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Abstract

The Luttinger’s theorem [1, 2], a fundamental principle in con-
densed matter physics, establishes a link between the electron count
and the size of the Fermi surface. While this theorem is crucial for
understanding electronic behavior in solid-state materials, its appli-
cation presents distinctive challenges, especially in one-dimensional
systems [3-6]. This thesis focuses on the one-dimensional Kondo
lattice model (1D KLM), a system that continuously reveals new
and sometimes contradictory phenomena through theoretical and
numerical investigations, eluding full comprehension [7-12].

The numerical analyses offer fresh insights into the behavior
of the Fermi wave vector within the 1D KLM. The thesis employs
Density Matrix Renormalization Group (DMRG) as computational
method to unravel these complexities. Through the dissection of
correlations into spin and charge sectors, the work sheds light on
how the Fermi wave vector and oscillates evolve with changing
parameters: the conduction electron density n,. and the Kondo
coupling strength J.

We analyze correlation functions, illustrating short-range oscil-
lations with small Fermi wave vectors rapidly decay. By contrast,
long-range correlations display distinct behaviors, a significant find-
ing is the validation of a non-trivial transient phase within the 1D
KLM phase diagram, where multiple wave vectors coexist. The
charge density oscillation validates key parameters, including the
Luttinger parameter K ,, with a notable inflexion point signalling
the transient phases in charge sector and the transition in spin
sector.

In the end of thesis, we highlight several potential avenues for
future research.
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CHAPTER ].

Introduction

In the realm of condensed matter physics, understanding the intricate behavior
of electrons in strongly correlated systems stands as a central challenge. These
systems, where electron-electron interactions wield profound influence, give
rise to phenomena that often defy conventional comprehension. Unraveling
these enigmas is pivotal in modern condensed matter physics, and efficient
computational methods are paramount.

The Luttinger’s Theorem [1, 2], a cornerstone of condensed matter physics,
links electron count to the Fermi surface’s extent. It dictates that, the volume
enclosed by the Fermi surface of a system of interacting fermions at zero
temperature is independent of the strength of the interaction.

The Luttinger’s theorem is most commonly applied to three-dimensional
systems. In lower-dimensional systems and strong correlated systems, it may
not hold due to the enhanced role of correlations and interactions [13-15].

In some regions of the phase diagram of two or three-dimensional Kondo
lattice systems, the behavior is believed to belong to the Fermi liquid phase [16].
In the case of the one-dimensional Kondo lattice model (1D KLM), the Fermi
liquid theory is not guaranteed to hold. The prevalence of strong interactions
gives rise to distinctive phenomena, notably the emergence of Tomonaga-
Luttinger liquid behavior [10].

In 1997, A proof for the Luttinger’s Theorem in a 1D system was proposed
by Blagoev and Bedell. However, this proof was limited to a simplified model
with a linearized dispersion relation, and it neglects the umklapp and backward
scattering processes [3].

In the same year, Yamanaka, Oshikawa, and Affleck applied the Lieb-
Schultz-Mattis theorem, originally formulated for spin chains, to the 1D Kondo-
Heisenberg lattice model with certain symmetries. This model incorporates
the Kondo coupling Jy and a direct coupling Jy between localized spins [6].
Through this approach, they demonstrated that the ground state of this model
corresponds to a large Fermi momentum k3 o n + 1, where n is the density
of conduction electrons, with any Jg # 0, with or without Jg.
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In 2000, a non-perturbative confirmation of Luttinger’s theorem exists for
Kondo lattice models in arbitrary dimensions, as long as they can be described
as Fermi liquids [4].

In 2004, Pivovarov and Si demonstrated that a continuous transition from
small to large Fermi momentum can occur in one-dimensional Kondo lattice
models away from half-filling, particularly with nearest-neighbor (NN) and
next-nearest-neighbor (NNN) interactions of local spins [5].

It is showed by Heath and Bedell in 2020, that the applicability of Lut-
tinger’s theorem in a D—dimensional system is directly dependent on the
existence of a (D — 1)—dimensional manifold of gapless chiral excitations at
the Fermi level, regardless of whether the system exhibits Luttinger or Fermi
surfaces [17].

In numerical perspective, several numerical studies of 1D KLM have high-
lighted the existence of the large Fermi momentum [9-11]. However, there
remains some controversy regarding the presence of small or large Fermi mo-
mentum. Some numerical results suggest the existence of a small Fermi mo-
mentum kr o n in regions of small Jg [7, 8, 12].

Despite numerous analytical and numerical investigations into the Lut-
tinger’s theorem within the context of the 1D KLM, new and often contra-
dictory phenomena continue to emerge. Our understanding remains far from
complete.

Chapter. 2 delves into the 1D KLM, providing a comprehensive description.
The model’s intricacies arise from the interplay between itinerant conduction
electrons and localized spins, resulting in diverse interaction patterns. This
competition engenders a rich array of ground states and phenomena, as de-
tailed in the phase diagram of the 1D KLM. The Luttinger’s Theorem and
its implications in the realm of 1D KLM form a pivotal component of this
chapter.

Chapter. 3 delves into our computational tools, beginning with a primer
on tensor networks. We provide a concise guide to the Density Matrix Renor-
malization Group (DMRG) method, a foundational technique in our project.
Additionally, we introduce the controlled bond expansion DMRG, an efficient
variant that plays a central role in our endeavors.

In Chapter 4, we present our numerical investigations, meticulously revisit
the behaviors of the Fermi wave vector, parsing correlations into spin and
charge sectors. The findings compellingly illustrate the evolution of the Fermi
wave vector and its associated oscillations as parameters undergo changes. Of
particular significance is the evolution as an evidence for the existence of a
non-trivial transient phase within the 1D KLM phase diagram, where multiple
wave vectors coexist.



CHAPTER 2

1D Kondo Lattice Model

The Kondo model, also known as the Kondo impurity model, explains the
behavior of a single magnetic impurity or localized magnetic moment, which
interacts antiferromagnetically with conduction electrons in a solid. These
localized magnetic moments originate from atoms or ions with unpaired elec-
trons, creating local magnetic moments [18]. The Kondo effect arises from this
interaction, causing the screening and quenching of the magnetic moments
by conduction electrons at low temperatures and displaying a minimum in
electrical resistance [19]

In the 1970s, the discovery of heavy-electron compounds in rare earth and
actinide metals prompted proposals by Mott [20] and Doniach [16], suggesting
that these systems could be effectively described using a Kondo lattice model.
Heavy-electron systems feature ions with f—electrons, such as Ce ions with
4 f—electrons or U and Np ions with 5f—electrons [18]. In the Kondo lattice
model, a vast array of local magnetic moments from the f—electrons interacts
antiferromagnetically with a conduction electron reservoir, which includes
delocalized electrons referred to as c—electrons. The strength of this interaction
is typically denoted as J.

The Hamiltonian for the SU(2)-symmetric Kondo lattice model is:

H=—t > (@, +he)+TY /. & (2.1)

Here, the notation (i,j) denotes that we are considering nearest-neighbor
hopping of conduction electrons, and ¢ > 0 represents the hopping energy am-
plitude. The operators éj s and ¢; ; are responsible for creating and annihilating
conduction electrons with spin s at site ¢, respectively.

The conduction electron spin operator is defined as gf = % Y oss éj sO oo Ci st
o = (0, 0, 0,) represents the Pauli matrices. The local f-spin operators
of f-electrons at site i are represented by ézf , and they are often associated
with the localized magnetic moments, The parameter J > 0 indicates an

antiferromagnetic on-site coupling.
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Figure 2.1: The sketch of the one-dimensional Kondo lattice model, it involves
a scenario where conduction electrons navigate through a lattice, concurrently
engaging in interactions with local spins.

2.1 The Competition between the Kondo effect and
the RKKY interaction

The Kondo Effect

The strength of the coupling in the Kondo model, denoted as J, reflects the
tendency of localized magnetic moments and conduction electrons to form
singlets, when J > 0. At low temperatures, these conduction electrons tend
to screen the localized moments by forming Kondo singlets, giving rise to the
Kondo effect [21].

