all energies, with the
spinon velocity v, from Eq. (20), obtained at low energy [28].
The deviation (v, — kr/m*)/v, decreases as the number of
particles N grows but it saturates at a finite value of ~0.2 in
the limit N — oo [29] (see the inset in Fig. 5).

The edge of the spectral function in the complementary part
of the fundamental range, kr < k < 3kp, also has a parabolic
shape. The eigenstates with the smallest eigenenergies for
a fixed momentum k in this range are connected with
their counterparts in the —kp < k < kr range by a shift
of the spin variables A; — A; + 27/L. Repeating the same
numerical procedure as before for geqge (k) = Ex — Eo, where
Ej corresponds to the states in Fig. 3 with Ak =0 and
k = kr + AX, we obtain the result in Eq. (1) with kg = 2kp.In
the “hole region” ¢ < p, the position of the edge of the spectral
function is obtained by reflection of e.qq. (k) With respect to the
line € = u.

The parabolalike behavior of the edge mode breaks down
in finite-sized systems in the ultrastrong interaction regime
when the spinon velocity v, becomes smaller than its own

. (20)

o
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— fit by Eq. (1)
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-1 -0.5

0 0.5 1
k/kp

FIG. 5. (Color online) Dispersion of the spectral edge mode
(extension of the spinon branch to high energies) for fermions with
spins for different values of the interaction parameter yyg = 0,1,6.88;
L =400, N = 40. The blue triangles, green squares, and red ellipses
are the numerical solutions of Egs. (12) and (13); the solid black lines
are the best parabolic fits by Eq. (1). Inset: Difference between the
slope of the parabolic dispersion at E -, which is given by the effective
mass m*, and the velocity of spin waves at low energies, which is
obtained directly from Eq. (20) [(v, — kr/m*) /v, ] as a function of
the number of particles N for yys = 6.88. The solid black line is the
1/N fit,a + b/ N, that gives a = 0.22 [29].

quantum set by the finite size of the system v; = 27 /(mL) (see
the dashed line in Fig. 4). Correspondingly, the threshold for
entering this regime becomes yyg — o0 in the thermodynamic
limit, as observed in Fig. 4 when v; — 0. When v, < vy,
the behavior of the system is dominated by doubling of the
period in the momentum space from 2k to 4k, which can be
seen explicitly from Eqgs. (11) and (15) in the U = oo limit.
The doubling in the spinful case is a direct consequence of
Galilean invariance of the model in Eq. (2). However, it does
not manifest itself in the thermodynamic limit for finite spinon
velocities v, > vy, for which the edge of the spectral function
is still 2k periodic.

IV. EFFECTIVE FIELD THEORY

Eigenmodes above the spectral edge can be described by
“the mobile impurity model” [15] with two different types
of fields that account for all possible low-energy excitations
with respect to a state on the spectral edge with a given
momentum k in Figs. 2 and 3. One field is responsible
for bosonic excitations around Fk; whose behavior is well
approximated by the Tomonaga-Luttinger model. Another
field models the dynamics of the holelike degree of freedom,
as observed in Fig. 2 for a large AP. For a k away from
+kp creation of a second or removal of the existing holelike
excitation is associated with a significant energy cost, thus the
corresponding field describes a single Fermi particle.

The interaction between the deep hole and the excitations
at +ky is of the density-density type since their corresponding
energy bands are separated by a large barrier. Bosonization of
the excitations at £k leaves two unknown coupling constants
between a pair of the canonically conjugated variables of the
Tomonaga-Luttinger model and a fermionic field of the deep
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hole that can be identified by considering two different physical
properties [10,30]. One is translation invariance of the hybrid
system that can be represented as a motion of a fermionic
excitation in a bosonic fluid with the velocity u = (V0) /m.
Another is an observable that corresponds to the change of the
total energy with respect to long-range variations of the density,
which for the hybrid systems is given by dp = — (Vo) /7.
Here ¢ and V6 are the canonically conjugated variables of the
Tomonaga-Luttinger model that correspond to the density and
the current of the hydrodynamic modes, respectively.

For a fixed value of k, the dynamics of the free Bose-
like and the free Fermi-like fields can be linearized for states
close to the spectral edge. Using the dispersion in Eq. (1)
for the Fermi-like field and the Luttinger parameters for the
Bose-like field, the mobile impurity model reads

_ v , . (Vo)?
H_/dx|:2ﬂ (K(V@) +7K )

k(K —1 K+1
4—( K=Dgp, &+ )V¢>dw
m* K

as ikV
+m( ! )d} 1)
2m* m*

where —kp < k < kp is the total momentum of the system—
an input parameter of the model, m* = mK is the effective
mass of the deep hole, v and K are the Luttinger parameters
defined at £k, the fields 6 and ¢ are the canonically conju-
gated variables [¢(x),VO(y)] = in§(x — y) of the Tomonaga-
Luttinger model, and the field d obeys the Fermi commutation
rules {d(x),d'(y)} = 8(x — y).

The Hamiltonian in Eq. (21) can be diagonal-
ized by a unitary transformation [8,10]. The rota-
tion e VHeV, where U= [dy[C.(VKO+¢/VEK)+
C_(VKO —¢/VK)ldld and Ci=QVEK)'[k(K —1)+
kr(K + 1)]/(k = kF), eliminates the coupling term between
the fields turning Eq. (21) into a pair of free harmonic models.
Then, the observables can be calculated in a straightforward
way as averages over free fields only.

The spectral function in Eq. (3) can be calculated using
the effective field model [8]. The original operators VANES)
of Fermi particles of the model in Eq. (2) correspond to a
composite excitation consisting of two bosons and one fermion
in the field language of the model in Eq. (21) (see the state
in Fig. 2). The fermionic excitation gives a dominant contri-
bution to the spectral weight |{f|y1(0)|0)|?, thus at leading
order in [& — €eqge(k)| close to the spectral edge the spectral
function reads A(k,e) = fdt dx e (dT(x,1)d(0,0)) where
d(x,t) =eHd (x)e'f" and (---) is the zero temperature
expectation value with respect to the model in Eq. (21). In
the diagonal basis the average is evaluated over free fields by
standard means. Following the steps of Ref. [10] we obtain
A (g,k) ~ Ole — geqge(k)]/1€ — cqge(k)|“, where the exponent
depends only on the Luttinger parameter K,

K 12
a:l——(l——). (22)

2 K

This result is the same for the particle and the hole parts of the
spectrum. Here K is given by the analytic result in Eq. (8).
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Excitations above the spectral edge for Fermi particles with
spin can be described using the mobile impurity model in an
analogous way [13,24]. The number of bosonic fields doubles
due to the two spin orientations. Bosonization of the modes at
+kp gives a diagonal Tomonaga-Luttinger model in the basis
of spin and charge fields. Here there are four unknown coupling
constants between two pairs of the canonically conjugated
variables of the Tomonaga-Luttinger model and the Fermi-like
field of the deep hole. One pair of constants that corresponds
to the coupling to spinon modes is zero due to the symmetry
with respect to the spin orientation in the original microscopic
model in Eq. (2), where the external magnetic field is zero.
Another pair of the constants that correspond to the coupling
to holon modes can be identified by considering the same
physical properties as for the Fermi particles without spin.

Using the result in Eq. (1) and the Luttinger parameters, the
mobile impurity model reads

H= /dx[ (K (V6,) +(v“’°’))
a,oa

Vg —

+ (Kg V8, + Vg,)d'd

; k? ikV
+d' [ — — d|, (23)
2m* m*

where k is the total momentum of the system—an input
parameter of the model; m* = mK, is the effective mass
of the deep hole; v,, K,, vy, and K, are the four Lut-
tinger parameters for the spin and the charge modes; the
bosonic fields 6,,¢,.05,¢, are canonically conjugated vari-
ables [¢q (x),VOg(y)] = induepd (x — y) of the Tomonaga-
Luttinger model; and the field d obeys the Fermi commutation
rules {d(x),d'(y)} = 8(x — y).

The diagonalization of the Hamiltonian in Eq. (23) can be
done by a unitary transformation in a very similar fashion to
the spinless case [13,24]. The rotation e 'UHeU where U =
JdxIC.(/Ko0 + ¢/ JK,) + C_(JK,0 — ¢/ /K )ld'd
and  Co=F /K, 82k —ke)(K;' T K, D)/(k/K, +
kr/K,), removes the coupling term in the Hamiltonian
in Eq. (23) allowing straightforward calculations of the
observables.

The spectral function in Eq. (3) can be evaluated within
the framework of the effective field model in the same
way. The original Fermi operators W(I (x) in the form factor
I(f |1//; (0)]0)|? correspond to composite excitation consisting
of two bosons (one for spin and one for charge) and one
fermion in the field language of the model in Eq. (23) (see
the state in Fig. 3). The fermionic part gives the dominant
contribution to the spectral weight, thus the spectral function
reads A(k,e) = [ dt dx e"*"(d'(x,1)d(0,0)) where d (x,t) =
e Hid (x)e'f and (- --) is the zero temperature expectation
value with respect to the model in Eq. (23). In the diagonal
basis the average is evaluated over free fields by standard
means. Following the steps of Ref. [13] we obtain in proximity
of the edge A (g,k) ~ 0[e — eqge(k)]/1€ — Ecdge(k)|* where
the exponent depends only on a pair of the dimensionless
Luttinger parameters and the momentum along the spectral
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edge,
2
11K, k—kr)(is + 52)
“=E T (i)
(%) — (&)
2
(k — kr) L
- % Ki + f (ZK”K“ o f”K“) o))
, (%) = (&)

The result is different for the particle (+) and the hole (—)
sectors. The values of the Luttinger parameters obtained
numerically using Eq. (20) (see Fig. 4) give divergent values of
0 < o < 1 in the particle sector and cusplike positive powers
—1 < a < 0 in the hole sector.

V. BOSONS

While our primary interest lies in Fermi particles, for
completeness and to test the generality of our result we
consider Bose particles without spin [31]. In this case the
application of the Bethe-ansatz approach is very similar to
the case of Fermi particles without spin [18]. Our approach
of solving a discrete model is complementary to previous
approaches to this problem based around numerical solution
of the continuum form of the Bethe-ansatz equations and
a comparison with a mean-field-like result from the Gross-
Pitaevskii equation [32].

We closely follow the original approach of Lieb and
Liniger in Ref. [33]. In the coordinate basis a super-
position of N plane waves, W = [ - fLﬁz dxy - -dxy
> e Xy keixi gf Xocy ority Yi@x) -l (xy) |vac), is an eigen-
state, HWV = EW, of the model in Eq. (2) with the correspond-
ing eigenenergy £ = 21;1:] k% / (2m). Here the operators ¥ (x)
obey the Bose commutation rules [ (x), ¥ (y)] = §(x — y),
> p is a sum over all permutations of N quasimomenta &,
and the scattering phases 2¢; = log[(k; — ky + i2mU)/(k; —
ky —i2mU)]/i are fixed by the two-body scattering problem.

The periodic boundary condition quantizes a set of N
quasimomenta simultaneously,

N
kL — Z 201 = 2ml;, (25)
I=1#]

where I; is a set of nonequal integer numbers. The total
momentum of N particles, P = Z k;,is aconserved quantity.

The nonlinear system of equatlons Eq. (25), can be solved
explicitly in the limit of infinite repulsion. The hard-core
bosons in this limit are identical to free fermions [34] which
decouples Eq. (25) into a set of plane wave quantization
conditions, k; = 27 1;/L. The corresponding eigenstates are
Slater determinants whose classification is identical to that of
free fermions—all many-body states correspond to all sets of
N nonequal integer numbers. These values of quasimomenta
k; can be adiabatically continued under a smooth deformation
of Eq. (25) by varying the interaction strength from U = oo
to an arbitrary value of U.

The single parameter that controls the behavior of inter-
acting bosons can be obtained from the Bogoliubov theory in
the weak interaction regime [35]. This theory is valid when
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FIG. 6. (Color online) The sound velocity of the collective modes
for spinless bosons v at low energies as a function of the interaction
parameter y; ; from Eq. (26) (red line) and the quantum of momentum
vy =2 /(mL) (blue dashed line); L =200, N =20, and y, =
0.2mU.

the interaction length is smaller than the kinetic energy of
particles, e.g., the high-density limit. The same parameter can
be generalized to arbitrary interaction strengths [33],

2mUL
N

When y;; <« 1 the interacting particles are like bosons and
when y; > 1 the system is almost a free Fermi (Tonks-
Girardeau) gas.

The eigenstates contributing to the spectral function in
Eq. (3) satisfy the number of particles being constrained to
be N + 1. The lowest energy state for a fixed momentum
—kp + AP, where kp = N/L, is given by the sets of
integer numbers in Fig. 2. At low energies the system is well
approximated by the Tomonaga-Luttinger model with only two
free parameters [7,32]. Using the parametrization in Fig. 2, the
first Luttinger parameter (the sound velocity of the collective
modes) is a discrete derivative v = L(E, — E)/(2m), where
E| and E; are the energies of the states in Fig. 2 with AP =0
and AP = 2 /L. For Galilean invariant systems the second
(dimensionless K) Luttinger parameter can be obtained from
the relation vK = vy where vy = w N/ (mL) [19]. Numerical
evaluation of v as a function of the interaction parameters y; 1,
is given in Fig. 6.

Beyond the linear regime the position of the edge of the
spectral function is given by the momentum dependence of
the states in Fig. 6, gcqge(k) = Ex — E¢ where Ej corresponds
to the states with k = AP. Numerical evaluation shows that
the shape of geqge(k) is close to a parabola for all values of
v (see Fig. 7). The biggest deviation from a parabola occurs
when y;; < 1. We quantify it by comparing the effective mass
m*, obtained by the best fit of Eq. (1), with v in Fig. 6, obtained
at low energies. The deviation (v — kr/m*)/v increases as the
number of particles N grows but it saturates at a finite value
of ~0.1 in the limit N — oo (see inset in Fig. 7).

As with Fermi particles with spin, for finite systems the
parabolalike behavior of the spectral edge mode breaks down
in the ultraweak interaction regime when the sound velocity of
collective modes at low energies mode becomes comparable
with its own quantum set by the finite size of the system v; =

YL = (26)
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0.1

® 1L =05
—a—b/N

A YLL =X

o =05
L — fit by Eq. (1)

YL =1

1 15 2
k/kp

FIG. 7. (Color online) Dispersion of the spectral edge mode for
spinless bosons for different values of the interaction parameter y, =
0.5,1,00; L =200, N = 20. The blue triangles, green squares, and
red ellipses are the numerical solutions of Eq. (25), the solid black
lines are the best parabolic fits by Eq. (1). Inset: Difference between
the slope of the parabolic dispersion at Ep, which is given by the
effective mass m*, and the velocity of the sound modes, which is
obtained by direct evaluation of the energy of the first excited state
above the Fermi energy [(v — kr/m™) /v] as a function of the number
of particles N for y,;, = 0.5. The solid black line is the 1/N fit,
a —b/N, that gives a = 0.09.

2m/(mL) (see the dashed line in Fig. 6). Correspondingly,
the threshold for entering this regime becomes y;; — 0 in
the thermodynamic limit, as observed in Fig. 6 when v; — 0.
When v ~ v; the edge of the spectral function is linear at all
energies, including the high-energy domain, with the slope that
is governed by the kinetic energy of a single free Bose particle.
These findings are consistent with the work in Ref. [32] where,
within their methodology, the authors find a breakdown in
parabolicity in the region of small y; ; and a result consistent
with GPE.

VI. CONCLUSIONS

In this work, we have analyzed the spectral edge mode
for a variety of one-dimensional models with short-range in-
teractions that bounds from below a continuum of many-body
excitations. Explicit diagonalization by means of Bethe-ansatz
techniques shows this mode to have an almost perfect parabola
dispersion in all cases. Based on this emergent phenomenon,
the spectral edge mode can be described empirically by a
free, nonrelativistic particle with effective mass identified
from the low-energy theory as a free electron mass strongly
renormalized by interactions via the dimensionless Luttinger
parameter K (K, for particles with spin). However, unlike
a free particle, the spectral edge mode is not protected by a
symmetry, thus deviations from the quadratic dispersion may
develop—the biggest discrepancy (<20%) occurs for Fermi
particles with spin and a very large interaction strength. The
empirical model remains robust for finite sound velocities
of the collective modes at low energies v (v,) > v;, where
v; = 2m/(mL) is the quantum of momentum.

The relevance of the Luttinger (low-energy) parameters
beyond the low-energy limit implies that they can be extracted
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using a much wider range of experimental data using the
whole energy window from the bottom of the band to
the Fermi energy. However, the dispersion of the spectral
edge mode itself cannot be used as a qualitative feature to
rule out interaction effects since the interactions between
particles do not change the parabolic shape of the single-
particle dispersion. The biggest deviations could be observed
for strongly interacting spinful fermions (K, 2 10), e.g.,
electrons in semiconductors at low densities or cold Fermi
atoms in a 1D trap that would require a good resolution of the
experiment.

The main result of this paper, Eq. (1), complements the
mobile impurity model which was developed by Glazman and
co-workers as a description of one-dimensional systems above
the spectral edge at high energies. Our explicit expression for

PHYSICAL REVIEW B 90, 014309 (2014)

the dispersion of the edge mode removes an arbitrary input
parameter (curvature of the dispersion) that leaves only the few
Luttinger parameters and the bare electron mass as a minimal
set of necessary ingredients to model excitations above the
spectral edge at arbitrary energies. Within such a framework,
for example, exponents of the spectral functions are expressed
explicitly in terms of only a few Luttinger parameters. The
results in Egs. (22) and (24) provide a systematic way to
classify the edge exponents for a wide range of microscopic
parameters.
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Studying interacting fermions in one dimension at high energy, we find a hierarchy in the spectral
weights of the excitations theoretically, and we observe evidence for second-level excitations exper-
imentally. Diagonalizing a model of fermions (without spin), we show that levels of the hierarchy are
separated by powers of R?/L?, where R is a length scale related to interactions and L is the system length.
The first-level (strongest) excitations form a mode with parabolic dispersion, like that of a renormalized
single particle. The second-level excitations produce a singular power-law line shape to the first-level mode
and multiple power laws at the spectral edge. We measure momentum-resolved tunneling of electrons
(fermions with spin) from or to a wire formed within a GaAs heterostructure, which shows parabolic
dispersion of the first-level mode and well-resolved spin-charge separation at low energy with appreciable
interaction strength. We find structure resembling the second-level excitations, which dies away quite
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rapidly at high momentum.

DOI: 10.1103/PhysRevLett.114.196401

The challenge of understanding interacting electrons is a
major open problem. Progress has so far relied on being
able to assume a linear relation between energy and
momentum that restricts our understanding to the low
energy and low momentum excitations where this assump-
tion is valid. This has led to the notion of a Fermi liquid [1]
and, in one dimension, a Luttinger liquid [2], where those
excitations are described as quasiparticles. In the case of the
Luttinger liquid, the quasiparticles are quite distinct from
the underlying electrons. In this Letter we have studied a
model of interacting fermions where we are not constrained
by linearization to low energies and find that the many-
body solutions can be characterized in a hierarchical
fashion by their “spectral weight”—a quantity determining
how the solutions connect to physical observables. At the
top of this hierarchy is an excitation that looks like a single
underlying fermion but with a new dispersion. We then
look for evidence of this hierarchy by undertaking experi-
ments of momentum-conserved tunneling in 1D quantum
wires of electrons. We see both the first and second levels of
this hierarchy, indicating that this characterization is a
robust feature of 1D interacting electrons. Despite its
differences from Luttinger-liquid behavior, we are able
to show how our hierarchy crosses over to the more familiar
Luttinger liquid at low energies.

Our theoretical approach is the full microscopic diago-
nalization of a model of spinless fermions with short-range
interactions and the evaluation of its spectral function via
Bethe ansatz methods. We find that the spectral weights of
excitations have factors with different powers of a ratio of
lengths, R?/L? (which will be defined below) separating
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them into a hierarchy. The dispersion of the mode formed
by excitations with zero power, which we call the first level,
is parabolic (see Fig. 1) with a mass renormalized by the
Luttinger parameter K [3]. The continuous spectrum of the
second-level excitations produces a power-law line shape
around the first-level mode with a singular exponent —1.
Around the hole edge (h0a in Fig. 1) the continuous
spectrum reproduces the spectral edge singularity predicted
by the very recently proposed mobile impurity model [4],

e j a
/| pla (1) \ 2:
pOb (1)){{p0b (r) ple(r)
/ \ \
- / \ L _§
\\ //// p@\\\\ // \\\\ ///
A\ v
/7// \\ \\\\ /7/\\\k‘
~ /—kp  h0a // kg \ /// 3k
\ / \\ /
\
\ [|ROD (r) N hle(r)
\ s \ !/
A /

FIG. 1 (color online). The main features of spectral function for
spinless fermions in the region —kp<k<kp (kp<k<3kp) labeled
by 0(1). The gray areas mark nonzero values, p(h) shows the
particle(hole) sector, k. is the Fermi momentum, a, b, ¢, respec-
tively, identify the level in the hierarchy in powers 0,1,2 of
R?/L?, and (r, [) specifies the origin in the range—modes on the
edge have no such label.
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but gives a different power-law behavior of the spectral
function around the opposite particle edge (p0b in Fig. 1).

Experimentally, we measure the momentum-resolved
tunneling of electrons (fermions with spin) confined to a
1D geometry in the top layer of a GaAs-AlGaAs double-
quantum-well structure from or to a 2D electron gas in the
bottom layer. Probing the spectral function for spinful
fermions in this setup we find the same general picture that
emerges from the calculation for spinless fermions. We
observe a single parabola (which particle-hole asymmetry
is manifested in relaxation processes [5]) at high energy,
together with well-resolved spin-charge separation (a dis-
tinct Luttinger-liquid effect) at low energy with appreciable
interaction strength (ratio of charge and spin velocities
v./vg=1.4) [6,7]. In addition, we can now resolve the
structure just above kg that appears to be the edge of the
second-level excitations (p1b). However, for higher k we
find no sign of the higher-level excitations, implying that
their amplitude must have become at least 3 orders of
magnitude weaker than for the first parabola (40a). This
can only be explained by the hierarchy of modes developed
in the theory part of this Letter.

Spinless fermions.—We study theoretically the model of
interacting Fermi particles without spin in one dimension,

= [ L_/:L/Z)dx(—ﬁwwx)w(x) - UL, (1)

where the field operators w(x) satisfy the Fermi com-
mutation relations, {w(x),y (x)} =8(x—x), px) =
w' (x)y(x) is the particle density operator, and m is the
bare mass of a single particle. Below, we consider the
periodic boundary condition w(x + L) = w(x), restrict
ourselves to repulsive interaction U > 0 only, and take
7 = 1. The response of a many-body system to a single-
particle excitation at momentum k and energy ¢ is described
by a spectral function that, in terms of the eigenstates, reads
as (8] A(k,e) = LY [|(flw'(0)[0)*8(e — Ef + Eo)d(k—

P)+ OO Ey - Eg)s(k+ Py)]. where E,
is the energy of the ground state |0), and Pf and E, are
the momenta and the eigenenergies of the eigenstates |f);
all eigenstates are assumed normalized.

In the Bethe ansatz approach the model in Eq. (1) is
diagonalized by N-particle states parametrized with sets of
N qanimomenta k; that satisfy the nonlinear equations

z#j ]n[ ( i(kj+k;) + 1 — 2mUeik,)/(ei(k_,+k/) +
1 - 2mUe’k')}/z = 2axl; [9], where I; are sets of non-
equal integers. The dimensionless length of the system £ =
L/R is normalized by the short length scale R, which is
introduced using a lattice (with next-neighbor interaction)
as the lattice parameter (and interaction radius) R that
provides microscopically an ultraviolet cutoff for the
theory. The latter procedure at high energy is analogous
to the point-splitting technique [10] at low energy. Solving
the lattice equations in the continuum regime, which

corresponds to the thermodynamic (N, £ — oo, but N/L
is finite) and the long wavelength (N/L<1 with N/L
finite) limits, we obtain [11]

2nl; mU 2zl
k; = b = > )
mUN mUN \2
! L T mUAF1 mU + 1 I#] (['_mU+l)

The corresponding eigenenergy and total momentum
(protected by the translational invariance of the system)
are E =) k7/(2m) and P = )" k;. Using the algebraic
representation of the Bethe ansatz we obtain the form factor
for the spectral function in the same regime as [11,17]

22N T1, (k) - Py)?

[l ()I0)? = =+ T, (K] — k)2
[T -RPTI6 -P ®)

where Z = mU/(mU + 1)/[£ = NmU/(1 + mU)] and k/
and kY are the quasimomenta of the eigenstate |f) and the
ground state |0).

This result is singular when one or more quasimomenta
of an excited state coincide with that of the ground state.
The divergences occur in the first term of Eq. (2) but the
second (which is smaller in 1/£) term provides a cutoff
within the theory, canceling a power of Z>~L~2 per
singularity; when N quasimomenta k/f coincide with k?,
Eq. (3) gives L|{f|w"(0)|0)> = 1. We label the many-body
excitations by the remaining powers of £72 [18], e.g., pOb:
p(h) indicates the particle (hole) sector, O(1) encodes the
range of momenta —kp<k<kp(kp<k<3kr), and a,b,c
reflect the terms £~2"* with n =0, 1,2. All simple modes,
formed by single particlelike and holelike excitations of the
ground state k7, are presented in Fig. 1 and the spectral
function along them is evaluated in Table I. Note that the
thermodynamic limit involves both £ — oo and the particle
number N — oo and the finite ratio N/L ensures that the
spectral weight of the subleading modes, e.g., the modes
pOb, hlb, and hlb(r), is still apparent in the infinite
system.