Numerous methodologies have been developed to tackle the Kondo problem.
One notable technique is the Poor Man’s Scaling, a perturbative renormaliza-
tion method introduced by Philip Anderson in 1970 [22].

This practical approach provides an indication of the Kondo temperature
Ty, a characteristic energy scale at which the Kondo effect becomes significant
and observable. The effective coupling between spin and energy band J,sf
diverges with the decreasing temperature, and this method breaks down as
Jefp — 00, which is so called strong coupling limit, here the Kondo singlet is
formed and the localized moment is screened. Below the Kondo temperature,
the resistivity of the material typically exhibits a logarithmic increase with
decreasing temperature, which is a hallmark of the Kondo effect.

The Kondo temperature is given by:

1
Ty x De #o’ (2.2)

where D is the half-bandwidth of the conduction electrons’ energy band, and
po is the density of state (DoS) of conduction elections at the Fermi level.

A solution of the Kondo problem was achieved by Kenneth Wilson in 1975
through the application of the numerical renormalization group method [23].
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In heavy-electron systems featuring a lattice of local moments, the Kondo
effect exhibits coherence. In a single impurity, a Kondo singlet scatters elec-
trons without conserving momentum, resulting in a significant increase in
resistivity at low temperatures. However, within a lattice possessing transla-
tional symmetry, this elastic scattering now conserves momentum, leading to
coherent scattering off the Kondo singlets. In the simplest heavy-fermion met-
als, this phenomenon leads to a notable reduction in resistivity at temperatures
below the Kondo temperature [24].

The RKKY Interaction

Amidst the intricate interplay between localized magnetic moments and itiner-
ant conduction electrons, a consequential phenomenon emerges known as the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [25].

When a localized moment influences the spins of nearby conduction elec-
trons, these electrons orient themselves in particular directions, giving rise to
what is known as Friedel oscillations in the spin density [24]. This phenomenon
can be quantified as

(M(i)) = —Jx(i — j)(S]) (2.3)

where x represents the non-local susceptibility of the lattice system.

széﬂme' (2.4)
(@) = 2/k flew) — flextq) (2.5)

€k+q ~ €k

here f(ey) is the Fermi function, €. is the energy at momentum k. This
spin alignment extends its influence to neighboring localized moments. As a
collective outcome, a compelling stabilization effect materializes—a proclivity
for the localized moments to assume antiparallel orientations. This intricate
response culminates in a substantial decrease in the system’s overall energy:

Hriry = Jriyx(i — §)S] - S;'c = —J*x(i —j)s - Sf (2.6)

In Fermi liquid, due to the shape edge of Fermi surface, Friedel oscillations

slowly decays with power law and ¢ = 2k oscillation [24] :
cos(2kpr)

2.7
|kpr|? 27)

where pg is the conduction electron density of states at Fermi energy level
and r = |i — j| is the distance of the two impurities. So the approximate energy
scale of the RKKY interactions is

Erkxy < J°pg (2.8)
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Figure 2.2: Doniach Phase Diagram from Ref. [16, 26]. When the Fry ry >
Tk, the system adopts an AFM state. Conversely, when T > Friiy, the
system embraces a dense Kondo lattice ground state (Fermi Liquid Phase).
(Jp)* is the quantum critical point.

The Competition between two interactions

Mott and Doniach [16] pointed out that there are two energy scales in the
Kondo lattice: the Kondo temperature T, (Eq. (2.2)) and the RKKY energy
scale Epirry (Eq. (2.8)).

For small Jp, Erk iy > Tk, thermal fluctuations disrupt the formation of
Kondo singlets, compelling the system to adopt an antiferromagnetic ground
state

In an intermediate parameter range, a delicate equilibrium materializes,
characterized by a subtle interplay between the RKKY interaction, which
promotes magnetic ordering, and the Kondo effect, which leans toward the
screening of localized moments. This competition between these interactions
can give rise to quantum criticality. Within this regime, the system expe-
riences a continuous phase transition that oscillates between magnetic and
non-magnetic phases [16].

In the regime where Jp takes on large values, the Kondo effect becomes
the dominant force, giving rise to the formation of Kondo singlets and the
emergence of non-magnetic behavior. Consequently, the system’s resistivity
follows a logarithmic increase as temperature decreases. This particular phase
in the Kondo lattice model is heavy Fermi liquid regime. In this phase, each
lattice site resonantly scatters electrons. Importantly, Bloch’s theorem ensures
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that this resonant elastic scattering at every site generates a renormalized
f—Dband, which possesses a width on the order of ~ T. The scattering at each
site acts coherently, setting it apart from the behavior of the Kondo impurity
model. As a result, as the heavy-electron metal forms at low temperatures, its
resistivity decreases, eventually approaching zero [24].
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2.2 Localized Spin Order in 1D KLM

As discussed in Section 2.1, the competition between the Kondo effect and the
RKKY interaction plays a crucial role in determining the magnetic behavior
of itinerant electrons and localized spins within the Kondo lattice model. This
interplay significantly influences the arrangement of phases observed in the
model’s phase diagram.

The Doniach phase diagram, Fig. 2.2, which evolves based on the system’s
response to varying Kondo coupling Jp, encompasses a range of distinct phases,
including antiferromagnetic and heavy Fermi liquid phases. These phases
emerge as a result of the complex competition and cooperation between the
Kondo effect and the RKKY interaction.

However, when considering a one-dimensional scenario, the interplay be-
tween these two interactions can result in distinct behaviors.

The ground-state phase diagram in this context reveals three distinct
phases: the ferromagnetic metallic phase and the paramagnetic metallic phase
(characterized as the Heavy Tomonaga-Luttinger Liquid) at partial conduction
band filling, and the insulating Kondo spin-liquid phase at half-filling [27].

Figure 2.3: Schematic phase diagram of the 1D KLM from Ref. [28], n,
is the conduction electron density, J/t is the Kondo coupling over hopping
energy. FM1 and FM2 denote the ferromagnetic states, and HTLL denotes
the Luttinger liquid states. The two vertical lines [n. = 0.8,0.7 < J < 2.3] and
[n. = 0.56,0.3 < J < 1.7] denote the parameters chosen for this project. The
boundaries of F'M2-phase and HT LL-phase at n, = 0.8 are around J = 1.5
and J = 2.

In situations where the conduction-band filling is incommensurate, the
emergence of a ferromagnetic phase can be attributed to the phenomenon
known as the double exchange interaction.

8
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The concept of double exchange was originally introduced by Zener [29]
as an explanation for ferromagnetic (FM) ordering observed in mixed-valency
manganites. The fundamental condition for a system to exhibit double ex-
change ordering is that the number of electrons must be fewer than the number
of localized spins (N > N,.), and the presence of non-vanishing electron hop-
ping is essential.

Considering the case of infinitely strong coupling (J = o0), each electron
forms a perfect localized spin singlet (or triplet for J < 0) with the localized
spin at the same site. The remaining unpaired localized spins (N — N,) remain
free. Upon activating conduction electron hopping, electrons gain energy by
moving to unoccupied sites. This energy gain arises from both the screening
of unpaired localized spins and an increase in kinetic energy.

Electrons with specific spin orientations tend to maintain this orientation
as they hop, a phenomenon referred to as coherent hopping. This behavior
promotes the alignment of the localized spins with the spins of the hopping
electrons [30, 31].

This alignment mechanism is termed "double-exchange" and is propelled by
both the kinetic energy of conduction electrons and the diagonal component of
the on-site interaction between electrons and localized spins. Double-exchange
consistently results in ferromagnetic behavior and becomes more pronounced
at stronger couplings.

This principle of FM behavior serves as the foundational basis for the
rigorously established FM phase within the 1D Kondo lattice model by Sigrist
et al. [32, 33].

Utilizing bosonization techniques, the mechanisms governing the ordering
of localized spins in this context can be analytically unraveled [27, 34].

It is worth emphasizing that within the realm of the 1D Kondo lattice
model, the conduction band can be effectively treated using bosonization
techniques. However, the application of bosonization to localized spins is
not straightforward due to their absence of a Fermi velocity. In tackling the
treatment of localized spins, a direct strategy involves implementing a unitary
transformation. This transformation shifts the system into a state basis where
the spin degrees of freedom of conduction electrons are directly linked to the
localized spins. This approach facilitates an investigation into how the ordering
of electrons impacts the behavior of localized spins.

In the resulting effective Hamiltonian, a significant new term arises, rep-
resenting a nonperturbative effective interaction among the localized spins.
This term yields a length scale known as «, originating from bosonization, and
it signifies the minimum wavelength for density fluctuations complying with
bosonic commutation relations. The appearance of Kondo singlets is indirectly
inferred from the implications of this effective length scale.

The domains of localized spins exhibiting double-exchange ordering gradu-
ally disintegrate as the coupling to the conduction electrons weakens. In the
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regime of weak coupling strength J, the system transitions into a paramag-
netic metallic phase. This phase can be characterized as a RKKY-like liquid,
influenced by the RKKY interaction.

In 2019 and 2020, Tsvelik and Yevtushenko have developed a unified theory
specifically tailored for the 1D isotropic KLM, assuming a scenario with a small
Kondo coupling (|J| < EF) [35, 36]. Their work has illuminated the governing
factors in the physics of the Kondo lattice, emphasizing the dominant role
of the RKKY indirect spin interaction while the Kondo physics becomes less
influential and all properties are determined by the patterns of spin ordering.

In their investigation, three distinct phases have been identified:

(1) Insulating Phase: This phase emerges at special commensurate band
fillings. In this phase, the spin configurations remain collinear;

(2) Spinful Interacting Metals (Collinear Metal Phase): These phases are
present in the vicinity of commensurate band fillings. Similar to the insulating
phase, the spin configurations are collinear. However, electron-spin interactions
can transform this phase into heavy Tomonaga-Luttinger liquids;

(3) Helical Metallic Phase with 4k Charge-Density Wave: This phase
occurs at generic band fillings. In this intriguing phase, the local spins exhibit
slow spatial and temporal spirals. This leads to the formation of a local helical
gap.

Multiple numerical methods were employed in calculation of 1D KLM
phase diagram:

The quantum Monte Carlo method (1993, Troyer and Wirtz) [37], the
exact diagonalization (1993, Tsunetsugu, Sigrist and Ueda) [38], the DMRG
and infinite size DMRG (1995,Moukouri and Caron, 1997, Caprara and Rosen-
gren) [39, 40] respectively verified the boundary of the first ferromagnetic
phase and the paramagnetic phase.

Importantly, it’s worth noting that the appearance of the second ferromag-
netic region in Fig. 2.3 is not predicted by the bosonization method.

The discovery of this second ferromagnetic region was made through the
application of the non-Abelian density matrix renormalization group method.
McCulloch, Juozapavicius, Rosengren, and Gulacsi employed this method to
directly measure the magnetization of the ground state, revealing the existence
of the second FM region in the 1D KLM phase diagram [8]. Their hypothesis
is grounded in the idea that, for a majority of dopings, this FM2 region serves
as a boundary between the domains of large and small Fermi momenta. This
hypothesis is based on the understanding that Fermi points are unlikely to
remain unchanged during a phase transition.

The FM2 region is numerically checked by further work and widely accepted
and quoted [7, 28, 41, 42].

10
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2.3 Luttinger’'s Theorem in 1D KLM

Luttinger’s theorem [1, 2| states that, the volume enclosed by a material’s
Fermi surface is directly proportional to the particle density. Even when
electron-electron interactions are considered, the size and shape of the Fermi
surface remain constant as long as the total electron density is conserved. The
Luttinger’s theorem is most commonly applied to Fermi liquid system. In
lower-dimensional systems and strong correlated systems, it may not hold due
to the enhanced role of correlations and interactions [13-15].

The Kondo lattice model can be seen as an extension of the periodic
Anderson model, achieved through the Schrieffer-Wolff transformation [43, 44]
with an extended Kondo limit:

U &
=5 U — 00,V — oo with 7 const. (2.9)

€s is the localized electron energy, U is the on-site Coulomb repulsion and V'
gives the hybridization of conduction electron and spin. In this transform can
obtain any finite Kondo coupling:

J~O(=) (2.10)

When U surpasses a certain threshold, the Fermi surface volume Vpg will
extend from only include conduction electrons to encompass localized electrons
and their associated local spins [13, 45]:

Vi Vi
£S = e QLS?, = Ne + Ngpins (211)
(2m)

(2m)°

The Fermi wave vector defines the boundary in momentum space that sepa-
rates occupied from unoccupied electron energy levels in a material’s electronic
band structure, crucial for a material’s electrical and thermal properties.

In strongly correlated electron systems, Fermi wave vectors offer insights
into correlation effects like the Mott transition [46]. Materials with Fermi sur-
face instabilities can exhibit unconventional behaviors, like high-temperature
superconductivity [47], making the accurate determination of Fermi wave vec-
tors vital for identifying and characterizing these unique material states.

Furthermore, the changes in the Fermi wave vector, known as Fermi surface
reconstruction, can unveil different electronic orders or phases like charge
density waves (CDW) or spin density waves (SDW) [48, 49]. This phenomenon,
often linked to unconventional quantum criticality, has been experimentally
observed in heavy Fermion compounds such as CeCug_, Au, and YbRh,Si, [50,
51].

In certain regions of the phase diagram for two or three-dimensional Kondo
lattice systems, it is believed that the system’s behavior can be described by

11
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the Fermi liquid phase [16] (see Fig. 2.2). By applying the real-space dynamical
mean-field theory to the Kondo lattice model on a square lattice, the existence
of metallic SDW and Fermi surface reconstruction has been demonstrated [52].

In the case of the one-dimensional Kondo lattice model (1D KLM), the
Fermi liquid theory is not guaranteed to hold. The prevalence of strong
interactions gives rise to distinctive phenomena, notably the emergence of
Tomonaga-Luttinger liquid behavior [10]. In contrast to the non-interacting-
quasiparticles found in Fermi liquids, collective excitations in Luttinger liquids
manifest as density waves, which exhibit an entirely different nature.

A proof of the Luttinger Theorem in a 1D system was proposed by Blagoev
and Bedell. However, it’s important to note that this proof was confined to a
simplified model with a linearized dispersion relation, and it did not consider
umklapp and backward scattering processes [3].

Furthermore, utilizing the bosonization method, it has been demonstrated
that the Kondo chain, when away from half-filling, exhibits a spin gap when an
additional direct Heisenberg coupling between localized spins is introduced [53].

In 1997, Yamanaka, Oshikawa, and Affleck applied the Lieb-Schultz-Mattis
theorem (LSM theorem) to the 1D Kondo-Heisenberg lattice model [6]. The
LSM theorem, originally developed for spin chains, establishes that a spin
system characterized by specific symmetries, including translation and spin
rotation symmetry, and having half-integer spin per unit cell, cannot have a
gapped symmetric ground state without the presence of fractionalized excita-
tions. [54].

In a chain of length L system with periodic boundary conditions, the
Hamiltonian is the Hamiltonian of KLLM with additional Heisenberg interaction
term:

H= =t e+ ho)+ IS 88+, 58] 8] (2.12)

Jyr is the Heisenberg interaction between localized spins. There is at least one
low-energy state |1;) above the ground state |¢y) with AE ~ O(1/L) by LSM
theorem. Define a "twist" operator U

N . J 2
Uy = exp[2mi Z f(ni’j + ij’ )] (2.13)
J

where n is the conduction electron number per site and 4+ represents the
electron spin.