Excitations around the strongest a¢ modes have an
additional electron-hole pair in their quasimomenta, which
introduces an extra factor of £72,

A GV )
L (k] =Ky = k)*”

The energies of the electron-hole pairs themselves are
regularly spaced around the Fermi energy with slope vp.
However, degeneracy of the many-body excitations due to
the spectral linearity makes the level spacings nonequi-
distant. Using a version of the spectral function smoothed
over energy, A(e) = [® o /zdeA(s + €, k)/eg, where ¢ is a

[{Flw (0)[0)* =
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TABLE L

Spectral weights A(k, €,(k)) along the a and the b modes for —k<k<kp (kp<k<3kj) labeled by

x = 0(1). Here a is the index of the mode, e.g., @ = h0a, and other terminology is the same as in Fig. 1;y = 2z/L

and Z =mU/(mU + 1)/[L — NmU/(1 + mU)].

x=0 x=1
pxa 1
hxa 1
pxb 16Z2K2K2/ (k2 = (ki + 7)%)* 4222 (k= ke + 372/ (k= ke + 72k = kg + 27)°
pxb(l) 472 (kg + k)2 / K2
peb(r) 422k — I/
hxb 472 (Bkg — k — )2 (kg + k)2 /K3 (k — kg +7)?
hxb(l) 47272 /(k + kg + 2y)? ZPER ) ((k +7)* — k2)?
hxb(r) 47%y% ) (k — kg — 2y)?

small energy scale, we obtain A(e) = Z22kp(3k% + k%)/
(myK) (‘ShOa - 8)719(6‘}10(1 - 8) and A(S) = Zz(k + sgn(s—
gpla(l))kF)s/(myK)‘g - Spla(l)l_l’ where VY= 2”/‘5 and
the dispersion of the a modes is parabolic, &0,(k) =
&p1a) (k) = k2/(2mK), with the mass renormalized by
the Luttinger parameter K [3], around the hOa and
pla(l) modes. The exponent —I coincides with the
prediction of the mobile-impurity model [20], where the
spectral edge is an a mode, h0a.

Excitations around the » modes belong to the same level
of hierarchy as the modes themselves, Eq. (4), giving a
more complicated shape of the spectral function. Let us
focus on one mode, p0b. It has a new power-law behavior
characterized by an exponent changing with k from
A(e)~(e —e,05)° for k=0 to A(e)~const— (& — &)
for kakp, where e,0,(k) = k%/(mK) — k*/(2mK). This
is essentially different from predictions of the mobile-
impurity model. Here we observe that the phenomenologi-
cal model in Refs. [21] is correct only for the a-mode
spectral edge but higher-order edges require a different
field-theoretical description. The density of states is linear,
v(e)~(e = €,05), but level statistics varies from having a
regular level spacing (for kK commensurate with kz) to an
irregular distribution (for incommensurate k), which is
another microscopic difference between the a and b modes.

Now we use the result in Eq. (3) to calculate another
observable, the local density of states. This is independent
of position for the translationally invariant systems
and, in term of eigenmodes, is [8,22] p(e) =
£ (0)[0) (e ~ E; + Eo) + |01y (0)|)[28(e+
E; — E,)]. The leading contribution for ¢ > 0 comes from
the a modes, p(e) = 0(¢)/2mK /e, which gives the same
1/+/¢€ functional dependence as the free-particle model—
see red line in Fig. 2. Around the Fermi energy the
Tomonaga-Luttinger model predicts power-law suppres-
sion of p(e)~|e — u|KTK7)/2=1 [2] (blue region in Fig. 2)
signaling that the leading-order expansion in the
LI{flw(0)]0)> =1 result is insufficient. We evaluate
p(¢) numerically in this region using determinant repre-
sentation of the form factors for the lattice model instead of
Eq. (3) (inset in Fig. 2) [11,23]. Away from the point € = p

the particle-hole symmetry of the Tomonaga-Luttinger
model is broken by the curvature of the dispersion of the
a modes. For £<0 the leading contribution to p(¢) comes
from b modes. Using Eq. (4) we obtain p(e) = 27%k%/
(ruK)[2(1 = 3el/u) /i cot™ (\/Iel/u)/ /Tel + 6]6(=e).
which contains another van Hove singularity p(e) =
27Z°k%/ (yK \/j€) at the bottom the conduction band (green
line in Fig. 2).

Having established the theoretical framework for expect-
ing a hierarchy of modes in our calculation, we now turn to
experiment and the evidence from momentum-conserving
tunneling of electrons. Electrons, being spin-1/2, do not
directly correspond to the model above (and neither is there
a method known for calculating the necessary form factors
for spinful fermions). Nevertheless, the general picture that
emerges for the experiment is qualitatively the same as we
have established theoretically above and it provides addi-
tional support for the existence of a hierarchy.

A

a-excitations

— | b-excitations

. 1800 6.7 6.7 18.0 x10~3
Luttinger le — p|

liquid

ol----- o o T T T ——

N
>

3

FIG. 2 (color online). The local density of states for spinless
fermions: red and green lines show the contribution of @ and b
excitations and the blue line indicates the Luttinger-liquid regime.
Inset is a log-log plot around the Fermi energy: the blue points are
numerical data for N = 71, L = 700, mV = 6 giving K = 0.843,
and the dashed line is p(e) = const|e — p|(K+K7)/2=1,
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Fermions with spin.— We study experimentally in a
high-mobility GaAs-AlGaAs double-quantum-well struc-
ture with electron density around 2x10'3 m~2 in each layer.
Electrons in the top layer are confined to a 1D geometry by
split gates. Our devices contain an array of ~500 highly
regular wires to boost the signal from 1D to 2D tunneling.
The small lithographic width of the wires, ~0.18 pum,
provides a large energy spacing between the first and
second 1D subbands, allowing a wide energy window for
electronic excitations in the single-subband case—see
device schematic in Fig. 3(f) and more details in Ref. [7].

The 2DEG in the bottom layer is separated from the
wires by a d = 14 nm tunnel barrier (giving a spacing
between the centers of the wave functions of d = 34 nm). It
is used as a controllable injector or collector of electrons for
the 1D system [24]. A sharp spectral feature in the density
of states of the 2DEG produced by integration over
momenta in the direction perpendicular to the wires can
be shifted in energy by a dc bias between the layers, in
order to probe different energies. Also, an in-plane mag-
netic field B applied perpendicular to the wires changes the
longitudinal momentum in the tunneling between layers
by Ak = eBd/h, where e is the electronic charge, and so
probes the momentum. Together they reveal the dispersion
relation of states in each layer. In this magnetic field range
the system is still within the regime of Pauli paramagnetism
for the electron densities in our samples.

We have measured the tunneling conductance G between
the two layers [see Fig. 3(f)] in detail in a wide range of
voltage and magnetic field, corresponding to a large portion
of the 1D spectral function from —k to 3kx and from —2u
to 2u [Fig. 3(a)]. At low energy we observe spin-charge
separation [7]. The slopes of the charge (C) and spin (S)
branches—black dashed lines—are »,~2.03x10° and
v~ 1.44x10° ms~!, respectively, with v./v~1.440.1
[11]. This large ratio, together with a strong zero-bias
suppression of tunneling [7], confirms that our system is in
the strongly interacting regime.

Unavoidable “parasitic” (p’) tunneling from narrow 2D
regions connecting the wires to the space constriction [7],
superimpose a set of parabolic dispersions, marked by
magenta and blue dotted lines in Fig. 3(a) on top of the 1D
to 2D signal. Apart from them we observe a 1D parabola,
marked by the solid green line in Fig. 3(a), which extends
from the spin-excitation branch at low energy. The position
of its minimum gives the 1D chemical potential u~3 meV
and its crossings with the line V. = 0, corresponding to
momenta —kp and kp, give the 1D Fermi momentum
kpr8x107 m™L.

All other edges of the 1D spectral function are con-
structed by mirroring and translation of the hole part of the
observable 1D dispersion, the dashed green and blue lines
in Fig. 3. We observe a distinctive feature in the region just
above the higher V. = 0 crossing point (kg): the 1D
peak, instead of just continuing along the noninteracting

FIG. 3 (color online). Measurement of the tunneling differential
conductance G = dI/dV for two samples, each consisting of a
set of identical wires of length L = 10 (a)~(d) and L = 18 ym
(e), sketched in inset (f). (a) Intensity plot of dG/dV 4. to 2u. The
line is the 2D dispersion. The green solid line marks the a modes,
dashed green lines the » modes, and dashed blue the ¢ modes
(as in Fig. 1); dotted magenta and blue lines are parasitic 2D
dispersions. Spin (S) and charge (C) modes are indicated with
black dashed lines. 7 = 300 mK. (b) Enlargement of the replica
feature in (a) just above kg. It appears as a pale band (slowly
varying G) between the two green curves, after a red region
(sharp rise in G). (c) The same as in (b), but with the gate voltage
over most of the parasitic (p’) region changed to move the p’
parabolas. (d) G vs V. at various fields B from 3 to 4.8 T [from
(a)]; + and x symbols on each curve indicate, respectively, the
voltages corresponding to the dashed and solid [p1b and pla(l)]
green lines in (a) and (b), showing the enhanced conductance
between the two. (e) dG/dVy for a second device, at
T<100 mK. The replica feature is similar to that shown in
(b) and (c) for the other sample.

parabola, broadens, with one boundary following the
parabola [pla(/)] and the other bending around, analogous
to the replica p1b. This is observed in samples with different
wire designs and lengths [10 (a)—(d), and 18 pm (e)] and at
temperatures from 100 up to at least 300 mK. The strength of
the p1b feature decreases as the B field increases away from
the crossing point analogously to that for spinless fermions in
Table I [25], though it then passes a p’ parabola. (b)
and (c) show the replica feature [26] for two different
positions of the p’ parabolas using a gate above most of
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the p’ region, showing that the replica feature is independent
of the p’ tunneling. G is plotted in (d) on cuts along the V.
axis of (a) at various fields B from 3 to 4.8 T; between the +
and x symbols on each curve is the region of enhanced
conductance, characteristic of the replica p 1 5. The amplitude
of the feature dies away rapidly, and beyond the p’ parabolas,
we have measured up to 8 T with high sensitivity, and find no
measurable sign of any feature above the experimental noise
threshold. This places an upper limit on the amplitude of any
replica away from kj of at least 3 orders of magnitude less
than that of the ¢ mode (h0a).

Making an analogy with the microscopic theory for
spinless fermions above, we estimate the ratio of signals
around different spectral edges using the 1D Fermi wave-
length, Az ~ 80 nm for our samples, as the short-range
scale. The amplitude of signal from the second (third)-level
excitations is predicted to be smaller by a factor of more
than 22/L% = 6x1075 (A}/L* = 4x107°), where the
length of a wire is L = 10 ym. These values are at least
an order of magnitude smaller than the noise level of our
experiment. Thus, our observations are consistent with the
mode hierarchy picture for fermions.

In conclusion, we have shown that a hierarchy of modes
can emerge in an interacting 1D system controlled by the
system length. The dominant mode for long systems has a
parabolic dispersion, like that of a renormalized free
particle, in contrast with distinctly nonfreeparticle-like
behavior at low energy governed by the Tomonaga-
Luttinger model. Experimentally, we find a clear feature
resembling the second-level excitations, which dies away at
high momentum.

We acknowledge financial support from the UK EPSRC
through Grants No. EP/J01690X/1 and No. EP/J016888/1.
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The natural excitations of an interacting one-dimensional system at low energy are the hydrodynamic modes
of a Luttinger liquid, protected by the Lorentz invariance of the linear dispersion. We show that beyond low
energies, where the quadratic dispersion reduces the symmetry to Galilean, the main character of the many-body
excitations changes into a hierarchy: calculations of dynamic correlation functions for fermions (without spin)
show that the spectral weights of the excitations are proportional to powers of R?/L?, where R is a length-scale
related to interactions and L is the system length. Thus only small numbers of excitations carry the principal
spectral power in representative regions on the energy-momentum planes. We have analyzed the spectral function
in detail and have shown that the first-level (strongest) excitations form a mode with parabolic dispersion, like
that of a renormalized single particle. The second-level excitations produce a singular power-law line shape to
the first-level mode and multiple power laws at the spectral edge. We have illustrated a crossover to a Luttinger
liquid at low energy by calculating the local density of states through all energy scales: from linear to nonlinear,
and to above the chemical potential energies. In order to test this model, we have carried out experiments to
measure the momentum-resolved tunneling of electrons (fermions with spin) from/to a wire formed within a GaAs
heterostructure. We observe a well-resolved spin-charge separation at low energy with appreciable interaction
strength and only a parabolic dispersion of the first-level mode at higher energies. We find a structure resembling
the second-level excitations, which dies away rapidly at high momentum in line with the theoretical predictions

here.

DOI: 10.1103/PhysRevB.93.075147

I. INTRODUCTION

Predicting the behavior of interacting electrons is a sig-
nificant open problem. Most progress to date has been made
at low energies where the linearization of the single-particle
dispersion led to the construction of Fermi [1] and, in one
dimension, to Luttinger-liquid theories [2] in which the natural
excitations are fermionic quasiparticles and hydrodynamic
modes, respectively. The only significant progress beyond
the linear approximation has been achieved via the heavy
impurity model, for Fermi [3-5] and Luttinger [6] liquids,
showcasing threshold singularities drastically different from
the low-energy behavior. In this paper, we investigate one-
dimensional (1D) fermions beyond the linear approximation
where the natural many-body excitations form a hierarchical
structure, which we have recently discovered [7], in sharp
contrast with the Fermi quasiparticles or hydrodynamic modes.
We obtain the dynamical structure factor, in addition to the
already known spectral function, and construct an inductive
proof for calculating the form factors that are necessary for the
dynamical response functions of the spinless fermion model.
Experimentally, we demonstrate control over the interaction
energy a 1D wire manifested as a change of the ratio of the
charge and spin velocities at low-energy scales. We find a new
structure resembling the second-level excitations, which dies
rapidly away from the first-level mode in a manner consistent
with a power law.

We analyze theoretically the dynamic response functions—
that probe the many-body excitations—for spinless fermions
with short-range interactions. Our approach is exact di-
agonalization via Bethe ansatz methods: the eigenenergies

2469-9950/2016/93(7)/075147(21)
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are evaluated in the coordinate representation and form
factors—for the corresponding eigenstates—are derived in
the algebraic representation, via Slavnov’s formula [8]. On
the microscopic level, the excitations arrange themselves into
a hierarchy via their spectral weights—given by the form
factors—with different powers of R?/L?, where R is the
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FIG. 1. Regions of the energy-momentum plane dominated by
two different principal regimes of the system (bottom): hydrodynamic
modes of the Luttinger liquid (top right) at low energies (marked with
cyan color in the bottom panel) and the hierarchy of modes (top left)
in the rest of the plane.
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particle-particle interaction radius and L is the length of the
system. As a result, only small numbers of states—out of an
exponentially large Fock space of the many-body system—
carry the principal spectral power in representative regions on
the energy-momentum plane, see Fig. 1, allowing an analytical
evaluation of the observables.

At small energy, this hierarchy crosses over to a hy-
drodynamic behavior, see Fig. 1, which we illustrate by
calculating the local density of states. At low energy, it is
suppressed in a power-law fashion according to the Tomonaga-
Luttinger theory. Away from the Fermi point where the Lorentz
invariance is reduced to Galilean by the parabolicity of the
spectrum, the local density of states is dominated by the
first(leading)-level excitations of the hierarchy. This produces
a 1/,/€ van Hove singularity, where ¢ is the energy measured
from the bottom of the conduction band. At even higher
energies, the second-level excitations produce another 1/+/]e[
van Hove singularity on the other side of the band edge, in the
forbidden for the noninteracting system region.

Using this framework, we study the response of the
correlated system to adding/removing a particle in detail, given
by the spectral function. The first-level excitations form a
parabolic dispersion, like a single particle, with a mass renor-
malized by the Luttinger parameter K [9]. The continuous
spectrum of the second-level excitations produces a power-law
line shape around the first-level mode with a singular exponent
—1. Around the spectral edges, the second-level excitations
give a power-law behavior of the spectral function. For the
hole edge, the exponent calculated microscopically reproduces
the prediction of the phenomenological heavy impurity model
in one dimension [6]. However, around the particle edge, the
second-level excitations give a power-law of a new type.

Experimentally, momentum-resolved tunneling of elec-
trons confined to a 1D geometry has been used to probe
spin-charge separation in a Luttinger liquid [11,12,38,39]. This
separation was observed to persist far beyond the energy range
for which the Luttinger approximation is valid [12], showing
the need for more sophisticated theories [37]. Particle-hole
asymmetry has also been detected in relaxation processes
[10]. In this paper, we measure momentum-resolved tunneling
of electrons in the upper layer of a GaAs-AlGaAs double-
quantum-well structure from/to a 2D electron gas in the lower
layer. This setup probes the spectral function for spinful
fermions. We observe a well-resolved spin-charge separation
at low energy with appreciable interaction strength—a distinct
effect of the spinful generalization of Luttinger liquid [2]. The
ratio of charge and spin velocities is v, /vs & 1.8 [12]. At high
energy, in addition to the spin and charge curves, we can also
resolve the structure just above kg that appears to be the edge of
the second-level excitations. However, the amplitude decays
rapidly and for higher & we find no sign of the higher-level
excitations, implying that their amplitude must have become
at least three orders of magnitude weaker than for the parabola
formed by the first-level excitations. The picture emerging out
of these experimental results can only be explained—though
only qualitatively—by the hierarchy that we study for spinless
fermions.

The rest of the paper is organized as follows. In Sec. II,
we describe the one-dimensional model of interacting spin-
less fermions introducing a short-range cutoff via lattice.
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Section III contains a procedure of finding the many-body
eigenenergy by means of the coordinate Bethe ansatz. In
Sec. IV, we evaluate the form factors needed for the dynamical
response functions. We give a construction of the algebraic
representation of the Bethe ansatz (Sec. IV A) and evaluate the
scalar product in this representation (Sec. IV B). We present
a calculation of the form factors for the spectral function and
the dynamical structure factor for a finite chain (Sec. IV C).
We take the limit of long wavelengths deriving polynomial
formulas for the form factors (Sec. IV d). Then, we analyze the
obtained form factors establishing the hierarchy of excitations
(Sec. IV e). Finally, we calculate the spectral function around
the spectral edges (Sec. IVf). In Sec. V, we illustrate the
crossover to a Luttinger liquid at low energy by evaluating
the local density of states at all energy scales. Section VI
describes experiments on the momentum-conserved tunnelling
of electrons in semiconductor wires. Section VII is dedicated
to low energies and in Sec. VIII, we analyze the measurements
at high energies connecting the experiment with the theory on
spinless fermions developed in this paper. The figures below
are marked with spinless and spinful logos (such as those
in Fig. 2 and 7, respectively) to indicate the structure of the
paper visually. Appendix A contains details of the derivation
of the Bethe equations in the algebraic representation. In
Appendix B, we derive the expectation value of the local
density operator.

II. MODEL OF SPINLESS FERMIONS

We study theoretically the model of interacting Fermi
particles without spin in 1D,

o~

H= f dx(—iw(xmvf(xwULp(x)z), (0
—L 2m

where the field operators ¥ (x) satisfy the Fermi commutation
relations, {y(x). ¥/ (x)} = 8(x —x)), p(x) = YiC)Y(x) is
the particle density operator, and m is the bare mass of a single
particle. Below, we consider periodic boundary conditions,
Y(x + L) = ¥(x), restrict ourselves to repulsive interaction
U > 0 only, and take i = 1.

Nonzero matrix elements of the interaction term in Eq. (1)
require a finite range of the potential profile for Fermi particles.
Here, we will introduce a lattice with next-neighbor interaction
whose lattice parameter and interaction radius is R. The model
in Eq. (1) becomes

L

~ [, i
H = Z [E(W;lﬁjﬂ + ¥+ Upjpjﬂ], (2
j=—%
where j is the site index on the lattice, the dimensionless length
of the system is £ = L /R, the operators obey {wj,lﬂ;} = dij,
and p; = yly;.

The long-wavelength limit of the discrete model corre-
sponds to the model in Eq. (1), while the interaction radius R
provides microscopically an ultraviolet cutoff in the continuum
regime. For the N-particle states of the lattice model, we
additionally impose the constraint of low particle density,
N/L <« 1, to stay within the conducting regime; a large
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occupancy N ~ L might lead to Wigner crystal physics
at sufficiently strong interactions that would localize the
system. This procedure is analogous to the point splitting
regularization technique [15], which is usually introduced
within the framework of the Luttinger liquid mode in the linear
regime.

III. SPECTRAL PROPERTIES

The model in Eq. (2) can be diagonalized via the Bethe
ansatz approach, which is based on the observation that the
eigenstates are superpositions of plain waves. This method
is also called coordinate Bethe ansatz [13]. The eigenstates,
following Ref. [13], can be parameterized with sets of N
quasimomenta k,

>

Pj<-<ijn

ei ke it Y erpy w;] .. 1//jTN |vac). 3)

Their corresponding eigenenergies, HV = EWV, are E =
Z?]:l (1 —cosk;)/m. Here, |vac) is the vacuum state, the
scattering phases are fixed by the two-body scattering problem,

etk 41 4 2myU etk
T el 4 [ 4+ 2mUeikr
and ) 5 is a sum over all permutations of quasimomenta.

The periodic boundary condition quantizes the whole set of N
quasimomenta simultaneously,

Lk =2 g =2ml; 5)
I#]

ol —

@

where I; are sets of nonequal integer numbers.

Generally, the system of equations in Eq. (5) has to be
solved numerically to obtain the full spectral structure of
the observables. However, in the long-wavelength regime, the
solutions can be evaluated explicitly.

In this limit, the scattering phases in Eq. (4) are linear func-
tions of quasimomenta, 2¢; = (k; — ki)/(1 + (mU)™") + 7,
which makes the nonlinear system of Bethe ansatz equations
in Eq. (5) a linear system [9]. Then, solving the linear system
for £ >> 1 via the matrix perturbation theory up to the first
subleading order in 1/L£, we obtain

i 27TIj mU Z 277.']1
I = S mUN T MUN 2
£ mU+1 mU +1 I#]j (E - sz+l)

(©)

Note that this calculation is valid for any interaction strength
at low densities. The corresponding eigenenergy and total
momentum (protected by the translational invariance of the
system) are

g
J

and P = Z j k,

The spectrum of the many-body states is governed by the
first term in Eq. (6). Reduction of the quantization length in the
denominator of the first term in Eq. (6) is an exclusion volume
taken by the sum of interaction radii of all particles. Thus all
N -particle eigenstates at an arbitrary interaction strength are
given straightforwardly by the same sets of integer numbers /;
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as the free fermions’ states, e.g., the ground state corresponds
tolj =-N/2,...,N/2.

For example, this result can be used to calculate the low-
energy excitations explicitly that define the input parameters
of the Luttinger-liquid model, the velocity of the sound wave v
and of the Luttinger parameter K . The first pair of the particle-
like excitations, when an extra electron is added just above the
Fermi energy, have Iy = N/2+ 1 and Iy = N/2+2.
The difference in their energies and momenta are £, — E; =

Qr )’ N/[2m(L — 202 '] and P, — P, = 27/ L. Evaluating
the discrete derivative, which gives the slope of the dispersion
around the Fermi energy, as v = (E, — E)/(P, — P;) we

obtain

vp NmU \?
V= and K=(1——7—-—-—],
(] _ M) L +mU)
LA4+mU)

®

where vp = 7 N/(mL) is the Fermi velocity and the relation
vK = vr between the Luttinger parameters for Galilean
invariant systems [14] was used.

IV. MATRIX ELEMENTS

Now we turn to the calculation of matrix elements.
However, first we need to select operators that correspond
to specific observables. Our interest lies in the dynamical
response functions that correspond to adding/removing a
single particle to/from a correlated system and to creating
an electron-hole pair excitation out of the ground state of a
correlated system. For example, the first type of dynamics can
be realized in experiments using semiconductor nanostructures
[11,12] where an electrical current, generated by electrons
tunneling into/from the nanostructure with their momentum
and energy under control, probe the system.

The response of the many-body system to a
single-particle excitation at momentum k and energy

e is described by spectral function [16] A(k,e) =
—Im[f dxdte' =G (x,0,t)]sgn(e — p)/m. Here,
@ is  the chemical potential and G(x,x’,1) =

—i(T(e "My (x)e''yi(x"))) is the Green function at
zero temperature. In terms of the eigenstates, the spectral
function reads

Atk,e) = LY [(fIY1 )0} (e — Ef + Eg)d(k — Py)
f

+LY KOO8 + Ef — E)d(k + Py),
f

®

where E is the energy of the ground state |0), and P; and E s
are the momenta and the eigenenergies of the eigenstates | f);
all eigenstates are assumed normalized.

The creation of an electron-hole pair out of the correlated
state at zero temperature at momentum k and energy &
is described by a dynamical structure factor [16] S(k,e) =
fdxdte[(“_”)(,o(x,t)p(0,0)), where p(x,t) = e H! p(0)e! "
is the density operator evolving under the Hamiltonian to time
t and the average (... ) is taken over the ground state. In terms
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of the eigenstates, the dynamical structure factor reads

Stk,e) =LY [(f1p(0)|0)I*8(c — E)8(k — Py).  (10)
f

Thus we will be analyzing the expectation values of the
local operators r(0) and p(0). To proceed with this calculation,
we will borrow the result from Refs. [17,18] for Heisenberg
chains. Our strategy is to perform the full calculation for the
discrete model in Eq. (2) obtaining the matrix elements of v,
and p; as determinants. Then we will take the long-wavelength
limit to evaluate the form factors for the continuum model
explicitly, which will be the main technical result in the
theoretical part of this paper. Below, we will construct the
algebraic form of Bethe ansatz, use the Slavnov’s formula [8]
to express the scalar product and the normalization factors in
this representation, and finally calculate the matrix elements
of the local operators.

A. Algebraic Bethe ansatz

The wave functions of the N-particle eigenstates are
factorized in the algebraic representation, which allows the
general calculation of various scalar products between them.
Here, we will follow the construction in Ref. [13] for
XXZ spins chains changing basis from 1/2-spins to spinless
fermions.

The so-called R matrix acts on a tensor product V; ® V,
space and depends on an auxiliary parameter #, where V; and
V, are element-element subspaces, each of which consists of
two states |0); and |1);. It is a solution of Yang-Baxter equa-
tion Rip(uy — uz)Ri3(u1)Roz(u2) = Rop3(uz)Riz(u1) Ria(uy —
uy). For the lattice model in Eq. (2), the R matrix
reads

Riz =1 — (1 = b)(cjer + cfe)
_ 2b(u)CJ]rClC§CQ + c(u)(c{cz + C;CI)s (11

where

sinh(u)
sinh(u + 21)’

sinh(2n)

bw) = Sinh(a + 27)°

c(u) = (12)

Here, 7 is the interaction parameter, and the tensor product
space is defined using a fermionic basis |0); and [1); with

corresponding fermionic operators {ci,c;} = §;; that act in

these bases as cj.|0) ; = |1);. The latter will account for the
anticommuting nature of the lattice fermions on different sites
in contrast to the commutation relation of the spin operators
of a spin chain model [22,23]. All further calculations are
identical to spin chains where the anticommutation relations
of the Fermi particles are, however, automatically fulfilled.
This approach is more convenient than direct mapping of the
results for spin chains using Jordan-Wigner transformation
[19].