The "twist" operator satisfies Uy |)g) = |11). When interaction terms
involve only the local density and are invariant under the transformation by
U, and with the copdition that Athe Hamiltonian is invariant under parity or
time reversal, (1| Hluy) — (1ol H o) ~ O(1/L).

This indicates that the energy difference becomes increasingly negligible
as the system size grows larger.

12



2.3. Luttinger’s Theorem in 1D KLM

Then we can use a translation operator T to prove [¢) is orthogonal to
|t)g). The operator T is related to the total crystal momentum P by 7' = P
(set lattice space equal to 1) and commute to H according to the translation
invariant of system, which means |1) is an eigenstate of T.

We obtain the

U*lfﬁ — Teﬂi(ni2m+l) (214)

where m is the magnetization per unit cell including both the conduction
electrons and the localized spin. It is easy to prove that [¢);) is another
eigenstate of T.

The Eq. (2.14) means that the low-energy state |1) = Uy |t)y) has crystal
momentum w(n + 2m + 1) relative to ground state [¢g). In particular, the
low-energy state has the momentum +m(n + 1) for zero magnetic field, which
consistent with large Fermi wave vector.

Their analysis revealed that the ground state of this model corresponds to a
large Fermi momentum k7 oc n+ 1. This result holds true for any nonvanishing
Kondo coupling J, regardless whether the direct Heisenberg exchange Jy is
present.

However, it’s important to note that this proof relies on certain assump-
tions, including system translational invariance and the conservation of total
particle number and parity or time reversal symmetry. Therefore, it may not
be valid in cases where conditions like charge density waves (CDW) are present,
as is the situation in this project.

In 2000, A non-perturbative confirmation of Luttinger’s theorem exists for
Kondo lattice models in arbitrary dimensions, as long as they can be described
as Fermi liquids [4].

In 2004, Pivovarov and Si demonstrated that a continuous transition from
small to large Fermi momentum can occur in 1D KLM away from half-filling,
particularly with nearest-neighbor (NN) and next-nearest-neighbor (NNN)
interactions of local spins [5].

It is showed by Heath and Bedell in 2020, that the applicability of Lut-
tinger’s theorem in a D—dimensional system is directly dependent on the
existence of a (D — 1)—dimensional manifold of gapless chiral excitations at
the Fermi level, regardless of whether the system exhibits Luttinger or Fermi
surfaces [17].

Several numerical studies have highlighted the existence of the large Fermi
momentum [9-11]. However, there remains some controversy regarding the
presence of small or large Fermi momentum. Some numerical results suggest
the existence of a small Fermi momentum kr o« n in regions of small J [7, 8,
12].

Another recent DMRG study in a variant of 1D KLM are done by Niko-
laenko and Zhang in 2023, the system includes a ¢t —J model with onsite Kondo
coupling J and nearest neighbour Kondo interaction J.,. In this paper, the
authors confirm the presence of a large Fermi wave vector in the case of a large
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2. 1D Kondo Lattice Model

Kondo coupling J, which corresponds to the expected conventional Luttinger
liquid phase. On the other hand, they observe a small Fermi wave vector
when the Kondo coupling J is negative, indicating the presence of a fractional
Luttinger liquid phase. Notably, this fractional Luttinger liquid phase becomes
unstable and undergoes a transition to a spin-gapped Luther-Emery liquid
phase when the Kondo coupling J is slightly positive [55].

While the models explored in the aforementioned paper may not be iden-
tical to the one under examination in our study, their findings offer valuable
insights that can enhance our understanding.

From a more superficial perspective, when the Kondo coupling is extremely
small, the system can be equated to a free electron gas. In this scenario, the
Fermi wave vector is naturally related only to the conduction electrons, yielding
kp x n,.. As the Kondo coupling approaches infinity, the conduction electrons
and the local spins form Kondo singlets. The density of unpaired localized
spins, which behave as free holes, is 1 —n,., leading to the emergence of a large
Fermi wave vector. In between, the transition between small and large Fermi
wave vectors occurs, but the precise mechanisms behind this transition in the
original 1D KLM remain an open area of investigation.
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CHAPTER 3

Method: Density Matrix
Renormalization Group

Density Matrix Renormalization Group (DMRG) is a powerful numerical tech-
nique widely used in condensed matter physics and quantum chemistry to
investigate strongly correlated quantum systems. It was first introduced by
Steven R. White in 1992, primarily for one-dimensional lattice systems [56,
57].

DMRG is designed to efficiently determine the ground state and low-lying
excited states of complex quantum many-body systems. While it initially
gained prominence in one-dimensional systems like spin chains and quantum
wires, it has since been adapted for use in higher dimensions, making it a
versatile tool in the study of various quantum systems.

This technique has been also progressively expanded to investigate dynamic
properties [58], finite-temperature phenomena [59], and non-equilibrium time-
evolutions [60] over subsequent years.

DMRG stands as a potent numerical strategy designed to dissect strongly
correlated systems, particularly in one-dimensional contexts. Its effectiveness
in capturing extensive-range correlations and adeptly navigating entanglement
complexities has led to its application across a spectrum of systems, ranging
from spin chains to Hubbard models. Notably, DMRG has significantly in-
formed the analysis of the Kondo lattice model, as evidenced by the numerous
references in this paper.

In this study, DMRG is employed due to its efficiency in computing ground
states, correlations, and expectation values. It operates through an iterative
optimization of the quantum state representation using a variational approach,
retaining crucial information while discarding less pertinent details. This
iterative search mechanism enables the determination of the ground state for
a given Hamiltonian.

The basic concepts and notations of tensor network can be found in Ap-
pendix. A.
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3. Method: Density Matrix Renormalization Group

This chapter will start with the important concepts of tensor network: MPS
and MPO, provide a concise introduction to DMRG technique, followed by
an exploration of its more efficient variant we used in this project: Controlled
Bond Expansion DMRG [61].

3.1 The Important Concepts of Tensor Network

3.1.1 Matrix Product State

The Matrix Product State (MPS) is a tensor network representation primar-
ily employed to describe quantum states, especially in one-dimensional sys-
tems [62-64].

In the Matrix Product State (MPS) framework, a quantum state is encoded
as a series of tensors, with each tensor describing the correlations between
adjacent sites in the system.

Consider a quantum state denoted as |¥) residing in a one-dimensional
system with £ sites, Each of these lattice sites accommodates a local state
space of dimension d. The quantum state can be expanded using the Fock
space basis |01), |03),...,|o,) as follows:

wy=">_ U0y |oy) ... Jog) (3.1)

01,09,...,0

The wave function W7172"?£ can be conceived as a tensor of rank £. Tensor
network techniques are precisely the methodologies employed to construct and
analyze this tensor. The MPS involves breaking down the substantial tensor
into a product ensemble of rank-3 tensors, as follows:

Uzt — N ATLATEAT L ATE (3.2)
a,B,...,1b
To enhance clarity, we designate all unphysical bonds as lower indices.

However, representing such a lengthy mathematical formula isn’t practical
and lacks sufficient informativeness. Hence, we resort to the diagrammatic
notation from Ref. [65].

In diagram form, the aforementioned formula can be restated as depicted
in Fig. 3.1.

This construction creates an exact MPS representation of the wave function
without any approximation. However, it’s evident that the dimension of the
virtual bond at site i grows exponentially as d’. To manage this, additional
strategies are required to limit the bond dimension. Our current approach
involves the Singular Value Decomposition (SVD), which has been extensively
used in data compression, as discussed in the Appendix (Sec. A.1).

Consequently, the SVD operation can be sequentially executed from left
to right (or right to left), yielding tensors that are left-normalized (or right-
normalized), thereby ensuring that the bond dimensions remain within the
limit of D.
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3.1. The Important Concepts of Tensor Network

Figure 3.1: Matrix Product State (MPS) is a representation of many-body
wave functions, where each element of the tensor ¥ is obtained through a
sequence of matrix products.

The matrix products in tensor network have gauge freedom, which means
any matrix product can be expressed in infinitely many ways without changing
the product:

MM =MUU M = MM (3.3)

Gauge freedom can be exploited to reshape MPSs into particularly con-
venient, canonical forms: Left-canonical, right-canonical, site-canonical and
bond-canonical.

3.1.2 Matrix Product Operator
MPO representation:

Any operator for a Hilbert space of L sites can be expressed in the form:

O =303 (7] (3.4)
Applying the same concept used for the MPS, operators can also be repre-
sented in a matrix product form:

O = [F) WM Waltet W AIR0E (|

Hoq lo,

c , (3.5)
= [ W2 (7]
=1

This can be systematically achieved through a sequence of QR decomposition:

When singular values are not a concern, a matrix M € mat(D,D/;(C)
can undergo a "full QR decomposition" denoted as M = QR. In this setup,
Q € mat(D, D;C) is a unitary matrix, and R € mat(D, D’;C) is an upper
triangular matrix. It’s worth noting that R,z is zero when o > (3.

In this context, each W; takes the form of a rank-4 tensor. Interestingly, a
vast majority of significant physical operators (such as the Hamiltonian and its
constituents) can be precisely depicted as a matrix product operator (MPO)
featuring a modest dimension Dy, which signifies the dimension of W;. This
attribute renders the MPO framework exceptionally valuable for a wide range
of applications.
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3. Method: Density Matrix Renormalization Group

Figure 3.2: From operator to MPO, by applying QR decomposition iteratively.

Observables

MPOs proficiently encapsulate the inherent local interactions and correlations
of a specific operator. Each tensor within an MPO corresponds to a localized
operator that affects either an individual site or a neighboring pair of sites. By
leveraging the inherent multiplication and addition rules of MPOs, it becomes
possible to compute correlation observables, illustrated by expressions like

(¥]0;0,|v).

=
= 7

7
3.

Figure 3.3: The diagrammatic representation of Correlation function

(¥]0;0,v).

O; 0;

O—->1>0
O>1>0
O>1>0
O>1>0
O—->1>0
O—->1>0

<. O>I1P>-0
<. OO

Construct the MPOs for 1D KLM

The Hamiltonian of the 1D Kondo lattice model as given in Eq. (2.1) can be ex-
pressed in the MPO representation through a straightforward construction [63]
and [66].
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3.1. The Important Concepts of Tensor Network

(3.6)

To ensure proper connectivity of the right operators, the matrices VT/Z need to
be constructed accordingly. This construction is particularly relevant for local

operators XZ = JS{ : gf :

R N A I 0\ I
W= (X, H)M—(X H)m—(&) (3.7)

(2
This readily leads to a tensor product of single local operators. Adding
the nearest neighbor interaction A; Q B; = —t(égéi 1+ 6léj +1), A; and B; are
the local operators like X;, the total MPOs are given by:

I 0O O I
W= (%, A 1), W=|B 0 o We=|B (3.8)
A1 X
7 7 L

3.1.3 Symmetry

Symmetry stands as a cornerstone in physics, offering crucial indicators for
distinct quantum states and quantum phase transitions are often accompanied
by a switch of symmetries.

Symmetry’s consequences include the commutation of Hamiltonian H and
symmetry group generators T;: [H,T;] = 0, leading to a block-diagonal Hamil-
tonian structure. This structural simplification reduces computational load
by eliminating unnecessary zero elements. In tensor networks, the impact of
symmetries is profound. Symmetry’s existence implies tensor sparsity, facilitat-
ing compression for significant numerical efficiency gains. Employing diverse
symmetries also enables the exploration of symmetry-breaking phenomena.

This thesis delegates the task of symmetry tracking to the QSpace tensor
library [67]. This library offers an efficient framework for matrix product
state (MPS) computations, enabling the integration of discrete, abelian, and
non-Abelian symmetries.
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3. Method: Density Matrix Renormalization Group

3.2 Density Matrix Renormalization Group

In this section we are going to give a detailed introduction of Density Matrix
Renormalization Group (DMRG) method [65].

Here we start with the on-site algorithm. The process begins by optimizing
the M-matrix on the initial site. Moving forward, we proceed to optimize
matrices on subsequent sites, iteratively reducing the energy of |¥) with each
refined M-matrix update.

(V[H|W)
E= 0 (3.9)
The optimization of |¥) can be formulated as a Lagrangian optimization
problem, we aim for minimizing (¥|#|¥) under the condition (¥|¥) = 1.
We find the Lagrange equation for site—! optimization to be

0 .
m[(‘l’l”fﬂ@ — AP =0 (3.10)

where we can find a simple eigenvalue equation:
HM D = xp (3.11)

where 1/)1(1) = M, with normalization [wl(l)]w)l(l) =1.

Solving Eq. (3.11) using an eigensolver will yield a new matrix M, along
with the corresponding eigenvalue A, which approximates the ground state
energy. This new Ml is then employed to update the MPS as M; — Ml.
Moving to the next site, the SVD is applied to Ml to shift the orthogonality
center to site [ + 1. This entire process is repeated for the subsequent site (as
shown in Fig. 3.4).

The optimization of the MPS can commence from an arbitrary state that
may be distant from the actual ground state initially. By iteratively optimizing
the MPS and performing sweeps back and forth, convergence is achieved when
the ground state energy remains unchanged with respect to a fixed bond
dimension D.

The matrix dimensions of H. l(l) are typically of the order D?d x D2d, which
can be large. Consequently, a numerical technique like the Lanczos iterative
solver, which targets the lowest eigenvalue of the system, is employed [68-71].

However, a potential challenge lies in the risk of encountering a local
minimum during the ground state search. This situation arises when an
eigenstate that is not the actual ground state is found.

An alternative strategy to evade local minima is provided by the two-site
DMRG technique [63, 72, 73], this method involves treating pairs of sites
concurrently, it naturally introduces bond expansion, although it entails sig-
nificantly greater computational demands. The computational cost of one-site
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3.2. Density Matrix Renormalization Group

Figure 3.4: The diagrammatic representation of DMRG process, iteratively
optimize the MPS to the ground state. The technical details can be seen in
Appendix. A.2.

DMRG is O(D*dw+D*d*w?), while the cost of two-site DMRG is substantially
higher: O(D*d* + D*d*w).

As efforts to enhance the computational efficiency of DMRG ground state
search algorithms are of great value, alternative methods like density matrix
perturbation [74], the center matrix wave function formalism [66], and sub-
space expansion [75] have been proposed for 1-site DMRG procedures involving
symmetries. In 2023, an algorithm named "controlled bond expansion," intro-
duced by Andreas Gleis, Jheng-Wei Li, and Jan von Delft, has made significant
strides. This innovative approach achieves considerable energy reduction in
each iteration, ensuring two-site DMRG accuracy and sweep convergence. No-
tably, it achieves these improvements while maintaining a computational cost
equivalent to that of a one-site algorithm [61].
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3. Method: Density Matrix Renormalization Group

3.2.1 Controlled Bond Expansion DMRG

In the context of one-site optimization, the state’s representation follows the
form given in equation:

) = |a)|oy)] B)[M;] 77 (3.12)

This representation is constrained to a variational space defined by the
outgoing state space |a)|3). If the range of quantum numbers @, and Q4 for
these spaces is too limited to accurately capture the ground state, one-site
DMRG lacks the capability to effectively expand them.

In contrast, the two-site DMRG approach does not encounter this prob-
lem. The action of the effective Hamiltonian between two sites allows for an
enlargement of the bond dimension. This addition encompasses the full range
of required quantum numbers on that bond. Thus, the two-site optimization
can introduce missing quantum numbers if necessary.

However, this advantage comes at the cost of increased complexity. The
effective two-site Hamiltonian has a dimension of D*d> x D2d2, while the
effective one-site Hamiltonian is smaller with a dimension of D?d x D?d.