A two-states subspace of the R matrix can be identified
with the two-states fermionic subspace of the lattice site j
of the model in Eq. (2). Then, the quantum version of the
Lax operator (the so called L matrix) can be defined as L; =
R:;. In the auxiliary subspace £ its matrix and operator forms
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are
cosh(u—n(2p;—1)) . sinh 2nc;
L. cosh(u—n) t cosh(u—n)
! _jimh2ne  coshebnp=1)
cosh(u—mn) cosh(u—n)

AV(1 = clee) + [ CT + Bleg + Diclee.  (13)

Here, the top left element of the matrix is a transition between
|0)¢ and (O¢ states of the auxiliary subspace, ¢; and p; are
the fermionic operators of the lattice model in Eq. (2), and
AJ,BJ,C/, D/ label the matrix elements of L ;. The prefactor
in front of L; was chosen such that for u =in/2 — 7 it
becomes a permutation matrix and for = 0 the L operator is
diagonal.

By construction, the L operator satisfies the algebra
generated by the Yang-Baxter equation,

R(u — v)(Lj(u) ® Lj(U)) = (Lj(U) ® L_f(u))R(u —v).
(14)
The entries give commutation relations between the matrix
elements of L matrix. Here, we write down three of them that
will be used later,

c(u —v)

B),Ci} = ———(DIA] — D] A}), 15
{ u U} b(u—v)( vitu u v) ( )
aici= — L ciai _ Wi (g6
u-v b(U _ M) v u b(l) _ M) u v?
o 1 - — .
pici=—— Y cipi+ “=Vcipi )

Thw—v) " bu—v)

These relations can be also be checked explicitly by direct
use of the definition in Eq. (13) and the Fermi commutation
relations.

The transition matrix 7'(u) for a chain with £ sites—the
so-called monodromy matrix—can be defined similarly to the
classical problem as

L
T) = ZLj(u). (18)
j=1

If all single-site L matrices satisfy Eq. (14) then the T
matrix also satisfies the same Yang-Baxter equation, e.g., see
proof in Ref. [13]. Therefore the matrix elements of 7 =
Al — cch) +¢iC + Beg + Dclee in the 2 x 2 auxiliary
space & obey the same commutation relations in Egs. (15)—
(17). The transfer matrix for the whole chain,

v =strT = A(u) — D(u), (19)

is the super trace of 7" matrix due to the fermionic definition of
the auxiliary space [22,23]. The latter gives a family of com-
muting matrices [7(#),7(v)] = 0, which contain all conserved
quantities of the problem including the Hamiltonian.

The vacuum state |0)—in the Fock space of the model
in Eq. (2)—is an eigenstate of the transfer matrix 7. The
corresponding eigenvalue, 7(u)|0) = (a(u) — d(u))|0), is the
difference of the eigenvalues of the A and D operators which
can be obtained directly by use of the definitions in Egs. (13)
and (18). Noting that for £ =2 Eq. (18) gives A(u)|0) =
arw)ax(w)|0) and D(0)|0) = di(u)d2(u)]0), where a;(u) =
ay(u) = cosh(u +mn)/cosh(u —n) and diy(u) =dr(u) =1,
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and generalizing this observation for arbitrary £ one obtains

_cosh (u + -

a(u) cosh (u — n)L’

and d(u)=1. (20)

A general state of N particles’—Bethe state—is constructed
by applying the operator C(u) N times with different values
of the auxiliary variable u,

N
v =[]cwlo). @1
j=1
where a set of N values u; corresponds to N quasimomenta k;
in coordinate representation of Bethe states in Eq. (3). The state
in Eq. (21) with an arbitrary set of u ; is not an eigenstate of the
transfer matrix 7. For instance, it can be seen by commuting
the operators A and D from left to right through all operators
C(u;) that generates many different states according to the
commutation relations in Egs. (16) and (17). However, the
contribution of all of the states that are nondegenerate with
W can made to be zero by choosing particular sets of u; that
satisfy the following set of equations

a(u;) Noi 17 bl —u))
= (-1 _— 22
d(u;) b 1:11_;[&,' bu; — up) (22

(see Appendix A for details).

Under the substitution of the vacuum eigenvalues a(u )
and d(u;) of A and D operators from Eq. (20) and b(u; —
u j)—which define the commutation relations Egs. (16) and
(17)—from Eq. (12) this so-called eigenvalue equation above
becomes

cosh(u; — n)~ _ N sinh(u; — u; — 2n)
comna, v =V G = @

J =1 jT M
Thus all the sets of u; that satisfy the above equation give
eigenstates of the transfer matrix in the representation of
Eq. (21) with the corresponding eigenvalues t(u)¥ = T (u)\V,
where

b(u; —u) 2 b(u —uj)
24
This eigenvalue equation in the algebraic framework is the
direct analog of the Bethe ansatz equation (5) in the coordinate
representation. Direct mapping between the two is done by the
substitution of

al 1 N 1
Tw) = a(u) ]_[ - —(=DNdw) ]—[ . —
j=1 j=1

. h(u; —
iy S =) L oshan, (@25)
cosh(u; + 1)
in Eq. (5) and by taking its exponential.

Eq. (24), these matrix elements read in explicit form as
cosh (v, + 1)
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The original lattice Hamiltonian can be obtained from
the transfer matrix 7(u) that contains all of the conserved
quantities of the problem. The logarithmic derivatives of 7 (u)
give the global conservation laws by means of the so-called
trace identities, see Ref. [13]. The linear coefficient in the
Taylor series around the point u = % — 7 is proportional to
the Hamiltonian itself. After restoring the correct prefactor,
the expression reads

H— 7smhn
2

O Int()l, iz _,. (26)
m 2

Substitution of the interaction parameter n from Eq. (25) in
terms of the particle-particle interaction constant U into the
right-hand side of the above relation recovers the lattice model
in Eq. (2).

B. Scalar product

The basic quantity on which the calculations of the
expectation values will be based on is the scalar product
of two wave functions. A general way of evaluating it is
based on the commutation relations in Eqs. (15)—(17) and
the vacuum expectation values of the A and D operators. The
result of such a calculation simplifies greatly if one of the Bethe
states is an eigenstate of the transfer matrix t(u), as was first
shown by Slavnov [8]. Then, the same result was rederived
in Refs. [17,18] using the so-called factorizing F' matrix [20],
which is a representation of a Drinfeld twist [21]. The latter
will not be used in this section but it will be needed later in
calculations of the matrix elements of the local operators.

Let |u) = ]_[;v:1 C(u;)|0) be an eigenstate of the transfer
matrix so that N parameters u; satisfy the Bethe equation
in Eq. (23); and let (v| = (0| ]_[j.vzl B(v;) be another Bethe
state parametrized by a set of N arbitrary values v;. The
scalar product of these two states (v|ju) can be evaluated
by commuting each operator B(v;) through the product of
C(u ) operators using the commutation relation in Eq. (15),
which generates the A and D operators with all possible
values of u; and v;. They, in turn, have also to be commuted
to the right through the remaining products of the C(u;)
operators. Finally, products of the A and D operators, which
act upon the vacuum state, just give products of their vacuum
eigenvalues a(u;),d(u ;) and a(v;),d(v;) according to Eq. (20).
The resulting sums of products can be written, using the
relation between u;s in Eq. (23), in a compact form as a
determinant of an N x N matrix [8]:

[17;—) sinh(v; — u;)
[1;-isinh(v; —v) [];_; sinh(u; — u;)

where the matrix elements are S, = 9,7 (vp). Under a
substitution of the eigenvalues of the transfer matrix from

(vlu) = det8, (27)

y  sinh(2n) sinh(v, — u; + 2n)

b= ;
“ cosh” (vp — n) sinh?(u, — vp) i=1%a

sinh(27) ﬁ sinh(u; — vy + 21)
sinh(u; — vp)

=D

(2%

sinh?(vp — ug) i=1sa sinh(vy — u )

For N = 1, the result in Eqs. (27) and (28) follows directly from Eq. (15). For arbitrary N, the proof is more complicated: it
employs the residue formula [8] (the function (v|u) has first order poles when v; — u ;) and the recurrent relation for the scalar
product of N + 1 particles in terms of the scalar product of N particles, see also details in Ref. [13].
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The normalization factor of Bethe states can be obtained from Eq. (27) by taking the limit v — wu. The first-order singularities,
(vp — up)~", in the off-diagonal matrix elements (28) are canceled by zeros in the numerator in Eq. (27). The diagonal a = b
matrix elements contain second-order singularities (v, — up)~2 for v — u. However, the numerator also becomes zero when
v — uin the leading order. Its expansion up to the first subleading order cancels the second-order singularity of the denominator
giving a finite expression for the matrix elements in the limit. The normalization factor is found to be

N .
. sinh(u; —u; +2 ~
{ulw) = sinh*2n) ] sinh(u; = ui +20) 40 5. 29)
=1 sinh(u; — u;)
where the matrix elements are
_ sinh 2y _ sinh4n _
_ ‘C'cosh(u‘,-%—r;) cosh (1, —1) Zﬁﬁa sinh (uu—u,—Zn) sinh (u(,fu/+2n) ’ a= b’ 30
Qab = sinh 47 £b (30
sinh (up—1t,+2n) sinh (up—u,—21)° a :

The last formula was originally derived by Gaudin using
quantum-mechanical identities in the coordinate representa-
tion of Bethe ansatz [24]. Mapping of the resulting expression
in Ref. [24] to the algebraic representation by means of
Eq. (25) gives directly the result in Egs. (27) and (28) with
a different prefactors due to different normalization factors
in the definitions of the states in Eq. (3) and of the states in
Eq. (21). We will use the algebraic form in Eq. (21) for the
calculation of the local matrix elements below.

C. Expectation values of local operators

Operators of the algebraic Bethe ansatz in Egs. (13) and (18)
are nonlocal in the basis of the original fermionic operators of
the lattice model in Eq. (2). Thus the first nontrivial problem
in calculating the matrix elements of the local operators w;
and p; in the algebraic representation of Bethe states in
Eq. (21) is expressing the operators of our interest in terms
of the nonlocal A, B, C, and D operators from Eqgs. (13) and
(18). Alternatively, these Bethe operators can be expressed
in terms of the local operators of the lattice model. The
latter approach is much more complicated since the product
of matrices in Eq. (18) is a large sum (exponential in the
number of sites in the chain) restricting severely the ability to
do explicit calculations using the fermionic representation in
practice.

An alternative way was found by constructing the F-matrix
representation of a Drinfeld twist [20]. In the F basis, the
monodromy matrix in Eq. (18) becomes quasilocal, i.e., its
diagonal elements A and D become direct products of diagonal
matrices on each site over all sites of the chain and the off-
diagonal B and C are single sums over such direct products.
Direct calculations become much easier in this basis. Specifi-
cally, analysis of A, B, C, and D operators leads to a simple

independent [17,18],

vl = f“(%” - n>C<%T - n)r“(%’ - n>. G31)

Here, (1) = A(u) — D(u)is the supertrace of the monodromy
matrix and C(u) is its matrix element.

The transfer matrices in the right-hand side of the
above equation give only a phase prefactor in the expec-
tation values with respect to the Bethe states in Eq. (21).
Let |u) be an eigenstate of the transfer matrix with N
particles, let |v) be an eigenstate with N + 1 particles,
and let us consider the case of j = 1. Acting with the
t£=1(im /2 — i) operator on the eigenstates |u) gives the
eigenvalue ]_[N:l cosh®! (u; —mn)/ cosh®™! (u; + n) accord-
ing to Eq. (24). Then, using the mapping to the coordinate
representation in Eq. (25) and the Bethe equation in the form of
Eq. (5), this eigenvalue can be expressed as exp [i P,(L — 1)],
where P, is the total momentum of the state u;, a quantum
number. Similar phase factors for j # 1 are evaluated in an
analogous way and each of them cancels out under modulus
square in the form factor in Eq. (9) making the local form
factors independent of j in full accord with the translational
invariance of the system and the observable in Eq. (9). Thus
we will only calculate the value of (vlwlT [u).

Since C(%’ ) ij:l C(u;)|0) is also a Bethe state
|i7” —n,uj), though it is not an eigenstate, the expectation
value can be calculated using the result for the scalar product
<v|¢}|u> = (v|Z — n,u;). Substituting Z — n,u; inEgs. (27)
and (28) explicitly, one obtains

1—11]\1:-11 cosh(v; — 1)
H?;l cosh(u; + 1)
sinh¥*!(2n) det M

X
N . NFT o ’
[T <i=p sinh(u; — ui) [T; ;= sinh(v; —vi)

vyl ) = (=DM

result for representing the v; operator in terms of algebraic (32)
Bethe ansatz operators, which then is shown to be basis
|
where the matrix elements are
—N-! N sinh (up — u; + 29 ) AL
= (h# I H [] sinh(u, —v; —2m)+ [ sinhGey —v; +2n) | (33)
sinh(u;, — v,) =iz S (up —uj —2n) i=1a j=l%a
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forb < N + 1, and

1
cosh (v, — n)cosh (v, + 1)’

Mo = (34)
forb = N + 1. Here, the Bethe equation, Eq. (23), was used to
express a(v;)/d(v;) in the matrix elements, and some factors
in the matrix elements and the overall prefactor cancel out. This
result can be checked by a numerical evaluation of the sums
over the spacial variables using the coordinate representation
in Eq. (3) for a small number of particles N = 1,2,3, which
we have done.

The determinant results in Egs. (29), (27), and (32) can
be checked by a numerical evaluation of the sums over
the spacial variables using the coordinate representation in
Eq. (3). However, the latter summation over many coordinates
has factorial complexity, which already limits numerical
calculations to a few particles on chains of a few dozen sites.
The results of the algebraic Bethe ansatz calculations have
a power-law complexity that allows general studies, at least
numerically, of systems with hundreds of particles on arbitrary
long chains without making any approximations, e.g., the
studies of correlation functions in one-dimensional systems
in Refs. [25-30].

D. The long-wavelength limit

We now turn to the evaluation of the long-wavelength
limit for matrix elements in the determinant form with
the aim of calculating the determinants explicitly. The re-
sulting expressions will then be used to study physical
observables.

Such an analysis is more convenient in the coordinate
representation. For small k; the nonlinear mapping in Eq. (25)
becomes linear, similarly to Bethe equation in Eq. (5) in
this limit. Then, a simple inversion of the linear function
gives

i ImU+1 1
uj = W= 1kj and n= fiacosh(mU). 35)

Note that |u;| and k; are simultaneously much smaller than
one, while the interaction strength U can be of an arbitrary
magnitude.

We start from the expansion of the normalisation factor
in Eq. (29) up to the leading nonvanishing order in the
quasimomenta. We first substitute Eq. (35) in the matrix
elements in Eq. (30), then expand them up to the leading
nonvanishing order in k; < 1, and obtain the diagonal matrix
elements as follows:

(36)

0w =20 /mU—1 2(N—1)mU
“ mU+1  /m2U? -1
|

polynomials in quasimomenta of the initial and the final states,

D= (_1)N+1

[T, (AP +Kj)
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and

2mU

Qab 202 — 1 )
for a # b. The off-diagonal matrix elements are small com-
pared to the diagonal entries as Q5/ Qaq ~ 1/L so the leading
contribution to the determinant is accumulated on the diagonal.
Also expanding the prefactor of Eq. (29) in small k; we
obtain the following expression for the normalisation in the
long-wavelength limit:

€]

2 2 m N
V(DN = mU)Y (£ — 2%

iNVED T (k= ki) ’

where k; are quasimomenta in the coordinate representation
of Bethe ansatz.

Our primary interest lies in the spectral function that
contains the local matrix element of 1//; operators so here
we will focus on the determinant result in Eq. (32). Similarly
to the calculation of the normalization factor, we substitute
Eq. (35) into Eq. (33), which, however, becomes zero in the
zeroth order in k;. Expanding it up to linear order in k; we
obtain

(klk) =

(3%

N N+1

l)¥ Zj:l k? - Zj:l;éa k.lf)
ky — k2

forb < N +1,where AP =} ki — 3, kY is the difference

of two conserved quantities, the momenta of two states k" and

k’. The matrix elements in Eq. (34) are already nonzero in the
zeroth order in k; giving

My, = 2mUmU?* — (39)

2
mU +1°

for b = N + 1. Also expanding the prefactor in Eq. (32) and
rearranging the expressions by taking a common factor out of
the matrix elements we obtain

K|y O)k") =

My, = (40)

(_l)N+1iN22N2+N+%
mU — DN+ NyND

X )
[T5s (k= k) TS (k) = &)
(4D

where the entries of the matrix under the determinant, D =
det M, forb < N + 1 are

AP +k

My = ——=

ab k,f — k}:

All matrix elements are of the same order so the determinant

in Eq. (41) is a sum of a large number of terms unlike the

normalisation factor in Eq. (38). Doing the summation we

find an explicit expression in the form of a fraction of two

and My yi = 1. (42)

N N+1
[T =) TT (k) = &). 3)
j<i j<i

For N =1, the result above is evaluated straightforwardly as a determinant of a 2 x 2 matrix with the matrix elements
in Eq. (42). For arbitrary N we prove it by induction. Using the Laplace development on the N + 1 row, the determinant
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for N + 1 particles can be expressed as a sum of minors given, in turn, by determinants for N particles, Dy, =
ZS’:IZ (—=DHN+He A, v o minor, v, which—let us assume for purposes of the inductive method—are given by Eq. (43):

N u
[T (AP +ky) K N+2

i=l [Tk =) TT (&8 =) (44)

N,N+2 )
Hi:l,j:l#zz (k; - klu) Jj<i Jj<i#a

Here, M, n+1 are given by the matrix elements in Eq. (42), N quasimomenta kjf are labeled by j=1,...,N,and N + 1
quasimomenta k" are labeled by j = 1,...,N + 2 with ath elements excluded. After taking a common factor in front of the

minorg y 41 = (— 1)N+1

sum, the determinant for N + 1 particles becomes

(AP + k) TIVE (kY — k) TV (kY — &)

Dyi = (—DVF2 H/=1 Hj<i(k” k”) j<i i
ijg %
% 1 & (AP + kﬁ) vajlz#a (kf B kﬁm) nj'vzl (k7 - k:) (45)
AP+ ki i T (k= k) T (R = K2)

The sum in the above expression gives, by direct calculation,
Z{]lvjlz o= AP+ ky, 11 which makes the whole second line
unity. The determinant is equal to the first line of Eq. (45),
which is also equal to the result in Eq. (43) for N + 1 particles.
Thus we obtained the same result for N 4 1 particles starting
from Eq. (43) for N particles. Hence it is proved by induction.

Finally, the form factor in Eq. (9) is the modulus
squared of Eq. (41). Normalizing the initial and the final
state wave functions using Eq. (38) as |(f|1//‘L(O)|O)|2 =

[k [ O)IK) (k)™ (kOJK%) ™", we obain

, 22V T (k) - Py’

O = = —A L
{f1¥T(0)]0)] Z HI_AV,.;NH (kjf_k?)z
N N+1
< [T6 =R TT & &) @0
i<j i<j

where Z = mU/mU + 1)/(L — NmU /(1 + mU)), k]f and
k‘; are the quasimomenta of the eigenstate | /) and the ground
state |0), respectively, and Py = O for the ground state.

The calculation of (f|0(0)|0) is done in a similar way by
expressing the local density operator p;, within the framework
of the lattice model, in terms of the algebraic Bethe ansatz
operators A, B, C, D and, then, by using the Slavnov formula.
Details are given in Appendix B. In the long-wavelength limit,
we obtain

ON-2 p]%N

V4
[(f1p(0)]0)* =
" R RICR

N N
< [T®R =TTk —&/)%. @D
i<j i<j

where the final states | /) have the same number of excitations
N as the ground state |0), unlike in Eq. (46), and Py = O for
the ground state as in Eq. (46).

These form factors in Egs. (46) and (47) together with the
solution of Bethe equations in Eq. (6) is the main technical
result in the theory part of our work. We will analyze its
physical consequences in the next two sections. The similarity
between these two expressions means that the hierarchy of

modes we will identify below is a general feature of one and
two body operators.

E. Hierarchy of modes

The results in Eqs. (46) and (47) have one or more
singularities when one or more quasimomenta of an excited
state coincide with a quasimomentum of the ground state,
k{. = k?. Both results have a multiplicand Z>N ~ £72V that
becomes virtually zero in the thermodynamic limit, in which
L — oo. Thus the product of these two opposite factors
produces an uncertainty in the limiting behavior (of the
0 x oo type) that has to be resolved. Since we are specifically
interested in a transport experiment in this paper, in which the
spectral function is measured, we will mainly focus on solving
the uncertainty problem for the result in Eq. (46).

The maximum number of singularities is N in the extreme
case, when the quasimomenta k'f of an excited state coincide
with all of the N quasimomenta of the ground state k? given in
Fig. 2(gs). The excited states of this kind are given in Fig. 2(a).
The divergences in the denominator of Eq. (46) occur only in
the leading order—the first term in Eq. (6)—but the subleading
order—the second term in Eq. (6)—already provides a self-
consistent cutoff within the theory. The interaction shift of the
quasimomenta at subleading order does not cancel for the extra
added particle in the excited state, making the factors in the
denominator of Eq. (46)

f 0
W g0 - MY kyy1 = k;

J T UN °
mU+1£*»;nU+1

(4%)

where in the right-hand side (r.h.s.), only the first term from
Eq. (6) is relevant for k)C 4 and k?. The numerator for the states
in Fig. 2(a) becomes

K= Pr =K — k. (49)

Substitution of Eqgs. (48) and (49) in Eq. (46) for one particle,
say for j = N, cancels one factor Z> ~ £~ and the other part
of the product for i # j in the denominator of the first line of
Eq. (46) cancels partially the products in the second line of
Eq. (46). The expression for the remaining N — 1 particles is
the same as Eq. (46) but the numbers of terms in the products
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FIG. 2. Configurations of quasimomenta that solve the Bethe
equations in Egs. (5) and (4) for the spinless fermions model in
Eq. (2): (gs) the ground state, (a) excitations that form the a level of
the hierarchy, and (b) excitations that form the b level of the hierarchy.

are reduced by one, N — N — 1, giving
_ N-1/,0 2
Z2N-2 1‘[‘]_ (kj — pf)

EOI W -k

(f1¥T(0)]0))* =

N-1 N
< [T® =) TT( &) 0
i<j i<j

Repeating the procedure N — 1 times, we cancel the remaining
Z?N=2 factor completely (with the rest of other terms) and
obtain

LUFIWTO)0) = 1. 51

Corrections to this result originate from higher subleading
orders in the solutions to Bethe equations in Eq. (6) and are of
the order of O(£~"). This becomes much smaller than one at
the leading order of Eq. (51) in the thermodynamic limit.

Substitution of Eq. (51) in Eq. (9) gives the value of
the spectral function A(k,e(k)) = 1. The energies and the
momenta of the excitations in Fig. 2(a) form a single line
on the spectral plane, like a single particle with dispersion
e(k) = kz/(Zm*), where the effective mass is renormalized
by the Luttinger parameter K, m* = mK [47]. Note that,
since we still resolve individual levels here, the delta functions
in the definition of the spectral function in Eq. (9) become
discrete Kronecker deltas. Thus A(k,e) at each discrete
point k,e describes the probability of adding (removing) a
particle, which is non-negative and is bound by one from
above, instead of the probability density as in the contin-
uum case. Dimensional analysis makes this distinction clear
immediately.

The excitations that have one singularity less (N — 1 in
total) can be visualized systematically as an extra electron-
hole pair created in addition to adding an extra particle, see
Fig. 2(b). Staring from Eq. (46) and using the same procedure
as before Eq. (50) but N — 1 instead of N times, we obtain

22 (k) (K~ Py)’

1010y = ;

(52

where k{ s k{ , and k? are positions of two particles and one
hole in Fig. 2(b). Substitution of Eq. (52) in Eq. (9) gives
values of the spectral function A(k,&) ~ L£72 that are smaller
than the values for the excitations in Fig. 2(a) [in Eq. (9)] by

PHYSICAL REVIEW B 93, 075147 (2016)
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FIG. 3. The spectral function for interacting spinless fermions in
the region —kp < k < kr (kg < k < 3kg) labeled by 0(1). The grey
areas mark nonzero values. The green and the blue lines are modes
of the hierarchy labeled as follows: p(h) shows the particle (hole)
sector, kr is the Fermi momentum, a, b, c, respectively, identify the
level in the hierarchy in powers 0, 1, 2 of R? / L?, and (r,1) specifies
the origin in the range—modes on the edge have no such label.

a factor of £72. For two singularities less (N — 2 in total), we
find A(k,e) ~ £~* and so on.

This emerging structure separates the plethora of many-
body excitations into a hierarchy according to the remaining
powers of £72 in their respective form factors. We label the
levels of the hierarchy as a, b, c reflecting the factors £~2"
with n =0, 1, 2. While the leading a excitations form a
discrete single-particle-like dispersion, see h0a and pla(/)
lines in Fig. 3, the spectral properties of the subleading
excitations are described by a more complicated continuum
of states on the energy-momentum plane. We will explore the
b excitations below.

All simple modes, formed by single-particle and holelike
excitations of the type in Fig. 2(b), in the range —kr < k <
3kr are presented in Fig. 3. We use the following naming
scheme: p(h) indicates the particle (hole) sector, 0(1) encodes
the range of momenta —kgr < k < kp(kp < k < 3kg), a, b, ¢
reflect the terms £~2* with n = 0, 1, 2. The suffix () or ()
marks a particlelike mode, e.g., the states with in Fig. 2(b) with
ki = —kp —y, kO = kg, and kg > P; = —2kp + kI > —kg
forms the mode p0b(!). Holelike modes have no suffixes, e.g.,
the states in Fig. 2(b) with klf =—kp—vy, k'zf =kr+ y, and
—kp < Py = —k(f < kg form the mode pOb. Simple modes
formed by excitations of lower levels of the hierarchy are
obtained by translation of the » modes constructed in this
paragraph by integer numbers of +2kr. A couple of simple
modes formed by ¢ excitations are presented on Fig. 3. They
have the same naming scheme as the » modes.