The Hilbert space of Hl(l) and HZ(Q)

Here, we are adopting the diagrammatic conventions outlined in Ref. [76].
During the truncation process in DMRG, we introduce orthogonal complements
of the kept states (4; and B;), referred to as the discarded states (4; and B;).
The dimensions of A; and B, are denoted as D, and their complements A; and
B, have dimensions D. We also define the parent state (P):

Al = A+ A;,Bl =B, + B,,D+D = Dd (3.13)

Figure 3.5: The diagrammatic representation of the kept states A; (left-
isometry) and B; (right-isometry), discarded states A;, B;, and the parent
states Aj, Bj. Taken from Ref. [61]

By comparing the terms in Fig. 3.6, it becomes evident that the first three
terms (KK, DK, KD) from the third line also appear in the first two lines.
However, the fourth term (DD) is unique to the third line and doesn’t appear
in the first two lines. This implies that the Hilbert space represented by DD
contains information that is not encompassed by one-site DMRG at sites [ and
[+ 1, but is explored by two-site DMRG.

The DD subspace should contain information that is orthogonal to the
relevant Hilbert spaces of one-site DMRG at sites [ and [ + 1. It’s important
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3.2. Density Matrix Renormalization Group

Figure 3.6: The diagrammatic representation of H, 1, H}* 4[5 and HP ¢},
notice that all the final MPS are in bond-canonical. Taken from Ref. [61]

to note that the dimension of the DD subspace is D> = D*(d — 1), which is
significantly larger than any other subspace within one-site DMRG.

The crucial realization to eliminate the misleading term involves selecting
the appropriate subspace within DD, referred to as the "relevant DD". This
technique is known as "Shrewd selection."

The details of shrewd selection can be seen in Appendix. B, it is the first
step of the entire CBE-DMRG.

Here, the updated bond dimension becomes D+ D, leading to the expanded
isometry Af* = A, @ A}”. In the context of a sweep progressing from right to
left, the second step involves updating the site: Cj 1 — C;};". This update is

defined as A;” le_ff = A;C 1, ensuring the overall isometry of the entire MPS

remains consistent:

~ C
Ay @ Ay Ay Cria Qﬁeﬂ
\ DI DI~ -7 D=
bpb - Dap DA Npypyd P i1

Figure 3.7: The diagrammatic representation of A; and Cj; expansion. Taken
from Ref. [61]

Additionally, an expanded one-site Hamiltonian is constructed within a
variational space of dimension D(D + D)d:

In the third step, we solve the equation (Hllj’fx — E)Cf{, just as in the
standard DMRG procedure. However, with the crucial information of Hl2 s
available, we are empowered to shift the center from site [ 4+ 1 back to site [
through truncation. This results in the bond dimension reverting to D, and it
signifies the commencement of the subsequent bond expansion.

The discarded weight £ can serve as a measure of error, providing insights
into the quality of the approximation.
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3. Method: Density Matrix Renormalization Group

Figure 3.8: The diagrammatic representation of expanded Hamiltonian. Taken
from Ref. [61]

Each step in this process incurs a maximum cost equivalent to that of
one-site DMRG, O(D?dw). Furthermore, the Controlled Bond Expansion
(CBE) DMRG method effectively captures the most pertinent contributions
originating from H7*.
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CHAPTER 4

Numerical Results

4.1 Correlation Function of 1D KLM

In one dimension, it’s well-established that various interacting metallic systems,
including the Hubbard model and the ¢ — J model, fall under the universality
class of Tomonaga-Luttinger liquids (TLL), and the Kondo lattice model also
belongs to this class [10].

In Tomonaga-Luttinger liquids, electron density oscillations in response to
a local perturbation play a crucial role in understanding the electronic states of
a system. The response to an impurity potential is a well-known phenomenon
called Friedel oscillations. Similarly, magnetic impurities induce spin density
oscillations. The period of these oscillations is determined by the diameter
of the Fermi surface, which, in one-dimensional systems, is referred to as the
Fermi wave vector [11].

In the half-spin TL liquids, there are gapless charge and spin excitations.
These can be characterized by certain parameters.

For the charge excitations, the key parameter is the Luttinger parameter,
denoted as K,. The Spin excitations in the same system are also characterized
by a Luttinger parameter, but in this case, it is fixed by the SU(2) symmetry,
meaning K, = 1. Due to the gapless nature of these excitations, the correlation
functions in TL liquid exhibit power-law decays, which are determined by the
Luttinger parameter for charge excitation, K.

According to the bosonization method and other numerical studies [11][77],
the asymptotic expressions for the single-particle excitations and the spin-spin
correlation are as follows:

Cas(x) = (ele;) = Alcojgck’:gx) (4.1)
A A COS x) 10 s T
Sosl) = (8.8)) = [y + B LD (1.2)

25



4. Numerical Results

where (O) = (GS|A|GS) and |GS) is the ground states of typical one-
dimensional heavy Fermion system; kr is the Fermi wave vector of system;
x = |i—j| ; a is an unknown coefficient; § arises from the logarithmic correction
for one-dimensional quantum system [78].

The charge density oscillation has a form like:

2k
M%wwwmm»zwwk»~0ﬁﬁﬁéﬂ+%h

(4.3)

here x represents the distance from the impurity. In the system considered
in this project, it signifies the distance from site ¢ to the boundary of the
system.

In principle, we can extract the necessary properties such as the Fermi
wave vector kp, the Luttinger parameter K, and the coefficients o and 3 from
the numerical results. However, it’s crucial to account for finite system size
effects, especially in specific calculations

Finite System Size and Bond Dimension Correction For a finite size system,
due to the boundaries, an exponential decay will appear in relative distance
x = |i — j| correlation with a finite value A\ : e X,

So as the practical numerical results, the single-particle excitation Eq. (4.1)
and the spin-spin correlation Eq. (4.2) becomes:

Cla) = (e} = 4, 0ERE (44)
A A COS x) 10 A X z
S@) = (88) = (o + HCIREDTE Ay

In numerical method point of view, the DMRG approximates the true ground
state of a MPS, the correlation length are expected A\ — oo when D — 00, or
equivalently when & — 0.

And for the charge density oscillation Eq. (4.3), a standard conformal
transformation [77] for a finite chain of length N is:

cos(2kpx) cos(4kpx)

(%SiD(NL_HW))(I—FKp)/Z Q(ESiIl( T 77_))2Kp

N(x) = (5a(a)) ~ Cy

The extrapolation checks for finite system size correction are in Appendix C,
and related coefficients A will be omitted in this chapter for sake of brevity.
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4.2. Fermi Wave Vector Behaviors

4.2 Fermi Wave Vector Behaviors

The one-dimensional Kondo lattice model is examined using the CBD-DMRG
approach. We generate paramagnetic states, denoted as |PM), by varying two
key parameters: the conduction electron density n, and the Kondo couplings
J.

n. = 0.8,0.7 2.3

<J<
n. = 0.56,0.3 < J < 1.7

These parameters are depicted in Fig. 2.3.

It’s noteworthy that in the region [n, = 0.8,1.5 < J < 2], we are situated
within the F'M?2 region. During this phase, we impose the constraint that the
total spin of the states are both equal to 0. However, it’s important to note
that these states are not the ground states.

As we mentioned in Sec. 3.1.2, the observables <¢\OZO] |¢) can be computed
easily from MPS and MPOs.

For a N—site Kondo chain, the correlators of |PM) can be illustrated as
a N x N matrix, e.g.:

p(i,j) = (ele;) (4.7)
o(i,7) = (S;S;) (4.8)

Here (O) = (PM|O|PM), and 1D Kondo lattice system we have S; = S{ +8;.
It is easy to find that the density oscillation is just the diagonal term of
matrix p(i,7):

N(z) = (on(x)) = (A(x) —n) = p(z,2) —n, (4.9)

Since we use open boundary conditions, translational invariance is lost.
p(i,7) and o (i, j) depends on both i and j. For avoiding such boundary effect,
we averaged over all pairs of sites separated by the distance x = |i — j| from

pli,§) and o (i j):

Clx) = (p(j +2,5)); (4.10)
S(a) = (ol +.5)); (4.11)

j €1, N —z] and (-) means taking the mean value for all possible j.
In this project, kp = 5n, denotes small Fermi wave vector and kr =

5(n. + 1) represents large Fermi wave vector. The parameter we use in
calculations are:
For n, = 0.8,

kp =047, 2kp=0.87, (4.12)
kp =097, 2kp =187~ 0.27. (4.13)

"Here we use < since the boundaries between FM2-phase and HT LL-phase are not
exactly solved.
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4. Numerical Results

For n, = 0.56,

kp =0.287, 2kp = 0.56m, (4.14)
kp =0.787, 2kp = 1.56m ~ 0.44r. (4.15)

To analyze numerically obtained correlation functions, we compare their
Fourier transform with fitting curves. The curves, as expected, should have
the properties of Eq. (4.1) and Eq. (4.2). Remarkably, from the numerically
results, the correlation functions in the momentum space can have peaks at
one-, two-, or even three wave vectors, the fitting has been done with the help
of Eq. (4.16) and Eq. (4.17) :

(c)
oy cos(ky,'z)
Clx) ~c"(z)= En U= @, M= 1,2,3 (4.16)
() B
Ly 1 cos(2k,,’x) log™ () _
S(x) ~ s\ (x) (7T:L‘)2+ En b, TR, ,n=12 (4.17)
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4.2. Fermi Wave Vector Behaviors

4.2.1 Forn.,=0.8,N=200
Short/Long Range Oscillation

Due to the different decay modes for the short/long range correlation behaviors
(exponential decay for short range and algebraic decay for long range), it makes
distinctions in Fourier transform: the Fourier transform results of C(x) are
almost the same when we choose z € [1, N — 1] and x € [1, N/10], but the
results for = € [N/10, N — 1] are totally different in some Js.

Additionally, all correlation function results are displayed as absolute values
in logarithmic scale to enhance visibility and clarity.

|C(x)] F.T. of C(z)
: ; . ; .

10-10 L

%107

1015t 251

1
: : : :
1
0.6f
1
1
0.4} :
L 1 L L
. | . .
1
1
1
A
1
1
1

20 . . . 0.5¢ , . . ]
50 100 150 200 0 0.2 0.4 0.6 0.8 1
x k/m

107

Figure 4.1: The Fourier transform of C(z) with different part of z for N =
200,n. = 0.8,J = 1.3. In the left panel are C(z) with different range of x:
z € [1,N —1], z € [1,N/10] (black) and = € [N/10, N — 1] (green). In the
right panel are the related Fourier transform result of C(x) for each x-region.
Red and yellow dashed lines in the right columns correspond to the small, k.,
and large, k., Fermi vectors. The information of = € [N/10, N — 1] is almost
covered by the oscillation of z € [1, N/10] in Fourier transform results, since
their absolute values are in totally different order of magnitude.

From the Fourier transform results, we found that for small distance cor-
relation (z < 0.1N), the oscillation behaviors are always associated with kp.
And the long-range behaviors can be fitted by Eq. (4.16) and Eq. (4.17).

In spin sector, such short/long range oscillation separation also appears,
as it shows in Fig. 4.2.
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Figure 4.2: The Fourier transform of S(x) with different part of x for N =
200,n, = 0.8,J = 1.3. In the left panel are S(z) with different range of x:
x € [1,N —1], z € [1,N/10] (black) and z € [N/10, N — 1] (green). In the
right panel are the related Fourier transform result of C(x) for each x-region.
Red and yellow dashed lines in the right columns correspond to the 2k and
2k. The same as in Fig. 4.1, the long range oscillation is covered by short
range oscillation in Fourier transform results.

A possible reason is, a correlation function of 1D KLM F(z) has two
components: short range oscillation F S(x) and long range oscillation F L ().

]-"S(a:) always has kp related oscillation, the amplitude is large in the
beginning but decays rapidly with z. For the F L(x), it oscillates with k, such
oscillation decays so slow that it can pronounce in large x.

€T

F5(x) ~ Ay cos(nkpz)e ™s (4.18)
L cos(nkx)
~Ay———> 4.1

where n is an integer, k changes with J, A; > Ay, mg and m, are constants.
|FE(x)] > |F°(2)| in large = so that influence of F(z) is negligible in long
range interaction.

In this project we focus on F L(a:) part, since the most interesting large-
small Fermi wave vector transient happens here.
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4.2. Fermi Wave Vector Behaviors

Small/Large Fermi Wave Vector Transient

We mark the peaks in charge sector by k'“, the peaks in spin sector by £'.

e J = 0.7, there is only one peak in both correlation function of charge
sector C(z) and spin sector S(x) which correspond to the small Fermi

wave vector, k‘gc) = kgs) = kp. As shown in Fig. 4.3

Figure 4.3: The correlation function C(x) (top, left) and S(z) (bottom, left),
and their Fourier transform results (right column) for J = 0.7. Blue solid
lines in the left column shows the absolute values of empirical data in log scale
derived from DMRG simulations while black dashed lines represent the out-
come of curve fitting obtained by using Equation (4.16) and (4.17), respectively.
Blue lines in the right columns are Fourier transforms of the corresponding cor-
relation functions. And the black dashed lines in the right column correspond
to the black dashed line in left column, represent the oscillation behaviors in
relative long range (z > 0.1N) and where the finite size effects are excluded
(exclude the points z ~ N). Red and yellow dashed lines in the top of right
columns correspond to the small, kp, and large, k7, Fermi vectors while these
lines in spin sector denote the values of 2kp (red) and 2k% (yellow). This
result was obtained for the coupling constant: J = 0.7.
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4. Numerical Results

e 0.8 < J <1, the second peak kéc) = 0.87 appears in charge sector.

Figure 4.4: The correlation function C(x) (top, left) and S(z) (bottom, left),
and their Fourier transform results (right column) for J = 1. Blue solid lines in
the left column shows the absolute values of empirical data in log scale derived
from DMRG simulations while black dashed lines represent the outcome of
curve fitting obtained by using Equation (4.16) and (4.17), respectively. Blue
lines in the right columns are Fourier transforms of the corresponding corre-
lation functions. And the black dashed lines in the right column correspond
to the black dashed line in left column, represent the oscillation behaviors in
relative long range (z > 0.1N) and where the finite size effects are excluded
(exclude the points z ~ N). Red and yellow dashed lines in the top of right
columns correspond to the small, kp, and large, kz, Fermi vectors while these
lines in spin sector denote the values of 2kp (red) and 2kf (yellow).
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4.2. Fermi Wave Vector Behaviors

e 1.1 < J < 1.5, there are now three peaks in charge sector and two peaks
in spin sector. The dominant peak changed in spin sector from kz to kj
at J = 1.2

Figure 4.5: The correlation function C(x) (top, left) and S(z) (bottom, left),
and their Fourier transform results (right column) for J = 1.2. Blue solid
lines in the left column shows the absolute values of empirical data in log scale
derived from DMRG simulations while black dashed lines represent the out-
come of curve fitting obtained by using Equation (4.16) and (4.17), respectively.
Blue lines in the right columns are Fourier transforms of the corresponding cor-
relation functions. And the black dashed lines in the right column correspond
to the black dashed line in left column, represent the oscillation behaviors in
relative long range (z > 0.1N) and where the finite size effects are excluded
(exclude the points  ~ N). Red and yellow dashed lines in the top of right
columns correspond to the small, kp, and large, k7, Fermi vectors while these
lines in spin sector denote the values of 2k (red) and 2kp (yellow).
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4. Numerical Results

e 2 < J < 2.3, only two peaks remain in C(z), one is at large Fermi wave
vector kéc) ~ kJ-, another one is far away from small Fermi wave vector
kp.

And there is only one peak in S(z), at large Fermi wave vector kp.