Now we evaluate values of the spectral function along
all simple » modes in the range —kp < k < 3kp. Let us
start from the p0Ob mode, see Fig. 3. Along this mode, the
spectral function is a bijective function of k, A(k,&p0(k))
where € ,0,(k) = kl% /(mK) —k?/(2mK). The states that form
it belong to b excitations in Fig. 2(b) withk/ = —kp — y,kJ =
kp+y,andk = Py = fk?. Substituting this parametrization
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TABLE 1. Spectral weights along the a and the » modes
for —kp <k <kr (krp <k < 3kg) labeled by x =0(1). Ter-
minology is the same as in Fig. 3; y =2n/L and Z =
mU/mU + 1)/(L — NmU/(1 + mU)).

x=0 x=1
pxa 1
hxa 1
b 1622434 G 1
p 2=kt Uk ke +2)?
21 2
pxb(l) ket
ki
pxb(r) Al S
kg
422 Ghp—k—y) kg +h)®
hxb K2 (k—kpty )
2.2 Z2i2K?
hxb(l P —
Q) Utke 2y ety P2
47%y?
hxb(r) e
in Eq. (52), we obtain
16Z2kzk>
Ak, pop(k)) = (53

(k2 — (ke + y)1)?
The spectral function along all other » modes in Fig. 3 is
calculated in the very same way and the results (together with
a modes) are summarized in Table 1.

The amplitude of the subleading b excitations does not
vanish in the thermodynamic limit, though it is proportional to
1/L. The limit involves both £ — oo and the particle number
N — oobutkeeps the density N /L finite. The spectral weights
of the subleading modes pOb, h1b, and h1b(r) from Table I
are proportional to the density squared for some values for &,

Ak,e) =

Z%2ke (3K + k)6 (enoa(k) — €)

PHYSICAL REVIEW B 93, 075147 (2016)

e.g., the modes p0b at k = kg gives

mU \? N2
Al pop (k) = (1 +mU) i
1+mU

see Table I for other modes, and are apparent in the infinite
system.

Assessing further the continuum of b excitations we
consider the spectral function and how it evolves as one moves
away slightly from the of the strongest a mode. Just a single
step of a single quantum of energy away from the a mode
requires the addition of an electron-hole pair on top of the
configuration of quasimomenta in Fig. 2(a). This immediately
moves such states one step down the hierarchy to b excitations.
Let us consider the spectral function as a function of energy
only making a cut along a line of constant k. The energies of
the electron-hole pairs themselves are regularly spaced around
the Fermi energy with slope vg. However, the degeneracy
of the many-body excitations due to the spectral linearity
makes the level spacings nonequidistant. We smooth this
irregularity using an averaging of the spectral function over
energy,

@

_ ]

A(k,e):f O G—GA(k,nge), (55)
@ €

where € is a small energy scale.

Then, using the parametrization of b excitations in Fig. 2(b)
in the vicinity of the principal parabola, we linearize the
energies of the extra electron-hole pairs around the Fermi
energy and of the particle around its original position. We then
substitute the resulting expressions for k]f_ , and £? in terms of
the energy E from Eq. (7) in Eq. (52), similar to our procedure
of obtaining Eq. (53). Finally, we use the averaging rule in
Eq. (55) and obtain

for — kr < k < kg, (56)

mVK(glea(k) - 8)

Z%k + sgn(e — &p1anK)kr]?

Alk,e) =

fOI‘kF <k < 3kp, (57)

myK|e — &p1a0) (k)|

where y = 27 /L and g,,0,(k) = &p1a0)(k) = k*/(2mK) is the
parabolic dispersion of the a mode.

The resultin Egs. (56) and (57) can be interpreted as the line
shape of the a mode. However, it has an unusual form—namely
that of a divergent power law. The divergence at the parabola is
cut off by the lattice spacing recovering Z(k,e/,()u, pla(k)) =1
from Eq. (51). In Eq. (57), the line shape is asymmetric due
to different prefactors (k £ kg)® above and below the line. In
Eq. (56), the higher energy part [¢ > &j0,(k)] is absent due to
the absence of the excitation in this region, forbidden by the
kinematic constraint.

Not every simple mode marks a distinct feature. The states
at least on one side, above or below the mode in energy,
have to belong to a different level of the hierarchy than the
mode itself, which results in a divergence or in a jump of the
spectral function in the continuum of excitations. Otherwise,

the spectral function is continuous across all of the modes
that belong to the same level of the hierarchy as the excitations
around them. The @ modes are distinct since excitations around
them belong to a different b level. All modes on the spectral
edges, p0b, plb, h1b, and so on, are distinct since on one side
there are no excitations (due to the kinematic constraint) and
on the other side there is a finite density of states resulting in
a jump of the spectral function.

An example of an observable subleading mode in the
continuum is #0b(r). On the higher-energy side of this mode,
the excitations are described by the same type of states in
Fig. 2(b) but on the lower-energy side creation of an additional
electron-hole pair in the quasimomenta results in states that
have two noncancelled singularities in Eq. (46), which lowers
their corresponding level of the hierarchy to ¢ from b. This, in
turn, results in an observable feature in the spectral function

075147-10

99



NATURE OF THE MANY-BODY EXCITATIONS IN A ...

at the position of the 40b(r) mode. On the other hand, the
pOb(r) and h1b(l) modes in continuum are not detectable
since excitations on both sides around them belong to the
same b level of the hierarchy. Observability of all other modes
can be easily assessed in the same way by considering their
corresponding states in the form of Figs. 2(a) and 2(b) and
excitations around the modes.

The structure of the matrix element in Eq. (47) is quite
similar to the matrix element in Eq. (46). Thus the dynamical
structure factor exhibits the same hierarchy of excitations (and
modes formed by them) as the spectral function analysed in
detail in this section. The strongest excitations correspond
to only a single electron-hole pair, the first subleading level
corresponds to two electron-hole pairs, and so on.

Also, a similar hierarchy of excitations was observed in
numerical studies of spin chains, e.g., Refs. [25-27,31-33].
There, it was found that only a small number of electron-hole
pairs are sufficient to saturate the sum rules for the dynamics
response functions. For example, integration of Eq. (9) over
the energy and momentum,

/dadkA(k,s) =L-N, (58)

gives the number of empty sites. If a sum over only a small
number of electron-hole pairs in the intermediate state f in
Eq. (9) is sufficient to fulfill this rule in Eq. (58) then a few
electron-hole pairs already account for a major part of all of
the spectral density and the states with more electron-hole pair
have vanishing spectral weights, as in the hierarchy of modes
established in this work. Our analytic work demonstrates how
this can arise in a Bethe ansatz solution, though the numerical
studies of spin chains were done at large fillings (£ ~ N), for
which our result in Eq. (46) is not directly applicable.

F. Spectral edge modes

In this section, we consider another important role played
by the continuum of eigenstates, namely how they form the
spectral function close to the spectral edges. These edges
separate regions where there are excitations from regions
where there are none, see borders between white and grey
regions in Fig. 3. The recently proposed model of a mobile
impurity [34-37] gives a field-theoretical description of
the dynamic response functions around the spectral edges
predicting a general (divergent) power-law behavior A(k,e) ~
le — sedge(k)l_", see Refs. [28,34-37,40-46]. For spinless
fermions, the exponent of the spectral function is given by

2 K2

for both the particle (p0b) and hole edges (10a), where Eq. (8)
gives the Luttinger parameter K in terms of the microscopic
parameter of the model in Eq. (1). Here, we will compare
the field-theoretical result in Eq. (59) with the microscopic
calculation in Egs. (6) and (46). We find agreement in many
cases, but interestingly we also find some cases where the
mobile impurity results are not consistent with the analytic
solution, suggesting this field-theoretical approach is not the
complete story.

PHYSICAL REVIEW B 93, 075147 (2016)

The hole edge is an a mode, #0a, whereas the continuum
around it is dominated by b excitations. The spectral function
formed by these b excitations has already been calculated in
Eq. (56) giving the power-law behavior with the exponent
o = 1. Note that for spinless fermions the Luttinger parameter
K has only small deviations from 1 for arbitrary magnitude of
the short-range interactions, see Eq. (8). This makes the result
in Eq. (59) close to o =1 for all values of U; comparison
of small deviations (which are U-dependent) require a better
accuracy in evaluating Eq. (56). Thus the result of the
microscopic calculation coincides with the prediction of the
mobile-impurity model in Eq. (59) for the hole edge.

The particle edge is a b mode, p0Ob, and the excitations
around it belong to the same b level of the hierarchy as the
mode itself. Parameterizing the b excitations in this region of
the continuum as in Fig. 2(b) and using the averaging procedure
in Eq. (55) we obtain, repeating the same steps as before,
Eqgs. (56) and (57),

Ae) ~ (e — £p00)° (60)
for k ~ 0 to
A(g) ~ const — (& — &,0p) (61)

for k & kg, where ¢,05(k) = k3/(mK) — k*/(2mK). This is
a new power-law behavior characterized by an exponent «
changing essentially with k& from o« = -3 fork =0to a =
—1 for k &~ +kr and is different from the predictions of the
mobile-impurity model in Eq. (59). Here, we observe that the
phenomenological model in Refs. [34-36] is correct only for
the a-mode spectral edge but higher-order edges would require
a different field-theoretical description.

On a more detailed level, the difference between the particle
and the hole edges manifests itself in different statistics of level
spacings around the edges. An evaluation of the density of
states, v(k,&) = Zf 8(e — Ef)8(k — Py), is performed using
E s from Eq. (7) for a fixed momentum k. For b excitations in
Fig. 2(b), we obtain the same results,

v(k,e) ~ le — &ponhoa)(k)|, (62)

in the vicinity of both the particle pOb and the hole #0a edges.
However, the statistics of the level spacings

P(s,k) = 23(3 —(Epq1 — Ep)S(k — Py), (63)
!

where E; are assumed sorted by their values, is different in
the two regions. For the hole edge, the energy levels are spaced
regularly and are governed by the slope of dispersion at the
Fermi energy =~ v. This gives a bimodal P(s,k) with a sharp
peak at s = 0 (due to many-body degeneracy of almost linear
spectrum at Ep) and at s &~ vy. For the particle edge, the
statistics of the level spacings varies from having a regular
level spacing [for k commensurate with kg in Fig. 4(a)] to an
irregular distribution [for incommensurate & in Fig. 4(b)].

The change in the characteristics of the underlying statis-
tics is another microscopic difference between the particle
(b-mode) and the hole (a-mode) edges that signals a difference
in underlying physics for the particles and for the holes spectral
edges beyond the low-energy region.
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FIG. 4. Distributions of level spacings in the vicinity
(max(E; — €,0(k))/er = 1/100) of the particle mode pOb accumu-
lated along energy axis for the values of momenta (a) k =0 and
(b) k = 0.4355kg; N =2 x 10° and L = 2 x 10°.

V. LOCAL DENSITY OF STATES

Now we turn to another macroscopic observable, the local
density of states (LDOS), which describes the probability of
tunneling a particle in or out of the wire at a given position
in space and at a given energy. Since the model in Eq. (1) is
translationally invariant, the LDOS depends only on a single
variable—energy, making it a more convenient quantity to
study qualitatively how the physical properties change from
low to high energies. In this section, we will show how the
power-law result of the Tomonaga-Luttinger model [2] at low-
energy crosses over into the hierarchy of mode-dominated
behavior at high energy.

The probability of local tunneling at energy e
and at position x is described by [16] n(x,e)=
—Im[fdte‘ig’G(x,x,t)]sgn(s — w)/m, where p is the chem-
ical potential and G(x,x',t) = —i(T (e #'yr(x)e! 'yt (x)))
is the two-point correlation function at zero temperature. In
terms of eigenmodes, it reads

n(@) = LY (1w O)I0)*8e — E; + Eo)
!

+ O[O )8 + Ef — Eo)l, (64)

where the coordinate dependence drops out explicitly, the
eigenenergy Ey has already been calculated in Eq. (7) and
the matrix elements | (0] (0)] f)|? are given in Eq. (46). Note
that the definition in Eq. (64) is connected to the definition of
the spectral function in Eq. (9) via

n(e) = /dkA(k,e). (65)

The leading contribution for ¢ > 0 comes from a excita-
tions. Substituting the matrix element for the a excitations
from Eq. (51), we sum over the single-particle-like excitations
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FIG. 5. The local density of states for interacting spinless
fermions: the red and the green lines show the contribution of a
and b excitations and the blue line indicates the Luttinger-liquid
regime. Inset is a log-log plot around the Fermi energy: the points are
numerical data for N =71, L =700, mV = 6 giving K = 0.843,
and the dashed line is n(e) = const|e — p|K+E7/2-1,

[with & = k?/(2mK)] that form the mode and obtain

2mK
ne) =,/ - 0(e). (66)

This result gives the same 1/./¢ functional dependence—see
red line in Fig. 5—and the same 1/./¢ van Hove singularity
at the bottom of the band ¢ = 0 as the free-particle model.
For ¢ < 0, the leading contribution to n(e) comes from b
excitations. Instead of performing a summation in Eq. (64)

over every b excitation in this region, we use an intermediate
result in Eq. (56) where the matrix elements of b excitations in
Eq. (52) are already smoothed over many eigenstates and the
relation in Eq. (65). Evaluating the integral over & in Eq. (65),
after the substitution of Eq. (52) into it, for ¢ < 0 we obtain
27%k}
n(e) = —L0(—¢)
yuk
3le £
x 2(1 - L) oot [ ) 6] 67)
i el "

There is a finite probability to find a particle below the
bottom of the conduction band—green line in Fig. 5—which
is allowed only due to interactions between many particles.
The factor Z is proportional to the interaction strength V—see
Eq. (46)—making n(e) = 0 for ¢ < 0 in the free particle limit
of V = 0. At the bottom of the band below the ¢ = 0 point
in Fig. 5, the result in Eq. (67) contains another Van Hove
singularity,
(63)
which also disappears when V = (. The appearance of the
identical exponent as in Eq. (66) exponent 1/./|¢| seems
coincidental.

Around the Fermi energy (the point ¢ = u in Fig. 5), the
Tomonaga-Luttinger model predicts a power-law suppression
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of LDOS,
n(e) ~ |e — p| KK D21 (69)

e.g., see the book in Ref. [2]. However, the result for the
a-mode in Eq. (66) is finite at this point, n() = /2mK /.
In order to resolve the apparent discrepancy, we evaluate n(¢)
numerically around the Fermi energy using the determinant
representation of the form factors in Egs. (32) and (33) instead
of Eq. (46), which accounts for all orders in 1/L£, and indeed
find a suppression of LDOS around & = u, see blue line
in the inset in Fig. 5. This signals that the leading-order

expansion in the LI(fIIN(O)lO)l2 = 1 result is insufficient at
low energies. Very close to the Fermi point (the linear region
of the single-particle dispersion) all 1/£ orders of the Bethe
ansatz calculation are needed to reproduce the result of the
Tomonaga-Luttinger model, see dashed lines in the inset in
Fig. 5. However, away from the linear region, the particle-hole
symmetry of the Tomonaga-Luttinger model is broken by
the finite curvature of the dispersion and only the leading
1/L order in Eq. (46) is sufficient to account for the main
contribution there.

The general picture emerging in Fig. 5 is a power-law
crossover between different energy scales. At low energies
(blue region in Fig. 5) Eq. (46) breaks down and the
collective modes of the Tomonaga-Luttinger model are a better
description of the system. At high energies (the red and the
green regions in Fig. 5), the hierarchy of modes, which directly
follows from Eqgs. (46) and (6), becomes the dominant physical
picture. For spinless fermions, the extent of the crossover
region is large due to only small deviations from K = 1 for
arbitrary short-range interactions. For very small exponents
[(K + K~1)/2 — 1] « 1, the power-law in Eq. (69) deviates
significantly from 1 only in an extremely narrow region around
& = p having a large window of energies where it overlaps
with the a-mode result in Eq. (66).

VI. EXPERIMENTS ON SPINFUL FERMIONS

So far, in this paper, we have established the theoretical
framework for expecting a hierarchy of modes in a interacting
system at high energy. Now we turn to a measurement of tun-
neling of electrons in a one-dimensional (1D) nanostructure,
which gives experimental evidence for the existence of the
hierarchy. Electrons have spin 1/2, which does not correspond
directly to the model of spinless fermions in Eq. (1), and there is
currently no known method for calculating the necessary form
factors for spinful fermions. However, the general picture that
emerges from the experiment is qualitatively the same as our
result in the theory part of this paper.

The design of our device [12] is based on a high-mobility
GaAs—AlGaAs double-quantum-well structure (blue and yel-
low layers in Fig. 6), with electron densities around 3 and
2 x 108 m~2 in the upper and lower layers, respectively,
before application of gate voltages. Electrons in the upper
layer are confined to a 1D geometry (“wires”) in the x direction
by applying a negative voltage to split “finger” gates on the
surface (gold layer in Fig. 6).

Electrons underneath the gates are completely depleted,
but electrons below the gap between gates are squeezed into
a narrow 1D wire. The extremely regular wires are arranged
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FIG. 6. Schematic of the device made out of a double-well
heterostructure. The dark blue and cream layers are the lower
and upper quantum wells, respectively. The lower layer hosts the
two-dimensional electron gas (2DEG). The wires are defined in the
upper layer by gating. The gold top layer represents metallic gates
deposited on the surface of the semiconductor heterostructure. The
array of parallel “finger” gates defines the 1D wires in the upper well.
The white lines represent air bridges joining the finger gates together.
Current is injected from the ohmic contact on the right solely into the
upper well through the constriction at top right in the diagram. The
constriction is formed and pinched off by a split pair of gates, and
charge is induced again in the upper well in the constriction by a gate
in the center of the channel. The current then flows into the 1D wires
via the narrow, nominally 2D, regions shown in light blue. Tunneling
to the 2DEG below is possible, and this gives a small “parasitic”
current in parallel with the tunnel current from the 1D wires. To tune
this tunneling off resonance in the regions of interest by changing the
density, a “p” gate is placed above the “p”” regions and a voltage Vp
is applied. Current is prevented from flowing from the upper well into
the left-hand ohmic contact by a barrier gate shown on the left, which
only depletes the upper well. The red arrow shows the direction of
the externally applied magnetic field B, which is in the plane of the
wells and perpendicular to the wires.

in an array containing ~600 of them to boost the signal. The
small lithographic width of the wires, ~0.18 um, provides
a large energy spacing between the first and second 1D
subbands defined by spatial modes perpendicular to the wires
(~3—5 meV, probably somewhat smaller than for overgrown
wires [11]). This allows a wide energy window for electronic
excitations in the single 1D subband that covers a range of a
few chemical potentials of the 1D system. The lower 2DEG
(blue in Fig. 6) is separated from the wires by a d = 14 nm
tunnel barrier. The wafer is doped with Si symmetrically in the
AlGaAs barriers above and below the pair of wells. The doping
is separated from the wells by spacer layers. The spacing
between the centres of the two quantum wells is nominally
d =32 nm but we find a value of d = 35 nm fits the data
better, and this can be explained by the fact that the centres of
the wave functions will be slightly further apart owing to the
opposite electric fields in each well.

The 2DEG in the lower (dark blue) layer is used as a
controllable injector or collector of electrons for the 1D
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system [48,49]. The current / tunneling in the z direction
between the layers is proportional to the convolution of
the 1D and 2D spectral functions (a pair of peaks at k, =
+kr broadened in k, by the 1D confinement, and a circle,
respectively). An in-plane magnetic field B applied in the y
direction, perpendicular to the wires (show with a red arrow in
Fig. 6), produces a Lorentz force that changes the longitudinal
momentum k, acquired while tunneling between layers by
Ak = eBd/h, where e is the electronic charge. Thus B shifts
the spectral functions in k, relative to each other, and so probes
the momentum. One spectral function can also be shifted
relative to the other in energy by applying a voltage V between
the layers, in order to probe the 1D and 2D dispersion relations
at different energies. The conductance G = d1/dV has a peak
when the sharp features in the spectral functions have a signifi-
cantoverlap. At V = 0, this occurs when Ak is equal to the sum
or difference of the Fermi wave numbers kg and k, of the 1D
and 2D systems, respectively, so there are two peaks for B > 0,
at By = % |ky £ kg|. By sweeping B and V, one can map out
the dispersion relation of states in each layer. The range of
magnetic fields that we apply to the system is still within the
regime of Pauli paramagnetism for the electron densities in our
samples.

VII. LOW ENERGY

The results from two samples are presented, each consisting
of a set of identical wires of length L = 10 um (sample A)
and L = 18 um (sample B). First, we measure the tunneling
conductance G = dI/dB in a small range of voltages and
magnetic fields around V =0 and B = By =3.15 T that
corresponds to aregion on the momentum-energy plane around
the Fermi point (¢ = u,k = k), see Fig. 7. Below the Fermi
energy, we observe splitting of the single-particle line into
two lines with different dispersions—spin (S) and charge
(C) separation [11,12]—giving two different slopes vy and
v, (black dashed lines in Fig. 7). We assume that vy is the same
as for noninteracting electrons and so take it to be the gradient

FIG. 7. Intensity plot of dG/dB at low energies around the
Fermi point kg. Spin (S) and charge (C) dispersions are indicated
by dashed lines. The dotted lines indicate the parabolae expected in
the noninteracting model. The finger-gate voltage Vg = —0.70 V and
the temperature 7 ~ 300 mK (sample A).
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of the parabola at V = 0. We estimate v, from the positions of
steepest gradient and hence obtain v5 &~ 1.2 x 10° ms™' and
ve & 2.3 x 10° ms~! at the finger-gate voltage Vg = —0.70 V.

Theoretically, the low-energy physics of the interacting
1D electrons is described well by a spinful generalization of
the Luttinger-liquid model [2]. Its excitations are collective
hydrodynamiclike modes that are split into charge-only and
spin-only excitations. For any finite strength of the interactions
between fermions, the two types of modes have linear
dispersions with different slopes v. and v,. In the absence of
interactions, the difference between the two velocities vanishes
in accordance with the free-electron model, in which the spin
degree of freedom does not affect the spectrum but results
only in the double degeneracy of the fermionic states. Thus
the ratio of v./vs serves as a good measure of the interaction
strength. Since the Coulomb interaction between electrons is
repulsive, the charge branch always has a steeper slope v, > v
(see Ref. [2]). Thus the ratio varies from 1 for free to co for in-
finitely repelling particles. In our experiment, we measure the
tunneling of electrons and observe two peaks that we attribute
to the charge and the spin dispersions. The pair of velocities
above gives a large v./vs &~ 1.8 £0.1 (for Vg = —0.70 V),
confirming that our system is in the strongly interacting regime.

VIII. HIGH ENERGY

Now we extend the ranges of the voltage and magnetic
field measuring the tunneling conductance G across the double
quantum well in Fig. 6 accessing a large portion of the 1D
spectral function from below —kp to 3kr and from —2u to 2,
see Fig. 8. There is an unavoidable “parasitic” (“p”) tunneling
from narrow 2D regions (light blue strips in Fig. 6) that connect
the wires to the injector constriction. This superimposes a set
of parabolic 2D-2D dispersions on top of the 1D-2D signal,
which are marked by magenta and blue dotted lines in Fig. 8.

Apart from the parasitic and the 2D dispersion signals,
we observe only a single 1D parabola away from B =0,
marked by the solid green line in Fig. 8. It extends from the
spin-excitation branch at low energy and the position of its
minimum multiplied by the electronic charge e gives the 1D
chemical potential 1 &~ 4 meV. The B_ and B crossings with
the line V = 0, corresponding to momenta —kg and kg, give
the 1D Fermi momentum kr &~ 8 x 10’ m~'. All other edges
of the 1D spectral function are constructed by mirroring and
translation of the hole part of the observable 1D dispersion,
dashed green and blue lines in Fig. 8.

For positive voltages in the region just above the higher
V =0 crossing point (B4, which corresponds to kg), we
observe a distinctive feature: the 1D peak broadens, instead
of just continuing along the noninteracting parabola, with
one boundary following the parabola [pla(/)] and the other
bending around, analogous to the replica p1b. This is visible
in the conductance, but is most easily seen in the differentials,
particularly dG/dV (left column of Fig. 8). The broadening
is observed at temperatures from 100 mK up to at least 1.5 K,
and in samples with different wire designs (with or without air
bridges) and lengths: in Fig. 9, dG/dV is shown in detail for
the broadened “replica” region for the 10-um wires already
presented (a)—(d), and for another sample with wires 18-pum
long [(e) and (f)]. G is plotted in Figs. 9(b) and 9(d) and f
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0
B(T)

FIG. 8. Intensity plots of dG/dV (left column, in £S/mV) and dG/d B (right column, in xS/T) from below —kg to above 3kg and from
~—2u to ~pu, for various finger-gate voltages: —0.60 [(a) and (b)], —0.65 [(c) and (d)], —0.68 [(e) and ()], and —0.70 V [(g)—()]. The solid
black lines map out the dispersion of the lower (2D) layer. The green solid line marks a modes, thick and thin dashed green lines, p1b and h1b
modes, respectively, and dashed blue, higher-k modes (as in Fig. 3). Dot-dashed yellow (blue) and dotted white (cyan) lines show second and
third 1D subbands (2D dispersion measured by those subbands), respectively (though the third is empty, electrons can tunnel into it from the
2D layer and hence there are sometimes signs of its effects for V > 0, especially near B = 0). Dotted magenta and blue lines are “parasitic”
2D dispersions of the two layers. The voltage on the gate over this region Vp = 0 V except for [(e) and (f)] (Vp = 0.2 V) and [(i) and (j)]
(Vp = 0.3 V), which shifts the parabolae to the right without changing the signal from the 1D wires. The lines have all been adjusted to take
account of the capacitive coupling between the layers. Spin (S) and charge (C) modes are indicated with black dashed lines. 7 ~ 300 mK. See

Table II for the densities and the ratio v. /v, for each gate voltage.

on cuts along the V axis of the corresponding plots in the left
column at various fields B from B, to 4.8 T—between the
“+” and “x” symbols on each curve is a region of enhanced
conductance characteristic of the replica p1b.

Filling of the second 1D subband changes significantly the
screening radius for the Coulomb interaction potential in the
first 1D subband. This is manifested by a change of the ratio
v./vs when the occupation of the second subband is changed by
varying voltage of the finger gates V in Figs. 8(a), 8(c), 8(e),
and 8(g), see Table II. The ratio v./vs is a measure of interac-
tion energy. Thus the finger gates give a degree of experimental
control over the interactions within our design of the 1D
system. We use the maximum change of the ratio v, /v, for dif-

expected for a precise copy of the usual 1D parabola (even
allowing for capacitive correction) due to a contribution of the
second subband, which we do not analyze in detail here.

At even higher magnetic fields, the p1b line passes a “p”
parabola. Figures 9(a) and 9(c) [and the corresponding cuts (b)
and (d)] show the replica feature for two different positions of

TABLE II. Densities of the 2D layer (n,p) and of the 1D wires
(n1p), the 1D Fermi wave vector kg (all to about £=1%), and the ratio
of the charge and the spin velocities at low energies (to about +5%),
extracted from the gradients of the S and C lines in Fig. 8, for different
finger-gate voltages Vg.

ferent finger gate voltages to estimate the relative change of the Ve (V) n2p (10°m™)  nip (100m™") ke 107m™") v /v,
interaction strength as (max(v, /vs) — min(v./vy))/min(v./vy) Z0.60 167 568 3.9 5
obtaining a change of about 20%. 065 1.65 4.99 78 16
It also has to be noted that the “replica” is visible even when _0.68 1.52 479 75 15
asecond subband is present in the 1D wires, see Figs. 8(a)-8(f). 070 1.48 4.60 72 18
In (a) and (b), it appears to go 25%-30% higher in voltage than
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FIG. 9. (Left) Intensity plots of dG /dV (in uS/mV), for various
finger-gate voltages and samples: [(a) and (b)] Vg = —0.68 V, Vp =
0.2V, from Fig. 8(e), sample A, which had 10 um-long wires (7' ~
300 mK); [(c) and (d)] V& = —0.70 V, Vp = 0.3 V, from Fig. 8(i),
sample A; [(e) and (f)] a similar single-subband result from sample B
(18 um-long wires, T < 100 mK). The replica feature just above kg
appears as a pale triangle (slowly varying G) between the two green
curves, after a red region (sharp rise in G). The replica feature for
sample B is somewhat weaker than that for sample A, in line with
the wire-length dependence predicted in this paper. Right column: G
vs V at various fields B from 3 to 4.8 T for the data in the matching
plots in the left column; “+” and *“x”” symbols on each curve indicate,
respectively, the voltages corresponding to the dashed and solid [p1b
and pla(l)] green lines in the left column (and in Fig. 8), showing
the enhanced conductance between the two.

[t

the “p” parabolae using a gate above most of the “p” region,
showing that the replica feature is independent of the “p”
tunneling. The amplitude of the feature dies away rapidly, and
beyond the “p” parabolae, we have measured up to 8§ T with
high sensitivity, but find no sign of any feature that can be
distinguished from the decaying tails of the other features.

In the range of fields where the plb feature is observed
its strength decreases as the B field increases away from
the crossing point analogously to the power law for spinless
fermions in Table I. On general grounds, it is natural to expect
that divergence of the spectral weight of a b mode toward an
a mode is a general feature, but there is no known method for
performing a microscopic calculation in the spinful case. A
similar feature should mark the #0b(r) mode (see Fig. 3 and
Table I) for negative voltages and for the magnetic field just
below the crossing point kg, but it would be very difficult to
resolve due to the overlaying spin and charge lines.

Making an analogy with the microscopic theory for spinless
fermions in the first part of this paper, we estimate the ratio
of signals around different spectral edges using the 1D Fermi
wavelength, Ar &~ 130 nm for our samples, as the short-range
scale R. The signal from the principal parabola, see Fig. 8(b),
gives the amplitude of the a¢ mode as G, ~ 5uS. Then
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the amplitude of the signal from the second (third)-level
excitations is predicted to be smaller by a factor of more than
)»lzz/L2 ~2x 107 ()»é/L4 =3 x 107%), where the length of
a wire is L = 10 um. These values Ga)»é/L2 ~ 1073 uS
(Ga)\if-/ L* ~ 1077 uS) are at least two orders of magnitude
smaller than the background and noise levels of our experiment
Gnoise ~ 1072 uS, which places an upper limit on the
amplitude of any replica away from kg. Thus our observations
are consistent with the mode hierarchy picture for fermions.
In an effort to quantify the decay of the replica feature, we
have fitted the gradual background fall in conductance and the
noninteracting 1D and 2D peaks (solid green and blue lines in
Figs. 7-9) with a Gaussian and/or Lorentzian functions of B,
at each value of V > 0. The fitting parameters are then fitted
to smooth functions in order to represent the general behavior
of the peaks as a function of V. This idealized landscape is
then subtracted from the data, see Fig. 10(a), and the “replica”

no 1D,2D
p1b replica
1D peak
2D+bg
Lo

© o 4 o x

© -0.70V

-1 0
10 10
(k-ke )k

FIG. 10. (a) and (b) The conductance for Vg = —0.70 and
—0.68 V, respectively, for sample A, after subtraction of an idealized
landscape made up of fits or estimates of the noninteracting 1D-2D
and “p” parabolae (see text). The p1b replica is seen clearly as the red
region of enhanced conductance. (c) The conductance along the p1b
replica parabola, for the data in (a) (green crosses). The conductance
on plb has a large contribution from the “p” region [the line in (a)
marked with blue dots, which is blurred to the left by multiple copies
at slightly different positions]. In order to correct for this contribution,
the conductance along a matching parabola shifted along the dotted
“p” line in (a) (shown as a dashed magenta line there), is subtracted
from the p1b data. This yields the points marked with blue circles,
which appears to be nonzero because of the enhancement at p1b.
The amplitude decays rapidly. There are many uncertainties in the
fitting of the other peaks, but the replica appears clearly and the
decay of the conductance is consistent with an inverse-square power
law G o (k — kp)~ (labelled o« = 2), which is the behavior predicted
by the theory for k > kr 4+ y where y < kg (see Table I). (d) The
plb conductance enhancement as shown with circles in (b). Three
different methods of fitting the background and the 1D and 2D peaks
are compared for each of two gate voltages as shown. The curves are
offset vertically for clarity. The lines marked with values of « are
guides to the eye. The data are all consistent with o =2 £ 1.

075147-16

105



NATURE OF THE MANY-BODY EXCITATIONS IN A ...

is then fairly easily observed in the remaining conductance. A
copy of a nearby region along the “p” curve is then subtracted
too, as an approximation to the rather diffuse signal arising
from the main “p” peak and smaller versions of it at slightly
different densities. This also reduces errors in the peak and
background fitting used in (a). We then plot the conductance
along the expected parabola [dashed line in (a)] as a function
of (k — kg)/ kg = (B — B4)/((By+ — B_)/2). These data are
shown as circles in (c), where all the other contributions to
the conductance along the same parabola are shown. Here,
By =3.17 T and kg = 7.2 x 107 m~!. It is very hard to be
sure that this procedure is reliable due to significant error
bars imposed by contributions from the various other peaks,
but it is clear that the replica feature dies away rapidly as a
function of k — kg, and it is consistent with the 1/(k — kg)?
law predicted for p1b in Table I for k — kg > y. Though the
overall prefactor is unknown theoretically in the spinful case,
this singular power law may overcome the reduction factor
R?/L? close to k.

IX. CONCLUSIONS

In this work, we have shown that a hierarchy of modes
emerges in systems of interacting fermions in one dimension
at high energy controlled by the system length, in marked
contrast to the well-known fermionic quasiparticles of a Fermi
liquid and hydrodynamic modes of a Luttinger liquid at low
energy. We have obtained theoretically the dynamic response
functions for a model of spinless fermions with short-range
interactions using the exact diagonalisation methods of the
Bethe ansatz for the spectrum and the form factors of
the system. Analysing the spectral function in detail, we have
found that the first-level (strongest) mode in long systems has
a parabolic dispersion, like that of a renormalized free particle.
The second-level excitations produce a singular power-law line
shape for the first-level mode and different kinds of power-law
behavior at the spectral edges. Evaluating the form factor
necessary for the dynamical structure factor we have shown
that it has the same general form as the form factor of the
spectral function, manifesting the same hierarchy of modes.

Using the same many-body matrix elements obtained
microscopically, we have also calculated the local density of
states. It provides a more convenient way to analyze how the
hierarchy at high energy changes into the hydrodynamic modes
of the Luttinger liquid at low energies. We have shown, via a
full Bethe-ansatz calculation, that the LDOS is suppressed at
the Fermi energy in a power-law fashion in full accord with

1
Aw)C(u2)C(u1)|0) = (m

Applying Eq. (16) the second time gives

1 1
A)C(u2)C(u1)|0) = <m m

c(uy —u)

1
* <_b(u1 — u2) bluz — u)

c
Clu)Alw) — &
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the prediction of the Tomonaga-Luttinger model. Away from
the Fermi point, where the Lorentz invariance of the linear
dispersion is reduced to Galilean by the parabolicity of the
spectrum, the LDOS is dominated by the first (leading) level
of the hierarchy. We have demonstrated that the transition from
one regime to another is a smooth crossover.

We measure momentum-resolved tunneling conductance in
one-dimensional wires formed in the GaAs/AlGaAs double-
well heterostructure by an array of finger gates. In this setup,
we probe the spectral function of unpolarized electrons (spinful
fermions) and find a pronounced spin-charge separation at
low energy with a ratio of the spin and the charge velocities
up to 1.8, which confirms that our system is in the strongly
interacting regime. By varying the gate voltage that controls
the width of our 1D wires, we demonstrate control of the
interaction strength of about 20%; the deeper confining
potential of the wires populates higher 1D subbands as well
which in turn screens stronger Coulomb interactions in the
principal 1D band reducing the interaction strength. In 10 um-
long wires, we find a clear feature resembling the second-level
excitations, which dies away rapidly at high momentum. A
qualitative fit shows that the feature decays in a fashion that
is consistent with the power-law prediction in this paper for
spinless electrons. Thus we have shown that the hierarchy
is apparently a generic phenomenon at least for one- and
two-point correlation functions of fermions without spin, and
for a transport experiment for fermions with spin.

Data associated with this work are available from [50].
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APPENDIX A: EIGENVALUE EQUATION IN THE
ALGEBRAIC FRAMEWORK

The eigenvalue of the transfer matrix t(«) in Eq. (19) can
be evaluated using the commutation relations in Egs. (16) and
(17). Let W be a Bethe state in the algebraic representation of
Eq. (21). The results of acting with A(u) and D(u) operators
on the state W are obtained by commuting these operators from
left to right though the product of C(u;) in Eq. (21) and then
by using their vacuum eigenvalues in Eq. (20).

Let us consider the case of N =2 and the operator A(u)
first. Commuting once by means of Eq. (16) gives

L:Z (A1)

)C(M)A(u2)> C(u|0).
(uy — u)

c(uy —u)
(uy —u)b(uy —u

(U1 —uz) c(uz —u)
(u1 — u2) b(up — u)

) Clu)Cu)a(u )) |0)

C(u)C(uz)a(ul))IO), (A2)
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where the vacuum eigenvalue of A(u), A(u)|0) = a(u)|0), was substituted explicitly. The second terms in the first and the second
lines of the above equation have the same operator form but different scalar factors. Summation of the two scalar factor, using

the explicit form of b(u) and c(u) from Eq. (12), yields

a(uy) [C(Ml —us)
b(uy —u) [ b(uy — us)

c(up —u) —

Thus the four terms can be rewritten as only three terms,

2
A)C(u2)C(u)|0) = H

b(uj —u)

Extension of the same procedure for N > 2 gives

N
Aw [ ewpio)y =

j=1

a(u)l_[ b
uj—

C(uj) —Z W ,)c(u

Commuting of the operator D(u) is done in the same way using Eq. (17) and yields

N
D[] Cwplo) =

j=1

d@u) ]_[ b(

Thus a Bethe state in Eq. (21) parametrized by an arbitrary
set of u; is not an eigenstate of the transfer matrix since
acting of the operator 7(u) on such a state does not only result
in multiplying by a scalar but also generates many different
states: the second terms in Egs. (A5) and (A6). However, the
coefficients in front of each of these extra states can be made
zero by a specific choice of uj,

a(u;) —d(u;)
lll:le;b(“ 1111:[ b(ff )

=0. (A7)

When a set of u; satisfies the system of equations above,
the corresponding Bethe state is an eigenstate of the transfer
matrix, t(u)¥V = T (u)W, with the eigenvalue 7 given by the
first terms in Egs. (AS) and (A6),

T(u) = a(u)l_[ b d(u)l_[ b
/

Equation (A7) is the set of Bethe equations in the algebraic
representation, Eq. (22) of the main part of the text, and
Eq. (A8) gives the eigenvalue of the transfer matrix, Eq. (24)
of the main part of the text.

(A8)

sinh 27

c(uy —M):| __ a(uy)  c(uy —u) (A3)
b(uy —u) b(uy — ur) b(uy —u)’
2 Cu)
C 0). A4
(),Qb(,—u)” (A4)
N
5 Cw) =Y atw )ZE“’ Cw) H Sy S [0 A9
j=1 I=1%#j
) - -l
C(u)+2d(u )b( ’/)C(u) H ﬁC(ul) 10). (A6)
K 1=

APPENDIX B: CALCULATION OF AVERAGES OF
THE LOCAL DENSITY OPERATOR p(0)

The calculation of the average of the local density operator
p(0) is done in the same way as for the field operator al())
in Sec. IV C. We start from the lattice model in Eq. (2) and
the corresponding construction of the algebraic Bethe ansatz
in Sec. IV A.

The local density operator can be represented in terms of A
and D operators as [17,18]

i i £
P 7D<77n> (77n> . (B1)

The action of the second factor in the above expression on an
eigenstate |u) just gives a phase factor—see an explanation
after Eq. (31)—that we will ignore since we are interested in
the modulus squared of this form factor. Then commuting the
operator D of the first factor in the equation above through all C
operators of the eigenstate |[u)—in the form in Eq. (21)—gives
the result in Eq. (A6).

The scalar product of Eq. (A6), where the auxiliary
parameter u is set to iw/2 — n, with another eigenstate (v|
gives

v osh -1) o
lpiu) = (DY [ ——"—C@w +i=D"

Jj=1 cosh ) b=1

where (u;,_ 1,—
in/2—n. Note that the properties (v|u) =
[17,18], was used.

cosh (up + 1)

ﬁ sinh (up — u; + 2n)< in |V>
- Up—1,— — M, Up41]V),
I=14b sinh (u, — u;) 2

(B2)

— n,up+1| is a Bethe state which is constructed from the eigenstate u by replacing bth quasimomenta with
(u]v), where u ; satisfy the Bethe equations and v; is an arbitrary set of quasimomenta
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The scalar product in the first line in Eq. (B2) is given by Eqs. (27) and (28) where u and v are swapped. Substitution of
u=up 1,5 — N,upy1 in the same expressions for the scalar products in the second line of Eq. (B2) yields

it ) sinh™ (2n) [T\, cosh(v; — n) det 7®
<ub o =1 ub+1|v> = - (B3)

LI = ;
2 [1;-; sinh(v; — v) [T sinh(u; — u)(=1)P! 1—[;\1:1# cosh(u; + 1)

where all matrix elements of 7® are

N sinh(uy — u; + 21) 1 N N
T = by inh(uy — v; — 21) — ———— inh(uy — v; +2 B4
w= 11 sinh(uy — u; — 2n) sinh(uy — v,) l_[ sinh(y = vj = 2n) sinh(uy — vg) H sinh(uy —v; +2n)  (B4)
I1=1#b" Jj=l#a j=1#a
for b’ # b
~(b) 1
T, = (B5)
cosh (v, + 1) cosh (v, — 1)
for b’ = b.

After pulling a common factor out of the brackets in Eq. (B2) and absorbing the b-dependent prefactors in front of the
determinants in the second line of Eq. (B2) into the bth columns of the matrices under the determinants, the form factor in
Eq. (B2) reads as

N . N N

cosh(u; —n) sinh™ (27) A 25

(vlpi|u) = - - detT + ) detT® |. (B6)
! 1:11 cosh(u; +n) [];_; sinh(v; — v)) [T, _; sinh(u; — u;) ;

Here the matrix elements of f"(b), which are obtain by multiplying by the corresponding scalars, are

70 _ lﬁ[ sinh(uy — u; + 21) 1 lﬁ[ inh( o) 1 ﬁ inh( Ca B
Ty = - sinh(uy —v; —2n) — ———— sinh(up — v; n
b 11 sinh(uy — u; — 2n) sinh(uy — v,) i=14a b / sinh(up — v,) j=tga b /
forb’ # b
N .
- cosh(v; — n) sinh(2n)
70 = ()N h(uy — u; +2 / B8
o = 07 T st = ”)H coshiie; — 1) cosh(u, + 1) coshiv, — 1) ®9

for b’ = b. Note that T.2) = T, for b # b.
Finally, the summation over b in Eq. (B6) can be evaluated using a general matrix identity: det? + Yp_, detT® =
det (T + B), where T™® is obtained from the matrix 7 by substituting bth column from matrix B. After constructing the

matrix B out matrix elements Tu(b) from Eq. (B8) and performing the summation over b in Eq. (B6), the form factor reads

N LN

h(u,; — h™ (2 N
(Vlpaluy = [ s =) i) det R, (B9)

i cosh(u; + 1) ]_[Kl sinh(v; — v;) ]_[j<,. sinh(u; — u;)
where the matrix elements of K are
N . N N
sinh(up — u; + 2n) 1 . 1 .
Kap = - - sinh(up —v; —2n) — ———— sinh(u, — v; +2n)
“ l=ll_[#h sinh(up, — u; — 21) sinh(up — vg) jﬂH#u / sinh(up — vg) ]lT;[éa /
N N cosh(v; — 1) sinh(2n)

+(=DY T sinhGep — s+ 2n) ]_[ . 7 (B10)

Im1b ik cosh(u] — 1) cosh(v, + n)cosh(v, — 1)

Now, we evaluate the long-wavelength limit for the result above. Applying the inversion mapping from the algebraic to the
coordinate representation from Eq. (35) to the matrix elements in Eq. (B10) and expanding the result up to the leading order
k_”;,k;’ < 1, we obtain

D DUIY SR DAY T S o

Kap = (=D¥"'2mU(mU)* — )7 PR +2(mU + 1)(mU?
b~ "a

(B11)
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Repeating the same procedure for the prefactor in Eq. (B9) and pulling a common scalar factor out of the matrix elements under

the determinant, we obtain

mU)N A
Vo) = (—DHV 2V 2 _mU — 1)V det K, BI2
(vp(0)u) = ( U DY ) (B12)
where the matrix elements of K are
k' — k' — AP mU + 1
Kap=4—4 — 4 (DN 1—— B13
b -k + (=1 s (B13)
and AP = Y0 k4= kY.
Evaluating the determinant, we obtain
U+ 1 AP (k= k) iy (K — K
detic = MU LA Ty (K =K Ty (K = Kj) (B14)

mU

[T, (k' = &)

This formula can be proved by induction analogously to the proof of Eq. (43).
The form factor appearing in the dynamical structure factor in Eq. (10) is a modulus squared of Eq. (B12). Normalizing the

initial and the finial states using Eq. (38) as |{£]p(0)|0)[* = |(k/ |p(0)|k%)|*(k/ k) "' (K°]k®) ', we obtain

(mU)ZN—Z Pf2N

N0 — KOV TTY . (ke — k)2
l<j(l j) 1_[1<_/(! _1) (BIS)

2 _
PO = 7o

(£ _ NmU )2N 1—[N

\ 2
14+mU ij=1 (klo - ka)

where Py =0 for the ground state. Equation (B15) is Eq. (47) in the main part of the text with Z =

mU [(mU + V(L — NmU /(1 +mU)).

Note that when the final state becomes the ground state, k/ =K°, Eq. (B15) is divergent. In this case, the matrix element is
evaluated using only translational symmetry and the definition of the number of particles operator as

N
{flp@I0)* = —=

2

ok (B16)

which also follows directly from Egs. (B9) and (B10), by taking the limit v — u.
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in short GaAs quantum wires
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One-dimensional electronic fluids are peculiar conducting systems, where the fundamental
role of interactions leads to exotic, emergent phenomena, such as spin-charge (spinon-holon)
separation. The distinct low-energy properties of these 1D metals are successfully described
within the theory of linear Luttinger liquids, but the challenging task of describing their
high-energy nonlinear properties has long remained elusive. Recently, novel theoretical
approaches accounting for nonlinearity have been developed, yet the rich phenomenology
that they predict remains barely explored experimentally. Here, we probe the nonlinear
spectral characteristics of short GaAs quantum wires by tunnelling spectroscopy, using an
advanced device consisting of 6000 wires. We find evidence for the existence of an inverted
(spinon) shadow band in the main region of the particle sector, one of the central predictions
of the new nonlinear theories. A (holon) band with reduced effective mass is clearly visible in
the particle sector at high energies.
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he electronic properties of one-dimensional (1D) electron

systems are fundamentally different from those of their

two-dimensional (2D) and three-dimensional (3D) coun-
terparts, owing to the prominent role of interactions under
1D confinement!~°. Fermi-liquid theory, applicable to normal 2D
and 3D electron systems, breaks down spectacularly in the 1D
case, which is better described by the theory of Tomonaga—
Luttinger liquids'®!!. While elementary excitations of Fermi
liquids behave as quasi-free fermions, those of interacting
electrons in 1D systems are collective bosonic modes. Out of
equilibrium, electrons confined to 1D lose their individual
identity, separating into two collective excitation types
(quantized waves of density): spin modes (spinons) that carry
spin without charge, and charge modes (holons) that carry charge
without spin®!2. Spinons and holons travel at different velocities,
resulting in so-called spin-charge separation, revealed in
photoemission and tunnelling experiments'?~1>. The spectral
function A(hk, hw), describing the probability for an electron
with momentum fik and energy hw >0 (hw <0) to tunnel into
(out of) the system, theoretically displays narrow Lorentzian
singularities for normal 3D and 2D systems, whereas it displays
wide asymmetric power-law singularities for 1D systems!21%17,

The theory of Tomonaga-Luttinger liquids, based on a
linearization of the dispersion relation around the right (+ ki)
and left (— ki°) Fermi points'®!1, has been successfully used for
a long time to describe 1D electron systems in the limit of low
energies but, in order to understand their behaviour at higher
energies, that is, away from the Fermi points, the curvature of the
dispersion relation has to be taken into account. Recently, a new
nonlinear theory of 1D qsuantum fluids beyond the low-energy
limit has been developed!®-28, The new theory represents a giant
advance towards full understanding of the behaviour of 1D
electron systems, but many of its specific predictions remain
barely explored experimentally.

Here, we report on the spectra of elementary excitations in
short GaAs quantum wires, probed by momentum- and energy-
resolved tunnelling spectroscopy, focusing on the nonlinear high-
energy regime. We use a 1D-2D vertical tunnelling device with a
large number of wires in parallel, to boost the wire signal and so
maximize the chances to observe weak features of the wire
spectral function. Our tunnelling conductance maps reveal, for
the first time, the existence of an inverted (spinon) shadow band
in the main region of the particle sector, symmetrically replicating
the dispersion of the main spinon hole band, as anticipated by the
nonlinear theory. They also reveal a (holon) band with reduced
effective mass in the particle sector at high energies. Holons
appear to be long-lived in the particle sector, but short-lived in
the hole sector.

Results

Vertical tunnelling device. Our device (Fig. 1) consists of a
double GaAs quantum-well structure separated by a thin AlGaAs
barrier, and various surface gates, among them an array of 1 pm-
long wire gates (WG) interconnected with air bridges (Fig. 2). We
apply a negative voltage V., to the wire gates, which is strong
enough to pinch off (fully deplete) the upper-well (UW) regions
under the wire gates, but not strong enough to pinch off the
lower-well (LW) regions under the wire gates. Hence, in the lower
well, electrons can move under the wire gates, but in the upper
well they cannot. Electrons in the upper well are laterally confined
to a network of narrow parallel channels (W regions in Fig. 1c)
so-called wires, and perpendicular wide trenches (La, Lb, Lc and
Ld regions in Fig. 1c, jointly denoted L) so-called leads. In the
UW-wire regions, electrons are strongly confined to a narrow
width, thus becoming 1D. In contrast, in the UW-lead regions, no

2

dimension is very narrow, and so electrons remain 2D. In the
lower well, electrons are not laterally confined, and so their
dimensionality is 2D. The quantum wells are separately contacted
using a surface-gate depletion technique (see Methods section for
details). A fixed ac voltage V,. =50 pV and a variable dc-bias V.
are applied between them. The bias is applied to the lower well,
while the upper well is grounded. The current I, injected through
one of the quantum wells, is forced to tunnel through the barrier
that separates them, before leaving the device through the
other quantum well. The differential tunnelling conductance
G =dI/dV,, in a variable in-plane magnetic field B perpendicular
to the wires, is measured at ~57 mK lattice temperature (higher
electron temperature) in a dilution refrigerator, using standard
lock-in techniques. The W and L regions of the device contribute
distinct signals in G(B, V4. maps. The W signal has 1D-2D
nature, that is, it corresponds to tunnelling between the UW 1D
wires and the LW 2D electron gas. The L signal has 2D-2D
nature, that is, it corresponds to tunnelling between the UW 2D
leads and the LW 2D electron gas.

Control of electron density in the wires. The electron density in
the UW wires can be controlled by tuning the wire-gate voltage
Vg This is shown in Figs 3 and 4. Figure 3 maps dG/dV., for
conditions close to equilibrium (V4.&0). The map reveals
the 1D wire subbands participating in 1D-2D tunnelling. The
single-subband regime is achieved with V., in the range
—0.78 VS Vg < —0.69V. For V> —0.69V, more than one
wire subband participates in 1D-2D tunnelling and, for
Vwg< —0.78V, the wires are completely depleted of carriers.
Figure 3 shows the magnetic-field values By, By, — B[ and
B;", at which tunnelling resonances cross the V4 =0 axis in
G(B, V4.) maps (for example Fig. 5), as a function of the wire-
gate voltage. There are two sets of crossing values. One, iB\Z‘;,
corresponds to tunnelling in the W regions of the device, and
another, + Bi, to tunnelling in the L regions. Note that By
denote the values corresponding to the first UW wire subband.
The crossing values are related to the Fermi-wavevector compo-
nents along the wire direction as follows:

BE = h (k™Y £ k) /(ed) (1)

B — B (KM £ KV (e @)

Here, hkiP (hkk"™) is the Fermi-wavevector component in the
W regions of the upper well (lower well), Aky""" (AkE"") is the
Fermi-wavevector component in the L regions of the upper well
(lower well), d is the distance between the centres of the UW and
LW wavefunctions, and —e is the electron charge. It happens
that kP <kp"" ~ k"' <k™', and so By >0 and B <O0.
The Fermi wavenumber ki° (k2P) in a 1D (2D) system is related
to its equilibrium 1D (2D) electron density n;,p (#12p) as follows:

mp = ZkéD/n (3)

mp = (k°)*/ (2n). (4)

Hence, the equilibrium electron densities in the upper and
lower wells, for the wire (W) and lead (L) regions of the device,
can be estimated from the values of B and B in Fig. 3. These
are shown in Fig. 4. The wire gates efficiently tune electron
density in the wire (W) regions of the upper well (Fig. 4a), but
have little influence on densities in the lower well and in the lead
(L) regions of the upper well (Fig. 4b). Note that the LW density
in the W regions is only slightly smaller than that in the L regions
(Fig. 4b), and notably higher than the UW density in the
W regions (Fig. 4a).
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Figure 1 | Tunnelling device. (a) Schematic of the tunnelling device. It consists of a double quantum-well structure and various surface gates: split

(SG), mid-line (MG), bar (BG) and cut-off (CG) gates—used to define the experimental area and to set-up tunnelling conditions—and a 30 x 200 array of
parallel Tpum-long air-bridged wire gates—used to define the quantum wires in the upper well. A dc-bias V. is applied to the lower well (LW), while the
upper well (UW) is grounded. An in-plane magnetic field B is applied perpendicular to the long side of the wire gates. (b) Optical micrograph of the surface
gates, fabricated on a Hall bar 200 pm-wide (white scale bar). (¢,d) Scanning electron microscopy (SEM) micrographs of the upper-right (¢) and lower-
right (d) corners of the experimental area (device surface) before bridge fabrication. In ¢ the black scale bar is 2 um-long, and in d it is 5 um-long. Dark grey
corresponds to (oxidized) semiconductor areas, and bright grey to metallic gates. Electron fluids lie in the (buried) upper and lower wells. In the lower well,
electrons are not laterally confined; they can move under the wire gates. In the upper well, electrons cannot move under the wire gates; they are confined to
a network of narrow wires (W regions in ¢) and wide leads (La, Lb, Lc and Ld regions in ¢, jointly denoted L). UW electrons have 1D character in W regions,

and 2D character in L regions. LW electrons have 2D character.

Figure 2 | Air bridges. Scanning electron microscopy (SEM) micrograph of
a device's surface region, showing air-bridge interconnections between wire
gates. Dark grey corresponds to (oxidized) semiconductor areas, and bright
grey to metallic gates. The yellow scale bar is 1um-long.

Regime of a single 1D wire subband filled. The rate of electron
tunnelling between the upper and lower wells depends on the
overlap between the respective spectral functions, which can be
varied by tuning the magnetic field and the dc-bias. The magnetic
field B and the dc-bias V. shift the UW and LW spectral func-
tions relative to each other, in the momentum and energy
directions, by iAk = eBd and hAw = eV, respectively. Hence, by
mapping out the tunnelling conductance G(B, V), the spectral
characteristics of the UW wires, UW leads and lower
well are probed. Figure 5 shows a map corresponding to the

single-subband regime (V= —0.69 V). It displays quasi-para-
bolic resonances, corresponding to tunnelling from ground states
of the source (spectrometer) to excited states of the drain (probe)
occurring with conservation of energy and momentum, that is,
the tunnelling condition

suw(k — Ak) = epw(k) — eV (5)

is satisfied, with either |k| = kWor |k — Ak| = kYV, where k&Y
(kZW) is the Fermi wavenumber of the lower well (upper well) in
the wire or lead regions of the device. Here, eyw (k) and epw (k)
are the dispersions of the elementary excitations in the upper and
lower wells, respectively, in the wire or lead regions. The map
reflects tunnelling events occurring between ground states of the
upper well and excited states of the lower well, and between
ground states of the lower well and excited states of the upper
well. The wire (W) and lead (L) regions of the device contribute
distinct signals. The solid (dashed) green lines in Fig. 5 mark
resonances corresponding to tunnelling in W (L) regions, from
UW ground states syw (£ k¥") to LW states; they reveal the LW
dispersion in W (L) regions of the device. The dash-dotted green
lines mark resonances corresponding to tunnelling in L regions
from LW ground states &y (& K ) to UW states; they reveal
the UW-lead dispersion. Most importantly here, the resonances
marked by the black and white arrows corresgond to tunnelling
in W regions, from LW ground states pw (£ ka‘w) to UW-wire
states. They reveal 1D UW-wire dispersions: a holon band in the
particle sector (h+ ), and a spinon band in the hole sector (s —),
as elucidated below. Remarkably, an extra wire band (s+),
symmetric of s —, is also observed in the wires’ particle sector.
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Figure 3 | 1D wire subbands participating in 1D-2D tunnelling. The
derivative of the tunnelling conductance G, with respect to the wire-gate
voltage V.., is plotted as a function of V.., and in-plane magnetic field B
perpendicular to the wires, for conditions close to equilibrium (V4. ~0).
Each quasi-parabolic resonance corresponds to one of the 1D wire
subbands. The centres of the tunnelling resonances approximately
correspond to the inflection points in the colour contrast, in going upwards
from bright to dark. The magnetic field values By, By, — B~ and B, at
which tunnelling resonances cross the Vg =0 axis in G(B, Vy.) maps, are
indicated. By and By correspond to tunnelling in W (wire) regions of the
device. —B,~ and B[ correspond to tunnelling in L (lead) regions.

Note that the particle and hole sectors for the upper well are
inverted relative to those for the lower well. The width of 1D
bands in Fig. 5 is to a large extent associated to intrinsic physical
effects. The width parallel to the magnetic-field axis correlates to
momentum uncertainty, which (according to the Heisenberg’s
principle) is inversely proportional to the wire length. Wire
shortness is thus a cause of resonance broadening. 1D bands are
also broad parallelly to the dc-bias axis, because of the power-law
(slow-decaying) shape of 1D singularities. Tunnelling maps are
symmetric with respect to the sign of the magnetic field. Note,
however, that the map in Fig. 5 is not symmetric with respect to
the sign of the dc-bias. The dispersions of the s — and s+ bands
are symmetric, but this is just a local symmetry. The map does
not exhibit general symmetry with respect to V.. This indicates
that potentials are different in the upper and lower layers. Note
that resonances in the map of Fig. 5 do not cross the Vy. =0 axis
at B=0. That is, By # 0. This indicates that equilibrium
electron densities, and Fermi wavenumbers, are different in the
upper and lower layers.

Regime of three 1D wire subbands filled. Maps corresponding
to the regime of three 1D subbands filled (V= —0.55V) are
shown in Fig. 6. To better discriminate the location of resonances,
the derivatives dG/dV4. and dG/dB are plotted. Mapping of
dG/dB (dG/dVy.) emphasizes conductance modulations as a
function of momentum (excitation energy). In Fig. 6, tunnelling
resonances correspond to peaks of enhanced conductance, across
which colour contrast changes quite abruptly. These peaks define
quasi-parabolic lines on the maps (see the guide-to-the-eye lines
drawn). Note that valleys, with colour contrast sequence opposite
to that of peaks, do not correspond to resonances, but to regions
of low conductance. The resonances marked by the green lines in
Fig. 6a,b have the same meanings as in Fig. 5. Most importantly
here, the black lines mark 1D UW-wire bands. The dashed-black
line drawn in Fig. 6a,b for V4.>0 (lower half of the plots) marks
the (first) spinon hole subband (s—), best discriminated in
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Figure 4 | Equilibrium electron densities in the upper and lower wells.
(a) 1D and (b) 2D electron densities in the upper (red and green lines and
symbols) and lower (black lines and symbols) wells, for the wire (W, solid
lines and symbols) and lead (L, dashed lines and open symbols) regions of
the device, as a function of the wire-gate voltage V.., estimated from the
measured magnetic field values By, By, — B~ and B.". Note that electrons
are not laterally confined in the lower well, and so the W-region lower-well
density that has physical meaning is the 2D-like one, shown in b. A 1D-like
W-region lower-well density is shown in a just for comparison with the 1D-
like density corresponding to the upper-well wires.

Fig. 6a,c as a line with red/blue contrast. Remarkably, a band
with symmetric (inverted) dispersion is seen in the particle sector
(dashed-black line for V4.<0, upper half of the plots),
as in the single-subband regime (s + ). The inverted band is best
discriminated in Fig. 6b,d as a line with red/white contrast. The
(first) holon subband (h+, marked by the solid-black line)
appears well discriminated in the particle sector (V4. <0) at high
energies, but hardly discernible in the hole sector (V4.>0). In
addition, Fig. 6b,d reveals quasi-horizontal features. Similar states
are seen in the regime of fully depleted wires. The quasi-hor-
izontal features seen in Fig. 6b,d possibly are superpositions of
contributions from (i) the bottoms of the second and third UW
wire subbands, and from (ii) localized states®?-3! likely formed at
intersection and/or bending points of the UW leads (Lb, Lc
and/or Ld regions in Fig. 1c). Momentum-conserving resonances
in Figs 5 and 6 (green and black lines) are seen not to be perfectly
symmetric in their right and left sides, as opposed to the
symmetric dispersions to which they correspond. The small
asymmetry is known to be caused by capacitance effects®?, for
which we account on the basis of a simple model previously
used!” (see Methods section for details).
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Figure 5 | Regime of a single 1D wire subband filled. The tunnelling conductance G is plotted as a function of the dc-bias V4. and in-plane magnetic field B
perpendicular to the wires, for the regime of a single 1D subband filled, achieved by setting the wire-gate voltage to V., = — 0.69 V. The electron density in
the wires is nip = 35um ~ . The solid (dashed) green lines mark resonances corresponding to tunnelling between upper-well wire W (lead L) ground

states and lower-well states; they reveal the dispersion of the elementary excitations in the 2D lower well, in the wire (lead) regions of the device. The
dash-dotted green lines mark resonances corresponding to tunnelling between LW ground states and UW lead states; they reveal the dispersion of the
elementary excitations in the 2D UW leads. The resonances marked by the black and white arrows correspond to tunnelling from LW ground states to UW
wire states; they reveal dispersions of elementary excitations in the 1D UW wires: a holon band in the particle sector (h+), and spinon bands in the hole
(s —) and particle (s +) sectors. The labels + By, indicate specific magnetic field values at which W and L tunnelling resonances cross the V4. = 0 axis.

Conductance oscillations. When tunnelling occurs through a
barrier of finite (short) length [ in the in-plane direction
perpendicular to the magnetic field, momentum is not strictly
conserved in tunnelling and, as a consequence, the tunnelling
conductance exhibits oscillations32-3°. The maps in Figs 5 and 6
exhibit oscillations of this kind (diagonal short-period
conductance oscillations), associated to tunnelling in (central or
peripheral) La regions of the device (see Fig. 1c). In these regions,
the UW states are laterally confined under the action of the wire
gates, in the in-plane direction perpendicular to the magnetic
field. For square confinement, the magnetic-field period AB of
tunnelling conductance oscillations has been shown®*3> to be
AB= ¢o/(ld), where ¢o=2nhi/e is the quantum of flux. For soft
confinement, the period of the oscillations has been shown3+3% to
be AB~ ¢po/(Ax d), where Ax is the distance between the classical
turning points. In our device, La regions are nominally 0.6 pm-
wide, corresponding to the gap between the wire gates.
In the maps of Figs 5 and 6, the oscillation period is
AB=~0.26 T, which corresponds to a confinement width
Ax=0.5 pm. This is just a bit smaller than the gap between the
wire gates, consistent with the small lateral depleting effect that
the gates produce.

Band assignment. Within the linear theory of Luttinger liquids,
the spectral function of repulsive spinful 1D fermions has
power-law singularities at linear spinon and holon mass shells
el (k) =+vf (£k—kIP) and at the inverted holon mass shell
— etk (k) = — v (£ k—KkP) near the right (+) and left (—)
Fermi pointszz’zg Spinons and holons travel at different velocities
vEandv}, respectively (vE <vE). Within the nonlinear theory??~24,
the excitation with lowest possible energy for a given momentum
(edge of support) is predicted to coincide, in the main |k| <ki®
region of the hole sector (@ <0), with the spinon mass-shell (k).
In the main region of the particle sector (w>0), the edge is
predicted to coincide with the inverted spinon mass shell — &(k).
For arbitrary k in the regions (2j— 1)kiP <k<(2j+ 1)kiP
defined by integer j, the edge is predicted to coincide with

periodic 2jkiP-shifts of the functions + &(k), see Fig. 1a in ref. 22.
Holon singularities may exist at the holon mass shell &.(k), as well
as at 2jki-shifted holon lines. The leading nonlinear correction
to the holon dispersion near the Fermi points is quadratic?>2%:

2

h
~ F _ .ID
ec(k) = vch(ik kg )+ o

[ = ()] (©)
whereas that to the spinon dispersion is cubic:

6s(k) ~ VER(£k—KP) —&(+k—KP) . 7)

(2k—kP)’

hZ

- *
2m

Here, m = Iik%D / vf is the holon effective mass, and & is a

positive parameter. Note that the nonlinear corrections have
opposite sign for holons and for spinons in the particle sector
(k| >kiP), and same sign in the hole sector (|k|<ki®). The
precise shapes of the spinon and holon dispersions, away from
the Fermi points, are generally unknown theoretically.

According to the nonlinear theory?>%3, states at the edge of
support are spinon states (not holon states); spinon excitations
are protected from decay, but holon excitations are subjected to
decay. Hence, the resonance labelled s — in Fig. 5 (as well as that
marked by the dashed-black line in the lower half of Fig. 6a,b)
should correspond to the main spinon band. Consistent with the
nonlinear theory, the symmetric inverted replica seen in the
particle sector (s+ in Fig. 5, and the upper-half dashed-black-
line resonance in Fig. 6a,b) appears to be its shadow (spinon)
band. On the other hand, given its positive curvature (upwards
bending), the resonance labelled h + in Fig. 5 (as well as that
marked by the solid-black line in the upper half of Fig. 6a,b)
should correspond to a holon band. It cannot correspond to a
spinon band, because the dispersion of spinons has opposite
curvature in this sector (see Fig. la in ref. 22).

Spinon and holon effective masses. To extract quantitative
information, we simulate the experimental holon dispersion
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Figure 6 | Regime of three 1D wire subbands filled. The derivatives of the tunnelling conductance G, with respect to either B or V4, are plotted as a
function of the dc-bias V. and in-plane magnetic field B perpendicular to the wires, for the regime of three 1D wire subbands filled, achieved by setting the
wire-gate voltage to Vi, = — 0.55 V. The electron density in the wires is np =49 pm ~1. The resonances marked by the solid and dashed green lines reveal
the dispersion of the elementary excitations in the 2D lower well, in the W (wire) and L (lead) regions of the device, respectively. The resonances marked
by the dash-dotted green lines reveal the dispersion in the 2D upper-well leads. The resonances marked by the black lines reveal (first subband) dispersions
for elementary excitations in the 1D upper-well wires, for spinons (dashed lines) and for holons (solid lines). (a,b) Wide dG/dB and dG/dV. maps.
(c,d) High-resolution dG/dB and dG/dVy. maps, zooming in on the magnetic-field region By, < B < B}, corresponding to the main wavenumber region

[k| < K° for the 1D upper-well wires.

(h+, solid-black lines) with a quadratic functional form
(equation (6)). It has been shown20 that the spinon dispersion in
the nonlinear regime is approximately parabolic. Therefore, we
simulate the spinon dispersion (s —, dashed-black lines) in the
hole sector (lower half of the plots) of the main |k| <kL region
(Bw <B<By;) with a quadratic functional form, analogous to
that of holons, but with a different effective mass m! = hki> /vE:
2

(+k—KkP)

*
s

e(k) ~ ViR (Ek—kP) + 217
h? 2 1D\2
We express the holon and spinon effective masses as
m; = K.smsp,, where K. s are phenomenological parameters,
accounting for renormalization of the effective mass due to 1D
confinement?®, and mj, is the effective mass of the
noninteracting electron-like quasiparticles in the parent UW
Fermi liquid. Note that a change in the nature of the elementary
excitations occurs upon imposing lateral 1D confinement, but not
upon 2D confinement. K., thus account for mass
renormalization in going from a 2D Fermi liquid to a 1D
Luttinger liquid. The spinon dispersion is found to be
characterized by an effective mass similar to that of
noninteracting quasiparticles in the UW-lead and LW
Fermi liquids, that is, m] = mjp, corresponding to K, = 1.
(See Methods section for details of simulations of the LW and
UW-lead dispersions.) Note that the spinon momentum is
bounded?®’, and so the spinon quasi-parabolas (lower-half

dashed-black lines in Fig. 6) do not continue beyond
By <B<By; (lk|<kiP), but theoretically replicate through
shifts and inversions (see Fig. la in ref. 22). In contrast, the
holon momentum is not bounded®®, and so the holon quasi-
parabolas (solid-black lines in Fig. 6) theoretically extend from
the particle sector >0 (V4.<0) into the hole sector w<0
(Vac>0) without changing the sign of their curvature (see Fig. la
in ref. 22). Fitting of the holon dispersion is carried out in the
particle sector (upper half of the plots), where it is well
discriminated. The holon dispersion is found to be
characterized by an effective mass notably smaller than that of
noninteracting quasiparticles in the UW-lead and LW Fermi
liquids. The mass renormalization parameter is found to be
K. = 0.65 (K. = 0.75) in the regime of one (three) subband(s)
filled. This is consistent with the expected effect of repulsive
interactions, for which the theoretical Luttinger-liquid parameter
K. is in the range 0 <K_.< 1. The higher value of K¢ in the regime
of three subbands filled is understood considering that the
second and third subbands somewhat screen interactions in the
first subband. Nevertheless, observation of the inverted spinon
shadow band (s+), when more than one subband is filled
(Fig. 6), indicates that the first 1D subband remains highly
correlated even in the presence of screening by higher subbands.
We emphasize that the wire bands seen in the hole sector (s — in
Fig. 5, lower-half dashed-black lines in Fig. 6a,b) and in the
particle sector (h+ in Fig. 5, upper-half solid-black lines in
Fig. 6a,b) cannot be adequately described with a single parabola.
A continuation of the lower-half dashed-black lines—dotted
yellow lines in Fig. 6a,b—is clearly unsatisfactory in fitting the
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resonance observed in the particle sector at high energies (upper
half of the plots, V4. << 0). The spinon (s —, lower-half dashed-
black-line) and holon (h +, upper-half solid-black-line) bands are
characterized by notably different effective masses.

Discussion

We finally comment on the physical meaning of the observed 1D
bands in the context of the new nonlinear theory??~24 The
injection of a spin-up (spin-down) electron into a wire leads to
the creation (annihilation) of a spinon and the creation
of a holon. If the energy of the incoming electron is hw = g4(k),
the final state will contain a spinon carrying the whole-energy
hw, and a holon carrying no energy. Similarly, if the energy
of the incoming electron is fi» = ¢.(k), the final state will contain
a holon with energy hw, and a spinon with no energy. Spinon
excitations are protected from decay by energy and momentum
conservation laws. Therefore, the (spinon) edge singularity is
predicted to be robust. Holon excitations are subjected to decay to
some (not accurately known) extent, and so it is theoretically
unclear whether holon singularities should be observable away
from the Fermi points®>?4, Here, the holon band appears
experimentally well discriminated in the particle sector, but
hardly discernible in the hole sector. That is, holon particles
appear long-lived, but holon holes short-lived. Phenomenological
theoretical expressions yield the j- and k-dependent exponents of
the power-law singularities at the spinon and holon mass
shells?>24, The spinon exponents in the particle sector are
similar to those in the hole sector, except for different selection
rules m,. Hence, the (main region) spinon singularity is
theoretically predicted to be a divergent one in the hole sector
(thus easy to observe), and a convergent one in the particle sector
(thus difficult to observe). This would explain why observation of
the spinon shadow band in the particle sector of the main region,
reported here, has been previously elusive. Our results indicate
that this shadow band does exist, supporting the predictions of
the new nonlinear theories??~2%, They show that the shadow band
has appreciable weight for short wires (~ 1 um long), wire length
appearing as a relevant parameter modulating the spectral weight
of shadow bands for electronic (spinful) systems. Theoretical
studies?”?8 indicate that the spectral weight of shadow bands for
spinless systems increases strongly with decreasing wire length.
Here, the experimental observation of the inverted spinon
shadow band (s+) appears to be facilitated by (i) the wire
shortness, (ii) the array design of our device that boosts the wire
signal and (iii) the homogeneity of the lithography.

Methods

Experimental device. The vertical structure of the device, grown by molecular-
beam epitaxy, comprises two 18 nm-wide GaAs quantum wells, a 14 nm-wide
tunnel barrier in between, and spacer and Si-doped Alj33Gag ¢,As layers at both
sides. The structure terminates with a 10 nm-wide GaAs cap layer. The tunnel
barrier is a 10 x [(0.833 nm)Al, 33Ga 67As/(0.556 nm)GaAs] superlattice. The
lower (upper) spacer is 40 nm (20 nm) wide and the Si-doped layers (10'® donors
cm ) are 40 nm wide. The electrical (surface) structure of the device was fabri-
cated on a 200 pm-wide Hall bar (Fig. 1b). Electron-beam lithography was used to
pattern surface gates, that is, split (SG), mid-line (MG), bar (BG) and cut-off (CG)
gates (Fig. 1a)—used to define the experimental area and to set-up tunnelling
conditions—and a 30 x 200 array of air-bridged wire gates (Fig. 1d and Fig. 2)—
used to define the quantum wires in the upper well. The wire gates are 1 pm-long
and 0.3 um-wide. They are separated by 0.19 um-wide gaps (W wire regions)

in the transverse direction and by 0.6 pm-wide gaps (L lead regions) in the
longitudinal direction (Fig. 1c). The device dimensions were chosen carefully to
achieve minimal modulation of the LW carrier density by the negative wire-gate
voltage.

Tunnelling set-up. The two quantum wells are separately contacted with AuGeNi
Ohmic contacts by using a surface-gate depletion technique. At one side of the

device (Fig. 1a), gate SG is negatively biased to pinch off both the upper and lower
layers, while gate MG is positively biased to open a narrow conducting channel in

the upper layer only. At the other side of the device, gates BG and CG are nega-
tively biased to pinch off just the upper layer. Hence, the current injected through
one of the Ohmic contacts is forced to tunnel between the upper and lower layers,
before flowing out through the other Ohmic contact.

Modelling of the LW and UW-lead dispersions. The electron density in the
lower well (UW leads) is iy = 1.5 x 101 em =2 (ngw, =27 x 101t em ~2),
obtained from the crossing magnetic-field values B . For these densities, 2D
electron systems are known to be Fermi liquids with effective mass renormalized by
interactions>®37. We thus simulate the LW and UW-lead dispersions with the
parabolic functional form

hZ

e (k) = 2t
2D

[kz - (ké‘?)z} ; 9)

characteristic of Fermi-liquid quasiparticles, where mjy, is the effective mass in the
lower well or in the UW leads. Replacing the corresponding dispersions in
equation (5), one obtains functions of the type

ed?

Vie(B) = + B*+cB+c

2myy, (10)
that we use to simulate the tunnelling resonances corresponding to the LW (+)
and UW-lead (—) dispersions. By setting d =32 nm (nominal value), the LW
and UW-lead dispersions are found to be well described by an effective mass
msp, = 0.050m, = 0.75my, somewhat smaller than the band mass of GaAs

(my, = 0.067my), where mj is the electron rest mass. This is consistent with
previous measurements and theoretical predictions for quantum wells with similar
densities’®~#2. If the bands were substantially bent across the quantum wells, the
wavefunctions would be somewhat displaced relative to flat-band conditions, and
the distance d (between the centres of the UW and LW wavefunctions) would
somewhat differ from the distance between the centres of the quantum wells

(32 nm). Equally good fits are obtained if we impose the effective mass to be equal
to the band mass (mj, = m;,) and allow for variation of d. The best fit is then
achieved for d =37 nm. We cannot determine the individual contributions of m},
and d to the curvature of tunnelling resonances. Nevertheless, we note that the
mass mjyp, = 0.050m is in Yery good agreement with the careful measurements
carried out by Hayne et al. 383,

Modelling of capacitance effects. Tunnel transport between the upper and lower
layers of the device, across its dielectric barrier, is affected by capacitance

effects, which cause a small deformation of the observed dispersions. The finite
capacitance of the device (C/A per unit area, C/L per unit length) leads to a small
increase/reduction of the electron density + 8n,p/1p at each side of the barrier
(edn,p = V4.C/A for 2D systems, and edn;p = V4. C/L for 1D systems), and
consequently to changes of the Fermi wavenumbers of the source and drain
systems (+ 0kZ® = inénzp/kﬁl) for 2D systems, and =+ 0ki° = +nén;p/2 for
1D systems). To account for capacitance effects' in simulations of the measured
resonances, we replace the Fermi wavenumbers, corresponding to zero capacitance,
by modified ones

2D 2D 2D o, TVaC
Y = 2P+ KD = K2 iekiDA (11)
for 2D systems, and
. Vi C
KD — gD o gD gDy T Ve (12)

2el
for 1D systems, in the expressions describing tunnelling conditions (equation (5)).
Hence, dispersions Vgy.(B) initially symmetric become somewhat asymmetric.
Satisfactory fits are achieved with capacitance values C/A~0.004Fm~?2,
C/L~0.1nFm~1.

Data availability. Data associated with this work are available at the University of
Cambridge data repository (http://dx.doi.org/10.17863/CAM.797; see ref. 43).
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We construct a many-body theory of magnetoelasticity in one dimension and show that the dynamical
correlation functions of the quantum magnet, connecting the spins with phonons, involve all energy scales.
Accounting for all magnetic states nonperturbatively via the exact diagonalization techniques of Bethe ansatz,
we find that the renormalization of the phonon velocity is a nonmonotonous function of the external magnetic
field and identify a new mechanism for attenuation of phonons—via hybridization with the continuum of
excitations at high energy. We conduct ultrasonic measurements on a high-quality single crystal of the frustrated
spin-1/2 Heisenberg antiferromagnet Cs,CuCly in its nearly one-dimensional regime and confirm the theoretical
predictions, demonstrating that ultrasound can be used as a powerful probe of strong correlations in one dimension.

DOI: 10.1103/PhysRevB.95.045120

I. INTRODUCTION

Magnetic insulators present a good example of inter-
acting quantum systems where phonons can serve as an
intrinsic probe of the strongly-correlated spins [1]. The first
microscopic theory of magnetoelasticity was developed at
finite temperatures [2,3], where the static and the dynamic
correlation functions of the spins were shown to couple to
phonons with the same strength in the perturbative regime. At
low temperature, assuming existence of a spin-liquid regime
in two- and three-dimensional Heisenberg antiferromagnets,
phonons were shown to measure the mass and lifetime of
the spin-liquid quasiparticles [4,5]. In one dimension (1D)—
where interacting magnons form a spin-Luttinger liquid at low
energy—the theory remains largely unexplored. At the same
time such 1D systems are readily accessible in experiments
on Cs,CuCly [6,7], CsNiCl; [8], KCuF; [9], and a metal
organic coordination polymer Cu(Il)-2,5-bis(pyrazol-1-yl)-
1,4-dihydroxybenzene [10].

In this paper we construct a microscopic theory of mag-
netoelasticity in 1D using the diagonalization methods of
Bethe ansatz [11]. We derive the matrix elements for the
four-point correlation function that couples the strongly-
correlated spins to phonons dynamically and show that
Luttinger liquid at low energy contributes comparably with
the high-energy excitations that we are able to account for
due to the hierarchy of modes [12-14]. The contribution of
the static correlation function to the renormalization of the
sound velocity is parametrically larger than the dynamical
correlation functions. The resonant decay of phonons in the
many-body spin continuum vanishes very fast, as the fourth
power of the length in large systems. However we identify
another mechanism, hybridization with the excitations at high
energy via the dynamical correlation function, that remains
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Germany.
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finite in the thermodynamic limit. This work advances the
many-body diagonalization tools in 1D [15-19] in to the field
of magnetoelasticity, which is beginning to receive attention
also in spintronics [20-23].

To test our theory we conduct ultrasonic measurements
on a high-quality single crystal of Cs,CuCly in its nearly
1D regime, i.e., at temperatures of 0.7-2.1 K and magnetic
fields up to 9 T [24,25]. The observed dependencies of the
sound velocity and attenuation of the sound wave on the
magnetic field agree well with all theoretical predictions. We
find that the magnetic-field dependent part of the attenuation
is governed by the hybridization mechanism. Our results
demonstrate that ultrasonic investigations, besides neutron-
scattering experiments [6,9,26], can be used as a powerful
probe of correlation functions of the many-body system in
1D in magnetic insulators, just as tunneling spectroscopy in
semiconductor heterostructures [27,28].

The paper is organized as follows. Section II contains the
definition of the magnetostrictive interactions between the
Heisenberg model and the phonon models in one dimension
and the diagonalization of the isolated Heisenberg model by
means of Bethe ansatz. In Sec. III we study renormalization of
sound velocity by evaluating microscopically the dynamical
correlation function of the spins that couples to the phonons
(Sec. IITA) and by analyzing it using the hierarchy of
interacting modes (Sec. III B). In Sec. IV we consider different
mechanisms of attenuation of phonons. In Sec. V we conduct
an ultrasound experiment on Cs,CuCly in its nearly one-
dimensional regime and confirm the theoretical predictions.
In Appendix A we derive the quantization equation for the
pi-pairs’ solutions of Bethe equations in the XY limit. In
Appendix B we quote the normalization factor of the Bethe
states together with the algebraic Bethe ansatz method. In
Appendix C we derive the matrix element of the spin operator
needed for the magnetostrictive interaction.

1I. MODEL

Theoretically, we consider phonons interacting with 1/2
spins on a 1D lattice of length L via a magnetostrictive

©2017 American Physical Society
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interaction as [2,3]
H:Hm+th+Va (1)

where

L

Hy, =Y (JS; S, + BSY),
j=1

L

V= Y0 = x) + B — xS, S (3)
1

Hyp =) wala, (2)
k

J

are the Heisenberg model of spins, the free phonon model,
and the interaction between them, respectively, S; are the
spin-1/2 operators, J is the exchange interaction between
spins when the atoms are in equilibrium, and B is the external
magnetic field in energy units. Here a; are Bose operators of
the phonons, wy = 2wp| sin (k/2)| is the phonon dispersion,
wp is Debye energy, x; = ), %(ak + aik)e‘”‘j is the
position operator of an atom with the mass m at lattice site j,
and vy is the sound velocity. Phononic excitations modulate
the exchange integrals resulting in a set of magnetostrictive
constants J, = 97 J(x)|,_,/n! that quantify the magnetoelas-
tic interaction, where b is the lattice parameter. We assume the
periodic boundary condition: §;,; = S; and x;;, = x;.

The spin Hamiltonian in Eq. (2) is diagonalized by N-
magnon states parameterized with a set of N quasimomenta
q = (q; - . - gn) that satisfy the nonlinear Bethe equations [11]

aiL =Y ¢y =2rl; “
I#]
where the two-body scattering phases are

lita) 11 — 2A€

e = —— -
eaita) + 1 —2Ae'%’

(6))

A =1, and I; is a set of nonequal integers. Solutions of
Bethe equations can be found via numerical deformation
from the XY point A = 0 (where ¢;; = 7 gives the solutions
q; = 2n1;/L) to the Heisenberg point A = 1 [29]. However,
Bethe equations remain nonlinear, « L — ®(«,q) = 271}, for
some solutions that contain at least a pair of quasimomenta
satisfying the conditiong; + g; = £ inthe A = 0 limit—see
derivation in Appendix A. Here ¢; = £7 —«, q; = «, the
scattering phase

20 N-2r l=sing;sina io
' Z./:l sing;—sino te

PP — (6)

- 20 N—2r l—sing;sina

1= - - —e i
smq, —Ssimnao

L 4~j=1
depends on another quasimomenta, n is the number of such
pi-pairs, and A = 1. Solutions for @ can be obtained again
via deformation from the A =0 to the A =1 point. The
eigenenergy of H,, corresponding to the state q is

L

N
S:Z(Jcosqj—J+B)+<§—B)§ ©)
j=1

and the total momentum—preserved by the translational
. . . N
invariance—is Q0 = 3", q;.
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We consider renormalization of phonons by spins via the
magnetostrictive interaction V perturbatively. The perturba-
tion series for the eigenenergy of H is

k,q|VI]k)?
E(k):so-i—wk-l-(lelk)-i-ZM, ®
! &0 + Wy — &q — Wk

where ¢ is the ground state energy of H,,, w is an eigenenergy
of Hpy, parameterized by M momenta kK = (ky, - - - ,ky). The
unperturbed state |k) = |k),4|0),, is a direct product of a
single phonon [k),, and the spin ground state |0), and
Ik,q) = [K)p4lq),, are the intermediate states.

III. RENORMALIZATION OF SOUND VELOCITY
Change of the sound velocity is given by a derivative of
E(k) as
v = vy + vy, )

where evaluation of the phononic matrix elements leaves the
spin correlation functions split into the static and the dynamic
parts,

Jb*h
Sur = 2018, - $210),. (10)
nuvgy
2p2h L -850, 12 (g0 —
svy = 71 |<;1|S‘_ Sz)lz )_ |( (€0 )28“). (11)
M gho=p 0T F T RODP

Here hp/b =2mh/(bL) is the quantum of the momentum
and the sum over all of the many-magnon states, {q}, and
is restricted by momentum conservation to the states with
Q = p. The static correlation function in §v; is immedi-
ately obtained from &) using the translational invariance

S
N8}
|

(51}1 vao/(szQh)

1
BJJ

FIG. 1. The static spin correlation function from Eq. (10) as a
function of the magnetic field B, calculated using Bethe ansatz.
Inset is the dynamic correlation function from Eq. (11) calculated
using the matrix element in Eq. (13): The black line is the Luttinger

liquid contribution in Eq. (20), and the red line is the high-energy
contribution in Eq. (21).
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as [30]
- B(N-3%)

JL '
Its dependence on the magnetic field, changing from the
ferromagnetic value of 0.25 at high fields to the antiferro-
magnetic ~—0.44 in zero field, is shown in Fig. 1.

(0ISy - $2|0)m = (12

[1i; sh(vi —v))

(aIS1 - $210) = (/(010)(glq)) ™"

D=y

y

2sh(2n)shn shu, []
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A. Dynamical correlation function of spins

The dynamical part in §v, is a fourth-order correlation
function. We evaluate the needed matrix element using
the algebraic Bethe ansatz [31] and obtain it as a sum
over determinants of N x N matrices, see Appendix C for
details,

[T jijzy ShGtj —vi)

[1; ch*(u; —n) ,1_[

£y

sh(u; — uy, + 2n)
sh(u; —uy)

Jiy D +m)

X [detl&m - (1

[1; ch@u; +m[1; ch(v; + )

l_[i<j#y Sh(u[ — uj)

> det CA}(’)}

— detK ¢, (13)
[1; ch®u; — m) [T, sh(vi — v))
where the matrix elements are
shuy, sh(2n)ch(u,
=T (= 1)?sh*@n)shuey [Ty shur — 1y + 27) shn [T 1 S — v)[He 4 37, et ] 14
[Tiz o shCui — ) [1;yp shur — up) ch(up + n)ch(up + n)ch(vg, — nch(va +17)
KO =71, + (—=DPsh32n)sgn(y — b)ch(u, — ) ch@p +m) [ 114z, shGu — up + 21)
ab ch(vy — mech(ve +m [T, shp — vi) [ 2y 5 sh@i — 1) [Tz shur — up)
[ch(ub —n)  sh(u, —u, +2n)  sh2nch(u;, — 2n)shuy] (15)
ch(uy +n)  sh(uy —u, —2n)  ch(uy, — n)ch@uy +1n) ]’
when b # y and
' h(2n)sh(2v,)
0 _ $
Ky = I PA——) , (16)
ch™(v, — n)ch™(ve + 1)
Gf;‘; = T,» when b # y and Gf,“;) = K(%:),
T, — chf(v, — 1)  sh(2p) sh(v, —u; +2n)  sh(2n) l—[ sh(u; — v +2n) (17)
7 chl(up + 1) sh(vy — uy) jiia  SH@—up) sh’(u, — vp) e SHQtj —vp)

The normalization factors of Bethe states [32,33] (0]|0) and
(qlq) are quoted in Appendix B in terms of a determinant of
an N x N matrix. Here n = (acoshl)/2,

1 — 2 q°
uj= In| —— /

18

1 — emidj=20

are the quasimomenta of the ground state q” in Orbach
parametrization, and v; is obtained from u ; by q? — gq; where
q are the excited states [11].

B. Hierarchy of modes

The excitations in the sum over q in Eq. (11) have
the same number of quasimomenta as the ground state at
a given magnetic field. They are constructed by removing
a quasimomentum from the ground state distribution and
promoting it to an empty position, see sketch in Fig. 2. We
will label these excitations as ¥ y* pairs.

The whole dynamical correlation function in Eq. (11)
exhibits a hierarchy of modes governed by their spectral
strength [12—14]. The excitations split into groups according
ton=1,2,3, ... Yy¥* pairs that have progressively smaller
amplitudes of their matrix elements, |(q|S; - S2|0)|> ~ 1/L?".
We keep the first three levels of the hierarchy,

212

Jib*h
dvy = (A1 + Ay + A3z).
muvgJ

19

The first level consists of only one pair with the minimally
possible momentum Q = p,

vnd L2[(pIS1 - S2[0)m |

Ay(B) =
anf)

) (20)

where v,, = (¢, —&9)/p is the renormalized velocity of
Luttinger liquid and we have used smallness of the exchange
energy compared with Debye energy J /wp ~ 1073 for general
material parameters [34]. The only matrix element in Eq. (20)
can be obtained using the bosonic modes of Luttinger
liquid [35], where the dispersion is almost linear. We, however,
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S (c)

S > @
L L N L N L
2 T3ty 272 3

FIG. 2. Configurations of nonequal integer numbers /; that
correspond to the solutions of the Bethe equations for the model H,,:
(a) the ground state, (b) one ¥y *-pair excitation, (c) two ¢ *-pair
excitations, (d) three v v *-pair excitations. These eigenstates include
complex solutions at A =1, which are obtained via numerical
deformation of Bethe equations from the A = 0 to the A = 1 point.

use a more general Bethe ansatz approach here. Solutions of
Bethe equations give v, directly that, together with the matrix
element in Eq. (13), gives the magnetic field dependence of
A (B) shown in the inset (right axis) in Fig. 1.

There are polynomially many states in the second and in
the third levels of the hierarchy,

Z LI(gIS: - $2]0),

Ayx3)(B) = p—
q — €0

, (21
{ah:0=p

where the summand in Eq. (11) was expanded in a Taylor
seriesinwp p/(&9 — &4) K 1 since the sum over q accumulates
dominantly at high energy. Contribution of the low-energy
excitations (for which (g9 — &4)/wpp < 1) has an additional
small factor J2/ a)%), like in Eq. (20). At intermediate energies,
(g0 — &4) =~ wp p, the perturbation theory for E(k) becomes
inapplicable since these magnetic excitations are in resonance
with the acoustic phonon. However, the width of the anti-

crossing [36] < Ji4/ hbw%, /(mJ3L3) is much smaller than the

many-magnon level spacing J/L that is still in the Luttinger
liquid regime. The nonperturbative contribution of these levels
is of the order of the anticrossing width and vanishes in large
systems.

We obtain the magnetic field dependence of A, numerically
as a sum over the two Y* pairs in Eq. (21), see inset in
Fig. 1. At high fields A, is small since there are only a
few excitations, the strength of which is small as 1/L* at
the second level of the hierarchy, and at small fields A, is
again small since the majority of the excitations belongs to
the class of pi-pairs close to the half filling of the magnetic
band, which makes their amplitudes even weaker than 1/L*
due to Eq. (6). At the intermediate fields the 1/L* smallness is
partially compensated by a large number of the excitations,
whose majority does not have pi-pairs yet. The position
of the maximum of |A,(B)| is identified from numerics at
B, =2J —97m%J/(2L?). The value of the function at this
point is A>(B,;,) = —0.0016/L for large systems, see scaling
of A,(B,,) in Fig. 3, which is small in a different parameter
compared with A;.
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-0.5-
S * — A2 (Bm)
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= 1 —ap+ai/L
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L

FIG. 3. Scaling of A, L defined in Eq. (21) with the system length
at three values of the magnetic field B = B,,, 2J — 257>J /L, 1.8J.
The fitting of finite size corrections, A,L =ay+a;/L,
gives (ag,a;) x 10*> = (=0.17,1.51), (=0.15,2.04), (—=0.01, — 6.95)
for the three magnetic fields, respectively.

For typical values of material parameters, A; and A, are
of the same order, e.g., 1/L ~ 10~¢ and (wD/J)2 ~ 107
for ultrasonic measurements in a magnetic insulator [1]. The
three vy *-pairs contribution Aj is smaller than A, due to an
additional 1/L? in accord with the hierarchy of modes [12—14]
for the whole range of magnetic fields, see Fig. 4.

IV. ATTENUATION OF PHONONS

Next let us analyze decay of the phonons into the spin
excitations. The excitation spectrum of Heisenberg model
in Eq. (2) is continuous which always has some states in
resonance with the single phonon energy wpp providing
a channel for the direct relaxation, unlike the previous
phenomenological approaches [37,38]. The rate of such a

10+

0 0.5 1 1.5
B/J
FIG. 4. Contribution of the third level of the hierarchy of modes

to dv, defined in Eq. (21); L = 40. It is small compared with A, in
the inset of Fig. 1 for the whole range of magnetic fields.
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FIG. 5. Two mechanisms of the sound attenuation: the red line
is the relaxation rate T~! calculated using the Fermi golden rule in
Eq. (22), while the black line is the degree of hybridization Z of
a sound phonon with the magnetic excitations dominated by high
energies in Eq. (24). Inset is the low energy contribution to Eq. (24).

process is given by the Fermi golden rule,

272
= TS g1S) - 8,100 PAAE),
mv
{q}:0=p

where AE = &4 — &9 — w,, and the contribution of the J, term
in Eq. (3) is zero due to (AFE). The principal value of the
sum in Eq. (22) is accumulated by the second level of the
hierarchy, which we evaluate numerically—see the magnetic
field dependence of 7! in Fig. 5. Its maximum value has the
same small prefactor 1/L* as the matrix element in Eq. (13)
making the direct relaxation extremely slow in large systems.
However, the amplitude of the free phonons can also
be reduced via hybridization with the magnetic excitations,
similarly to the v, renormalization of their velocity. The first

order in perturbation theory for the wave function,

(k.q|V|k)

(22

W) = 1k) + ) (23)

‘k)phlq)m’
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'*Z(Bm)

6
o~ Z(2J — 2572J/L?)
] o~ Z(1.8J)
— ag + CL1/L

(U \
0 50

150 200 250 300
L

FIG. 6. Scaling of Z defined in Eq. (24) with the system length at
three values of the magnetic field B = B,,, 2J — 2572J/L*, 1.8J.
The fitting of finite size corrections, ZJ2muvo/(J2bmh?) =
ap+ai/L, gives (ag,a;) x 10° =(0.73, —7.8), (0.40, — 6.3),
(0.012,8.4) for the three magnetic fields, respectively.

\
100

like in the analysis of Eq. (11) before. The first level
contribution C; is small in J?/w? like Ay, see inset in Fig. 5.
But C», shown in Fig. 5, remains finite in the thermodynamic
limit (see scaling in Fig. 6) unlike A, above, and Cj3 is small
in 1/L? compared with C,, see Fig. 7. This hybridization
mechanism can be distinguished from other nonmagnetic
channels of relaxation via its magnetic field dependence and
from the exponential decay into the resonant magnetic states
described by Eq. (22) since it is constant in the temporal and
spatial domains.

V. ULTRASOUND EXPERIMENT ON Cs,CuCly

Finally, we discuss our experimental results. High-quality
single crystals of several mm size of the frustrated spin-
1/2 antiferromagnet Cs,CuCly were grown from an aque-
ous solution by an evaporation technique [39]. A pair of

el — 2
) k) -+ Wi Sq Wk
gives suppression at low momenta, Z = 1 — |(p|\llp)|2, as
Jrbm? l(qlS: - $2[0)|? -
Z = — 5 (24) =R
mvo - iol, (B0~ €= @pp) =]
which we analyze using the hierarchy of modes: >i,
J lzbn n? O
Z="12(Ci+C+Cy), 25)
J?muy
where
J/w 2L2 S;-$,|0 2 0-7 T T T T T T T
¢, = Lo0PL2UpIS S0 06 R A
(27) B/J
and
l(qlS: - S:[0) |2 FIG. 7. Contribution of the third level of the hierarchy of modes
Coy = Z —_—, (27)  to Z defined in Eq. (27); L = 40. It is small compared with C, in
(q):0=p (0 — &q) Fig. 5 for the whole range of magnetic fields.
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— J1b=3563J/1,

v-T =19K
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S
5 0.95{ %
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0.94 . , . .
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FIG. 8. Experimental results (open triangles, diamonds, and
circles) of the renormalized amplitude 1 — Z of the longitudinal
ultrasound wave propagating along the [010] axis of Cs,CuCl, at
T = (1.900 £ 0.005) K, 7 = (1.700 £ 0.005) K, and T = (1.300 £
0.005) K. The red lines represent the results of Eq. (24) with J;b =
35637 /+/1... The inset shows data (open circles) of the corresponding
normalized sound velocity at 7 = (1.300 £ 0.005) K. The green line
shows the result of Eq. (10) using J,b*> = —24.5J. Additional data
are presented in Fig. 9.

b2 = —24.5J
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piezoelectric polymer-foil transducers was glued to opposite
parallel surfaces perpendicular to the [010] direction for the
generation and the detection of the ultrasound waves. These
longitudinal waves propagate along the [010] direction that
corresponds to the elastic mode cy,. Changes of the sound
velocity §v and the renormalized amplitude of the sound wave
1 — Z were measured as functions of magnetic field at constant
temperatures, using the experimental set up described in detail
in Ref. [40].

In Fig. 8 we compare the experimental data for the sound
velocity with the theoretical results expressed in Eqgs. (10)
and (11). By fitting the static correlation function given by
Eq. (10), we extract J,b*> = —24.5J, with the magnetic cou-
pling constant J = 0.375 meV taken from Ref. [6]—see inset
in Fig. 8. We find no signatures of the dynamical correlation
functions represented by Eq. (11)—which are parametrically
small—down to the noise level of our experiment. This
defines an upper bound to the other microscopic constant
Jib < 1.25 x 1047,

Analyzing the attenuation of the amplitude of the sound
wave Z, we find that its functional dependence on the magnetic
field is in good agreement with the dynamic hybridization
mechanism represented by Eq. (24)—see Fig. 8 and additional
data in Fig. 9. By fitting its amplitude, we extract the other
microscopic parameter as Ji1b = 3563.J /+/T., where I, is the

— Jib = 35630 /T,

bt = —245
—~ v’
Q =
K095 x
[ s°
- 13
< 0 E
09 " B[Tesla]

v-T=17K

5 B
N 0959 x _
| s -~
— 1
=
2
0.9 B|Tesla]

o-T=13K

Do 2° 5 E
N X N 0,954 X
| o5 | o
= =
— —~ — ~
064 = ——T1 1.8 — ;
0 > B[Tesla] ’ BlTesla
T T T T T T T T T 0.9 T T T T T T T T
0 2 4 6 8 0 2 4 6 8
B|Tesla] B|Tesla]
FIG. 9. Experimental results (open circles, triangles, and diamonds) of the renormalized amplitude 1 — Z of the longitudinal ultrasound

wave propagating along the [010] axis of Cs,CuCl, at the temperatures of (a) 7 = (1.150 £0.005) K, (b) 7 = (0.850 & 0.005) K,
()T =(0.720 £ 0.005) K, (d) T = (1.900 £ 0.005) K, (e) T = (1.700 £ 0.005) K, and (f) T = (1.300 = 0.005) K. The red lines represent the
results of Eq. (24) with J,b = 7416J //T, for (a)—(c) and with J,b = 3563 //1. for (d)—(f). The data in (d)—(f) were taken in a different cryostat
system using upgraded electronics and a better quality sample compared with the data in (a)—(c) leading to a decrease of the nonmagnetic losses
by a factor of I.(a,b,c)/I.(d,e, f) ~ 4.3. The insets show data of the corresponding normalized sound velocities at the same temperatures.
The green lines show the result of Eq. (10) using J,b*> = —24.5J. The results of our ultrasound experiments are still relatively close to the 1D
regime at the temperature of 7 = (0.720 £ 0.005) K, at which the system is already in a transitional state between the 1D and a 2D regime.
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degree of nonmagnetic losses. A quantitative determination
of these losses is not possible since they consist of various
extrinsic (e.g., coupling and diffraction losses, nonparallel
alignment of the sample, etc.) and intrinsic attenuation
mechanisms like direct scattering at defects or dislocation
damping [41]. However, even for I, = 1 this value of J;b is
consistent with the bound from the measurement of the sound
velocity.

The values of the microscopic constants are significantly
different from the values measured along the a axis in Ref. [42]
manifesting an anisotropy of Cs,CuCly. Our very good fit of
the magnetic field dependencies by the purely one-dimensional
theory in Figs. 8 and 9 gives a further argument that the
interchain interactions in Cs,CuCly in the finite temperature
regime are negligible despite only a moderate degree of the
exchange anisotropy of ~3 in the a-b plane [43].

VI. CONCLUSIONS

In conclusion, constructing a microscopic theory of mag-
netoelasticity in 1D we have shown that the necessary
correlation functions involve the many-body excitations at
all energy scales and have identified a new mechanism of
sound attenuation. Our theoretical predictions agree with our
ultrasound experiments in the 1D regime of Cs,CuCly.
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APPENDIX A: DERIVATION OF THE QUANTIZATION
EQUATION FOR PI-PAIRS

The XX Z model is a generalization of Heisenberg model
that introduces the interaction strength between magnons J A
as a model parameter, which breaks the rotational symmetry
of the spin-spin interaction term §; - S;,. In one dimension
the model reads

L - ot + o

S8, +S7S;
_ J i+l J Tt 7 Q2
Hy=Y" <J2 +JASIST, + BS/),

j=1
A (AD)

where Sji =S+ iS';. For A =1 this model becomes the
model in Eq. (2). The N-magnon eigenstates of this Hamilto-

nian can be found by solving a set of Bethe equations,

q;L — Z(pﬂ =2nl;,
I#]

(A2)

for N quasimomenta ¢g;, where the two-magnon scattering
phases are given by
. l@ita) 41 — 2Ae%
' = —— .
eidita) 1 —2Aeidi

(A3)

and /; is a set of N nonequal integer numbers.

In the free magnon limit A = 0 the two-body phase shifts
¢ij become independent of quasimomenta and equal to the
shifts of free fermions or hard-core bosons, ¢;; = 7 that is
immediately obtained by taking the A — 0 limit of Eq. (A3)
giving exp (ig;j) = —1. This result restores the plain wave
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quantization condition for each magnon independently, g; =
2m(I1j +1/2)/L [44], from the system of nonlinear Bethe
equations in Eq. (A2). Alternatively, the free magnon result
can be obtained by setting A =0 in the Hamiltonian in
Eq. (A1) and then by diagonalizing the resulting XY model
directly [45].

However, the noninteracting limit becomes ambiguous
when at least one pair of quasimomenta in an N magnon state
satisfies the condition ¢; + ¢; =27 (l; + 1; +1)/L = £m at
A = 0. In evaluating the A = 0 limit of Eq. (A3), the leading
order of ¢/%%4/) 4 1 is zero in the Taylor series around the A =
0 point, both in the numerator and in the denominator. Thus,
higher order coefficients have to be calculated, ¢/4 9 4 1 =
1A + ¢, A% + ..., that requires, in general, solving the whole
set of N Bethe equation in Eq. (A2) in a nonlinear fashion,
i.e., ¢1,c2,... depend on all g;—not just g; and g;—since A is
still finite, which requires solving all N Bethe equations for
all g; simultaneously in taking the limit. This issue was noted
in Refs. [46,47] but was never resolved. Here we start from
a finite but small A, for which all scattering phase are well
behaved, and then take the limit A — 0 systematically.

Let us consider a N-magnon solution of Bethe equations
that contains 2r quasimomenta that satisfy the g»; + 241 =
47 condition (we will call these pairs of quasimomenta pi-
pairs below) and N — 2r quasimomenta that do not have a
pi-pair. For a finite but small A <« 1 the quasimomenta of a
pi-pair can be parameterized as

8.
Qj=ET —a; + Ej i< (Ad)
8
q2j+1 =0tj+5, (AS)

where «; is an unknown parameter of the jth pi-pair that has
a nonzero value, since Bethe equations for this pair cannot be
solved due to the unknown (at the moment) phase shift ¢5; ;41
at A = 0, and §; is a parameter that vanishes at A = 0. On the
other hand, the remaining quasimomenta j > 2r can be found
immediately for A = 0 since all of their scattering phases in
Eq. (A3) for these quasimomenta are well behaved, ¢;; = 7.
Thus at a finite A < 1 we can write

_2n(li+ )
- L

where €; are small corrections due to a finite A that depend
on all other quasimomenta and vanish for A = 0. Conser-
vation of the total momentum of N magnons, Z?’:l q; =

q; +e€j, j>2r, (A6)

2 27:1 I;/L including the pi-pairs, is independent of the
interactions and imposes an additional constraint on §; and €,

N r
Z ej:—Z(Sj‘
j=1

Jj=2r+1

(A7)

It is obtained as a sum of all equations in Eq. (A2) after
substitution of Eqgs. (A4)—(A6).

Since «; cannot be obtained directly from its own Bethe
equation due to the undefined scattering phase within the
corresponding pi-pair, we are going to obtain an equation
for «; from the other j > 2r Bethe equations that do not
have this issue. We start from expanding ¢;; for j > 2r
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magnons—which are defined at the point A = 0—up to
the linear order in small A. Taking into account that ¢; is
proportional to A and §; is linear (or a higher order) in A we
obtain the following expansion of ¢ ;; between the jth magnon
and a pi-pair and the jth magnon and another j'th magnons,
which do not have a pi-pair, respectively,

o 4%
sin “—
Qjoi =T = 20—, (A8)
cos “5—
cos —q’;a’
Qj2it1 =T — 20— =, (A9)
sin 45—
2
sin 42
gojjr:n—ZATW. (A10)
cos =5+

Then we substitute these expansions in Eq. (A2) and sum all
of them with j > 2r obtaining a relation between §; and o;
that parameterizes the quasimomenta for j < 2r,

r r N . .

1 —sing;sing;

LY Ss44na) Y —— =,

“ —~ sing; — sinq;
i=l i=1 j=2n+1

(A11)

where the sum over j is taken over the remaining quasimo-
menta that do not have a pi-pair, given by Eq. (A6) withe; = 0.
Here we used Eq. (A7) to express € through §; and canceled all
@jj terms forboth j, j’ > 2r duetothe ¢, = —@;; symmetry
of Eq. (A10)—note that the scattering phases are defined up
to an arbitrary period 27 times an integer.

The equation in Eq. (Al1) is a sum of r terms and each
term depends only on two unknown variables §; and «;. Thus
Eq. (A11) splits into r independent equations and solving them
separately we find

N 1 —sing; sing;
> oS,

§i = . -
sing; — sing;

(A12)

~ s

j=2r+1

This result shows that the linear term in the Taylor expansion
for §; in A does not vanish. However it depends on the still
unknown parameter ¢;. In order to find it, we take the A — 0
limit of Eq. (A3) for the two quasimomenta within the ith
pi-pair and obtain

1—sing; sinq;

22 N _ i
Qs lL Zj:Zr-H sing;—sine; €

e = Tl , (A13)

l»g ZN 1—sing; sina; + ei“'

L Jj=2r+1 sing;—sino;
where

) 4 Y 1 —sing; sinq;

e q2i Tq2i+1 + 1= — § J A (A14)

Pyt sing; — sinq;
was expanded up to the linear order in A, substituted in
Eq. (A3), and A was canceled from the whole expression
altogether. Substituting Eq. (A13) into each of the 2ith (or
2i + Ist) Bethe equation in Eq. (A2) in the exponential form
we obtain an equation for each «; independently in the A = 0
limit,
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This result does not coincide with the free wave quanti-
zation condition exp (ie; L) = —1, being a nonlinear equation
for ¢;. Its solutions can be found by introducing an extra
deformation parameter A,

- 2) N I—sing;sina iy
iLal L Z:j=2r-%—1 sing;—sina €
—e s =1, (A16)
220 ZN I—sing; sina +em
T J=2r+1 sing;—sina

where the subscript was omitted, o; — «, since the equation
is the same for all indices i. The solutions can be classified in
the limit A = 0, like the Bethe equations, where Eq. (A16)
is solved by o =2m(l; +1/2)/(L —2). Then a smooth
deformation of the equation from A =0 to A = 1 gives all
solutions of of the nonlinear Eq. (A15). The quantization
equation of pi-pairs in the A =0 limit before Eq. (6) is
Eq. (A16) in the logarithmic form.

The two-magnon solutions of Bethe equations that we
identified as pi-pairs in Eq. (A16) at A = 0 can account for
the missing complex solutions, which instead remain real, of
the XX X model at A = 1 found in Ref. [48]. For N = 2 the
parameter 6 in Eq. (A12) remains zero for any A making the
scattering phase ¢, = —2« and Eq. (A2) independent of A
as well, in this case. Thus this two-magnon solution remains
real at A = 1 and has to be removed from the class of complex
conjugated quasimomenta. We also note that pi-pairs are still
solutions of Bethe equations at any finite A in full accord with
the arguments of Ref. [49]. It is only the limit A — O of these
solutions that does not recover the single particle quantization
rule g; =2n(I; +1/2)/L.

APPENDIX B: NORMALIZATION FACTORS OF BETHE
STATES

The eigenstates of the XXZ model in Eq. (Al) are the
Bethe states

= >

Poji<<jn

of Dianiti i eny 25t St (BI)

where P is a permutation of N quasimomenta g; and |{}) is the
ferromagnetic ground state. In this so-called coordinate repre-
sentation the many-body states | W) are not factorizable making
calculations of scalar products and expectation values in this
representation almost intractable. However, a calculation of
the form factors needed in Eq. (13) becomes manageable using
the algebraic form of Bethe ansatz [31], in which Bethe states
are factorized in terms of operators with given commutation
relations.

Following Ref. [31] we write down the many-body wave
functions using operators that satisfy a Yang-Baxter algebra as

N
) = c@piv). (B2)

j=I

where u; are N auxiliary parameters and C(u) is one of the
four matrix elements of the transition matrix

) N 1—sing; sino; —ia;
iLe, 'L 2 =2+1 Sing, —simna, 1 AlS A@w) B)
- i2 ZN I—sing; sing; + el - ( ) Tu) = ( ), (B3)
L Jj=2r+1 sing;—sine; Cu) D(u)
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which is defined in an auxiliary 2 x 2 space. This 7-matrix
satisfies the Yang-Baxter equation

Ru —v)(Tw) ® T(v)) = (T(v) @ Tw)R(u — v).

Here we use the following R-matrix that corresponds to the
spin Hamiltonian in Eq. (A1),

(B4

1
O I
1
where b(u) = sinh (u)/ sinh (1 + 2n) and c(u) =

sinh (21)/ sinh (u + 2n).

The entries of Eq. (B4) give commutation relations between
the matrix elements of 7. Here we write down four of them
that will be used later,

c(u —v)
[B,,Cy] = — (A, Dy — AyDy), (B6)
b(u —v)
ACy= — o, = TV g (B7)
u v b(u—y) v u b(u—v) u v
1 c(v—u)
Ducu = 7CL’Du - 7CuDuy (BS)
b(v —u) b(v —u)
_ c(u —v) _
[AuaDv] - m(chu CMBU)' (B9)

‘We have introduced the subscript # and v as a shorthand of the
argument, e.g. A, = A(u), above.

The transfer matrix t(u) = TrT(u) = A(u) + D(u) con-
tains all of the conserved quantities of the model in Eq. (A1)
including the Hamiltonian. Thus if |u) is a eigenstate of t(u)
then it is an eigenstate of the Hamiltonian. The eigenvalue
equation, t(u)lu) = 7,|u) where 7, is a scalar quantity—the
corresponding eigenvalue, can be solved using the commuta-
tion relations in Eqs. (B6)—(B9). The results of acting with the
A, and D, operators on the state |u) in Eq. (B2) are obtained
by commuting them from left to right through the product of
C(u;) operators,

N N N
1 Cuj
AcJTC@pio) =a [T;—Cwpio) =3 a;caw
=1 j=1 "1 j=1 uj
Yol
x H.b—ﬂcwmw, (B10)
I=1#£j
N N 1 N c:
f— . . uj
D, ]'[ Cu)|0) = d, ]'[ 5, CwIo) + Zdj oy €
Jj=1 j=1 j=1
Mo
— Bl11
< T 5y COIY). (B11)
I=1%j
cosh®(vy, — 1)  sinh(2n)

sinh(v, — u; + 2n)
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where the vacuum eigenvalues of the operators, A,||) =
a,[}) and D, |{) = dy|{}), are

cosh (u — 1)

Q= "—""T 3

cosh™ (u +n)

Since the right hand side of Egs. (B10) and (B11) contains
terms that are not proportional to the original state multiplied
by a scalar, an arbitrary Bethe state is not an eigenstate of the
transfer matrix 7 for an arbitrary set of the auxiliary parameters
u j. However, the second terms in Eqs. (B10) and (B11) can be
made zero by selecting specific sets of u; that are solutions of
the following set of nonlinear equations,

N
R o T (B13)
di ;b

and d, = 1. (B12)

where we have used the shorthand with the subscripts, i.e.a; =
a(uj)andbj; = b(u; — u;). Substitution of the expressions for
aj and d; from Eq. (B12) and for b;; from Eq. (B5) gives the
following Bethe equation and the eigenvalue of the transfer
matrix t,

cosh(u; — )k

ﬁ sinh(u; — u; — 2n)

= . s (B14)
cosh(u; + n)t Pty sinh(u; — u; +2n)
A Mo
T.=a — +d, — (B15)
u u Jl:[l buj u E bju
The Bethe ansatz equations—in the coordinate
representation—are obtained under substitution of
[ 1—elai=2n iq;
and
acoshA
n="— (B17)

into Eq. (B14).

The scalar product between two Bethe states (v| and |u) can
be calculated using the commutation relations in Egs. (B6)—
(B9). The multiplication of the bra and ket states in the form of
Eq. (B2) is evaluated by commuting each operator B(v;) from
left to right through the product of C(u;) operators and then
by using the vacuum eigenvalues of the generated A and D
operators from Eq. (B12). When u; is a solution of Eq. (B14)
and v; is an arbitrary set of auxiliary parameters the result can
be written in a compact form as a determinant of an N x N
matrix—the so-called Slavnov’s formula [50],

]—L{?’j:] sinh(v; — u;)

. - det T,
1_[/.4 sinh(v; — v,-)]_[/.<i sinh(u; — u;)

(V) =

(B18)
where matrix elements are T, = 9,, 7 (v). Under substitution
of 7T (u) from Eq. (BS) these matrix elements read

sinh(u; — v, + 2n)

N cosh® (v, + 1) sinh?(v, — ug) iZisa

sinh(v, —u;)

sinh(2p)
sinh?(u, — vp) ].1_[ (B19)

fatol sinh(u; — vj)
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The normalization factor of Bethe states in Eq. (B2) can be evaluated by taking the v — u limit of Eq. (B18) [32,33],

N
(ulu) = sinh" (2) ]_[

i#j=1

where the matrix elements are

sinh 2n
L cosh (ug+n) cosh (1, —n) Z
sinh 4y
sinh (up—u,+2n) sinh (up—u,—2n)°

My, =

APPENDIX C: DERIVATION OF THE DYNAMICAL
MATRIX ELEMENT FOR SPINS

In this section we will calculate the matrix element
(q|S; - S2]0)—with respect to Bethe states of the spin
Hamiltonian—that is needed for evaluating Eq. (11). We start
by splitting the matrix element of the scalar product S; - S,
into three parts,

(@lS; - $2/0),, = G4+ G + Gz, (@)
where
G = 3(vIS] S5 [w), (C2)
Gy = 5(vIS; S5 u), (€3)
G, = (v|SiS5|u), (C4)

u; are the quasimomenta of the ground state |0), and v; are the
quasimomenta of an excited state |q) with the same number of
particles.

sinh(uj = ui +20) 45, (B20)
sinh(u; — u;)
sinh 47y —
J#a sinh (ug—u;—2n) sinh (g —u;+2n)° a=b, (B21)
a #b.

The local spin operators of the model in Eq. (Al) can be
expressed in terms of the algebraic Bethe ansatz operators
from Eq. (B3) as [15,16,51]

St =Cetf!, Sy =nCetf (C5)
Sy =BettT' Sy =Bt (C6)

. wAs—Ds As —De ;_
Si=S= o St ool (@)

where § = —in/2 + 1.
Firstly, we evaluate the +— correlation function. Under the
substitution of Egs. ((CS5), (C6)) in to Eq. (C2) it reads

G4 = 3(v|C¢ B u). (C8)
Commuting of the B operator from left to right through a

product of C(u;) operators by means of the commutation
relations in Egs. (B6)—(B9)) gives

N N+1 N+1 N+1 N+1 N+1
B [[Cult) = Zaxcxg ]'[ Yoo [ 5= I1 b (©9)
Jj=1 i=1#x ’” y=Il#x Jj=1#xy j Jj=1#xy

where uy, | = §. Multiplying the above expression by C¢ and evaluating the scalar product with the final state (v| we obtain

N

c

G = *Z = l_[ Z = H (o€t ratty 1,8 Uy g1 |V)
x=1 € —14x ’”\17&;« £Y s,y bjy
C.

+5 Z = ]‘[ ]‘[ U 1,E, U1 1V). (C10)

i=1%x n j= l#v
Here the property (v|u) = (u|v) where v; satisfy the Bethe equations and u; is an arbitrary set of auxiliary parameters [15,16]

was used.

The remaining scalar product can be evaluated using the Slavnov’s formula (B18). By substituting £ = —ix/2 4 n into

(yx—1,&,ux41|v) in the second line of Eq. (C10) explicitly we obtain

i(—1)* HI,V cosh(v; + 1) ﬂ?{i#_x sinh(u; — v;)det 70

(Uxy1,8,ux1|V) =

where the matrix elements are

- B , (C11)
]_[?;X cosh(u; —n) [, sinh(v; — v)) [1;_;, sinh(u; —u;)
TS =T, b#x, (C12)
sinh (2
= S ) b=x. (C13)

and 7, are given in Eq. (B19).

cosh (v, — n)cosh (v, + 1)’
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Substitution of the two identical u; = u; = £ into the
scalar product (uy_1,&,uxq1,uy_1,&,uy41|V) in the first line
in Eq. (C10) makes the prefactor in Eq. (B18) divergent,
i.e. the prefactor has a pole of the first order as a function
of (uj — uj). Simultaneously, the determinant in Eq. (B18)
becomes zero under the same substitution u; = u; = & since
two lines of the matrix in Eq. (B19) becomes identical. Thus,
we will derive the explicit expression for the whole scalar
product by substituting u; = & first, then, by taking the limit
uj =& — &. Expanding the matrix elements in Eq. (B19) in
a Taylor series in (§ — £) and using general matrix identities
we obtain

K o
—GE-o)| |

. (C14)
AT + (BAT + XT)E — &) X7

I1; cosh?(v; + 1)

PHYSICAL REVIEW B 95, 045120 (2017)

where

N cosh(v; + 1)
L cosh(v; — 1)

sinh(2n)
cosh(va — n)cosh(v, + n)

(C15)

A a

is the jth row of Eq. (B19) under the substitution u; = &,

sinh 2y sinh 2v, ﬁ cosh(v; + 1)

Cl6
coshz(va —-n) cosh?(v, + n) cosh(v; — n)’ (€16)

is the linear coefficient in the Taylor expansion of the j'th row
of Eq. (B19) around the point u ;; = &, which is not collinear
with A, in the vector space, and § is the part of the linear
coefficient that is collinear with A,.

Cancellation of the & —& from the denominator in
Eq. (C14) with the 1/(€ — &) from the prefactor in Eq. (B18)
makes the whole scalar product finite. Contributions of the
orders higher than one (in the expansion of the determinant)
vanish in the limit £ — £ and we obtain

[1).jnj 0.y Sinh(ujr — ;) det T

<uxflv§aux+lvuy—lv§vuy+l |V) = (_l)x+y

where the matrix elements are
Tuin b 7$ X, Y,

(xy) () — mi
T," =1Tw, b = min(x,y),
sinh 2 sinh 2v, b
cosh? (v,—n) cosh? (v,+7)°

(C18)
= max (x,y).

Secondly, we turn to evaluating the —+ correlation func-
tion. Under the substitution of Eqs. (C5) and (C6) into Eq. (C3)
it reads

G_y = 3(v|B:C¢|u). (C19)

When B; is commuted through the product of C,; operators
using the general result in Eq. (C9), the first step of commuting
B with C¢ introduces a divergent denominator through the
commutation relation in Eq. (B6). However, the operator

1
G,+ = E(V|C§Bg|u) +

where (v|C¢ Bg [u) has already been calculated in Eq. (C10).

[T e,y cosh?(ue; — 1) [T, sinh(vi

7 Yim 85 ((v]Ag D u) —
E—&

- , (C17)
- vj)]_[jq,#.y sinh(u; — u;)

factor in the numerator of Eq. (B6) becomes zero at the
same time making the whole expression finite. Since the
divergence occurs at the first step of commuting B; through
a product of N + 1 operators C(u;), taking the limit after
using Eq. (C9), as it is done in Ref. [16], creates an extra
and significant computation problems: the original divergence
spreads through many terms under the sum in Eq. (C9) and
cancelling them explicitly is a complicated problem.

Here we will do it in a different way by canceling this
intermediate divergence from the beginning in Eq. (C19).
Expanding the numerator and the denominator of the com-
mutation relation in Eq. (B6) up to the linear order in & — £,
where u — £ and v — & auxiliary parameters were relabeled,
we cancel the & — & with 1/(§ — &). Then, substituting the
result of this procedure in Eq. (C19) we obtain

(V|Ag Dg[u)), (C20)

The remaining two correlation functions under the derivative in Eq. (C20) can be calculated by successive use of the general
result of commuting A, and D, operators through a product of C(u ;) operators in Egs. (B10) and (B11). The scalar product of

(v| with the result of the commutation procedure gives

o fl S

| VI g =1 V& o

bé
N

1
I e

N

:lz
w‘_

(VlAnglu = ag

N

N
24 1 1
= b bge |
Yoo
X l_[ bf(uj—lfvujﬂ,ujul,Euj'ﬂ|V)—
1=t !

H bf (j—1,&,ujr1lv) —

AN
]‘[ I (j-1,&,uj11v)

(C21)
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(V|A¢ Dz|u) = a u,fl,é,u,-ﬁlv)

m.
—
|~
=
w?‘_.
£
<
|
=
|~
Mz
2
w?‘wﬂ
#:IZ
w‘_

j=t Sz T oy 1
N N N N
Ctj 1 cgjp 1 1 _
_Z . ] I }: aj - | | —(uj-1E e u 1,6 u | V) (C22)
i by by bis b
J e R T Ay

for both terms in the second line of Eq. (C20), respectively. Then, after taking the derivative of Eqs. (C21) and (C22), with respect
to £ and the limit £ — &, we substitute the results in to Eq. (C20) and obtain

N
sinh 2
s =Gy = | |b §:§ [tanh(i; + ) — tanh(v; — n)la; -/ | | SOSEXINIY
1§

=1 I1=1 bje . 1;&,
N N 1 N 1 N 1
+ Y H — Z f’ (tanh(uj +m) —tanh(uj — m)— [ —(wjrEujeruyEupalv)
b L2 by 5 big i by
N & c
]‘[b—z iy H ROSEETRIGNE (€23)
_ =1 JE, ]#j J

where the derivative of (u;_, JEu j+11v) with respect to & results in an additional determinant,

i(—1) 1‘[ cosh(v + 1) 1‘[1 i SIND(; — v NYdet T'®

(o1, e g1 V) = , (C24)
]_[?/,# cosh(u; —n) ]_[i<j, sinh(v; — v;r) ]_[l.<j,#x sinh(u; — uj)
where the matrix elements are
o 2sinh 2y tanh(v, — ) sinh? 25 N 1 25
4 7 cosh(v, — n)cosh(vy +1)  cosh(v, — 1) cosh(v, + 1) e cosh(v; — 1) cosh(v; + 1)
for b = x and the remaining entries for b # x are Ta,(b") = T, from Eq. (B19).
Thirdly, we evaluate the zz correlation function. Under the substitution of Eq. (C7) in Eq. (C4) it reads
G = 3 (VI(As — De)(Ag — Dy)lu). (C26)

Before proceeding with the commutation procedure as in the two previous cases we rewrite the above expression in a form
more convenient for such a calculation using the definition of the transfer matrix, Ay — D; = 2A; — 7¢, and its eigenvalue

Te|u) = Tglu),
Ge: = (V1A — TeAs — DiAclu), (€27
where T =[] ] bj’; is given by Eq. (B15) and we have assumed that (v| and |u) are a pair of orthogonal eigenstates, i.e.,
(vlu) = 0.
The correlation function of A and A% can be calculated using Eq. (B10) once and twice, respectively. The scalar products of

(v| with the results of the commutation procedures are

N N

Cex 1
WA = =3 a; = [T o fur failv), (€28)
Ex xl
x=1 I=14j
C N C N 1 1
(V|AZ|u) —42@ - ﬂ S ay [ o (e Eattsr ity £y V), (€29)
&x Lil#x X[ Viy#EX b%’y Lil#x,y bx byE

where the scalar products on the right hand sides are already given in Eqs. (C11) and (C17) in explicit form.

Evaluation of the remaining D¢ A correlation function involves the same problem of taking the limit v — u =§ in
commutation relation Eq. (B9), as in the calculation of the —+ correlation function. Here we resolve it in the same way as
we have already done in evaluating Eq. (C19). Expanding the numerator and the denominator of Eq. (B9) in v —u — 0 we
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rewrite the D A¢ correlation function as

(VIDg Aglu) = (V| Tz Ag — A2|u) — sinh 2n Ehf; 9z (vICe B: — Cz Be|u). (C30)

We use the general result in Eq. (C9) and write the C; B; and Cg B; correlation functions under the derivative as

c c 1 _
VlCEBglu Za; X 1_[ Z EV l_[ b (uxflsésu/\"#l’uy*lsgsuy‘#l|V>

x i=1%x M y=I1#x / 1#£x,y Jy
e T4 1oy 1
xE =
+Z » ]'[ il g (e eV, (€31)
x=1 i=l%x / 1#x

N
£ CSV 1 -
(VICs B |u) = § ax = § d=> 1] by e Bttty Bty lV)
x=1 XE i= l#x xi y=l#x Yoj=l#x,y 7y

N
+Zar ok H — ]‘[ (e BtV (€32)
x=1 {51 1#x l] l#x

Then, taking the derivative over &, the limit & — £, and substituting the pair of the expressions above in Eqs. (C27) and (C30),
together with the expressions in Egs. (C28) and (C29), we obtain

N N N N
1 Ctj 1 c Cejr 1
GZZZHFZ“ b'] H b U E vy + Z“/ ~ l_[ Z bi l_[ b
jOUIE o TR migy Ot bej 2 1#/ =1#j S =gy I
smh2n Yoo C
: (MJ L Uy U p—1,8 U V) + Zflx - Z biv
]/ XE i=1#x x’ y=1#x 3
1
x (tanh(uy — 1) + tanh(u, — 1)) ]_[ b (1,8 txrr,uy—1,8, Uy 41 |V)
j=l#x,y Y
c
+ Z bt 1_[ l_[ tanh(u, — n) + tanh(v, — n)
i=1%x “j 1;&:
N N 1 1
+ ) [tanh(vy — 1) — tanh(uy + )] | (a1 51 [V) = ) a f ]'[ o [ 5wl | (©33)
J'=1%x x=1 & i=1%x xi Jj=l#x &

where all scalar products are already given in explicit form above.

Finally, we substitute Egs. (C10), (C23), and (C33) in Eq. (C1), rewrite the result in a more compact form by collecting similar
terms, and use a general matrix 1dent1ty detT + Z | det T = det (T + X), where the matrix T® is obtained by substitution
of the xth column from the matrix X and rank of X is equal to one. After constructing the corresponding matrices X for a single
sum over x and for a sum over only one variable in the double sum over x,y we obtain

[T} cosh(v; + 1) & TTY.. ... sinh(u; — v) Y sinh(u; — u, + 2
S-S0 = U S S ey e (=t % 2)

[1;-; sinh(vi — v; ]_[;V cosh®(u; — 1) =1 sinh(u; — uy)

o sinh(2n) sinh  sinh 1, v . cosh(u; + n) .
x |det KW — |1 — 7 7 - 1_[],,7&. itn det GW
Hk#_x sinh(u; — u;)
[1; coshu; + ) [T; cosh(v; + n) R

- - : det R, (C34)
1_[/ cosh”(u; — 1) ]_[,.<j sinh(v; — v;)
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where the matrix elements are

Koy = Tap + (—1)

,sinh®(2n) sinh n sinh e, 1], sinh(u; — v))

PHYSICAL REVIEW B 95, 045120 (2017)

sinh(u; — up + 2n)

cosh(u, + 1) ]_[i<j¢b sinh(u; — u;) =14 sinh(u; — uyp)
T + /L [tanh(v; + ) — tanh(u; + )] )
cosh(v, — 1) cosh(v, + 1) ’
coshf(v, — 1)  sinh(2n) N sinh(v, — u; + 2n) sinh(2n) il sinh(u; — v, + 2n)

“» = coshE (v, + 1) sinh?(vp — ug) jﬂa sinh(v, —uj)  sinh®(ug — vp) jgéa sinh(u; —v) (€30

K;f,) T+ (=1 sinh3(2n)sgn(x —b) sinh'(u, —up +2n) _ cosh(uy, + n)cosh(ux.— n)

cosh(vy —n)cosh(va +n) _y /., sinh(u —up) [T sinh(up, — vi) []; 4. sinh(u; — )
(cosh(ub -n sinh(u, — up +2n)  sinh 27 cosh(u, — 2n) sinh ux)’ ©37)
cosh(up +1n)  sinh(u, — u, — 2n) cosh(u, — n) cosh(up + 1)
when b # x,

K,g) _ sinh(27) sinh(2v,) (€38)

cosh?(v, — 1) cosh?(v, + 1)

whenb = x, Gfl'z) = T,» whenb # x,and G = K when b = x. The result in Eq. (C34) was checked numerically for N = 2,3
using the direct summation over the spacial coordinates. Equations (C34)—(C37) are Egs. (13)-(16).
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