Figure 4.6: The correlation function C(x) (top, left) and S(z) (bottom, left),
and their Fourier transform results (right column) for J = 2.3. Blue solid
lines in the left column shows the absolute values of empirical data in log scale
derived from DMRG simulations while black dashed lines represent the out-
come of curve fitting obtained by using Equation (4.16) and (4.17), respectively.
Blue lines in the right columns are Fourier transforms of the corresponding cor-
relation functions. And the black dashed lines in the right column correspond
to the black dashed line in left column, represent the oscillation behaviors in
relative long range (z > 0.1N) and where the finite size effects are excluded
(exclude the points  ~ N). Red and yellow dashed lines in the top of right
columns correspond to the small, kp, and large, k}, Fermi vectors while these
lines in spin sector denote the values of 2k (red) and 2kp (yellow).
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4.2. Fermi Wave Vector Behaviors

The long range oscillation behaviors of n, = 0.8 are summarized in Ta-
ble. 4.1.

Clz) | S(x) k
J=07 C(l) (’17) (1)( ) kEC) = ]{:§S) ~ kF
S X
08<J<1 | Pe) T =47 ~ 7 ~ 081
J=1.1 @) o kl(s)% 0.57m, ks’ =~ 0.7, k(i) ~ kp
(@) | (@) | &Y ~0.157 or 0.857, kS ~ kp
12<J<15 KT~ 057, kY ~ 0.7m, k) ~ ki

B & K, kS ~ 0.37 or 0.7
K9 ~ 0.7, k) ~ ks
K ~ ki

2<J<23 |2 (x) s(l)(x)

Table 4.1: Summary of results for n, = 0.8. In ® (x) region, a wave vector

k:gc) appears, which is neither kp nor k.

Additionally, the Fourier transform of both correlation functions are shown
in Fig. 4.7, we come across a crossover from the small- to large Fermi surface.
Various regimes in the charge and spin sector present.
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4. Numerical Results

Figure 4.7: The schematic phase diagram for according to the long range
oscillations for C(x) and S(z) for n, = 0.8, 0.7 < J < 2.3.
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4.2. Fermi Wave Vector Behaviors

4.2.2 For n,=0.56, N =200

The same as what showed in Sec. 4.2.1, at n, = 0.56, the short/long range
oscillation separation also exists. In the similar way we analyze the S(x) and
C(x):
e 0.3 < J <0.7, only one peak on C(x) and S(x), located in kp. k:gc) =
kY ~ ke

Figure 4.8: The correlation function C(x) (top, left) and S(z) (bottom, left),
and their Fourier transform results (right column) for J = 0.5. Blue solid
lines in the left column shows the absolute values of empirical data in log scale
derived from DMRG simulations while black dashed lines represent the out-
come of curve fitting obtained by using Equation (4.16) and (4.17), respectively.
Blue lines in the right columns are Fourier transforms of the corresponding cor-
relation functions. And the black dashed lines in the right column correspond
to the black dashed line in left column, represent the oscillation behaviors in
relative long range (z > 0.1N) and where the finite size effects are excluded
(exclude the points x ~ N). Red and yellow dashed lines in the top of right
columns correspond to the small, kp, and large, kz, Fermi vectors while these
lines in spin sector denote the values of 2kp (red) and 2kf (yellow).
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4. Numerical Results

e J = 0.9, in charge sector the second peak around kj appears, in spin
sector, the form of s(x) remains the same, but the peak jumps to the
large Fermi wave vector.

Figure 4.9: The correlation function C(x) (top, left) and S(z) (bottom, left),
and their Fourier transform results (right column) for J = 0.9. Blue solid
lines in the left column shows the absolute values of empirical data in log scale
derived from DMRG simulations while black dashed lines represent the out-
come of curve fitting obtained by using Equation (4.16) and (4.17), respectively.
Blue lines in the right columns are Fourier transforms of the corresponding cor-
relation functions. And the black dashed lines in the right column correspond
to the black dashed line in left column, represent the oscillation behaviors in
relative long range (z > 0.1N) and where the finite size effects are excluded
(exclude the points x ~ N). Red and yellow dashed lines in the top of right
columns correspond to the small, kp, and large, k7, Fermi vectors while these
lines in spin sector denote the values of 2kp (red) and 2kz (yellow).
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4.2. Fermi Wave Vector Behaviors

Ak
A(ks”)
no third peak in C(x) and no second peak in S(z) for all J at n, = 0.56.

e 1< J <17, inC(x) the peak ratio

keeps decreasing, and there is

Figure 4.10: The correlation function C(z) (top, left) and S(z) (bottom, left),
and their Fourier transform results (right column) for J = 1.7. Blue solid
lines in the left column shows the absolute values of empirical data in log scale
derived from DMRG simulations while black dashed lines represent the out-
come of curve fitting obtained by using Equation (4.16) and (4.17), respectively.
Blue lines in the right columns are Fourier transforms of the corresponding cor-
relation functions. And the black dashed lines in the right column correspond
to the black dashed line in left column, represent the oscillation behaviors in
relative long range (z > 0.1N) and where the finite size effects are excluded
(exclude the points z ~ N). Red and yellow dashed lines in the top of right
columns correspond to the small, kp, and large, k7, Fermi vectors while these
lines in spin sector denote the values of 2kp (red) and 2kr (yellow).

The long range oscillation behaviors of n, = 0.56 are summarized in Ta-
ble. 4.2.

Compares with the results of n. = 0.8, there is no third peak in charge
sector and in the transient phase only exits the competition of kz and kJ.
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4. Numerical Results

C(x) S(x) L
03<J<0.7 | Vi) KO = 5 ~ kp
J =109 OIS —
1<J<1T ? () (@) KO ~ kp k) = K ~ K

Table 4.2: Summary of results for n, = 0.56.

Figure 4.11: The schematic phase diagram for according to the long range
oscillations for C(x) and S(z) for C(z) and S(x) for n. = 0.56, 0.3 < J < 1.7.
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4.3. Luttinger Parameter K,

4.3 Luttinger Parameter K,

Recalling the form of the charge density oscillation in Eq. (4.3):

cos(2kpx) cos(4kpx)

Haf IR T fapRe

Ngs(@) = (on(z)) = (8(ele;)) ~ C

It’s important to note that it’s not possible to distinguish the peak at
4kp = 27n, from the peak at 4k = 27(1+n,). Moreover, from the numerical
results, it appears that Cy is significantly greater than C';. For these reasons,
using NV(x) to determine the length of the Fermi wave vector is challenging.

However, through the curve-fitting process, it is still possible to extract the
Luttinger parameter K, from p(i,i) and compare the results obtained from
the curve fitting of S(x).

As the system is symmetric, only half of the chain is presented for all

N ().

Figure 4.12: The curve fitting results for N (z) are shown for three different
values of J: J = 2.3 (top), J = 2 (middle), and J = 1.5 (bottom) at n, = 0.8,
N = 200. The red stars represent the empirical data, while the blue points
indicate the results of the fitting.
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4. Numerical Results

At n, = 0.8 the curve-fitting results for A'(x) show a clear dependency on
the coupling strength J. When J is relatively large, the fitting using Eq.(4.3)
closely aligns with the data.

However, as we decrease the value of J, an unexpected decay pattern starts
to emerge at the chain’s end, even though the middle part of the chain can
still be accurately described by Eq.(4.3).

Figure 4.13: The curve fitting results for N'(x) are displayed for three different
values of J: J =1 (top), J = 0.9 (middle), and J = 0.7 (bottom) at n, = 0.8,
N = 200. In these plots, the red stars represent the empirical data, while the
blue points depict the results of the fitting procedure. It’s evident that the
fitting results in the middle of the chain match well with the data. However,
as J decreases, particularly for J = 0.7, the fitting results at the end of the
chain gradually deviate from the data.

The presence of this unusual decay can also be illustrated using the Fourier
transform method. Similar to how we handled short and long-range oscillations
for C(x), we apply Fourier transforms to different segments of N (x):

(1)The full chain, where x ranges from 1 to N.

(2)The partial chain, where we exclude the chain’s ends, with x ranging
from 0.1N to 0.9N.
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4.3. Luttinger Parameter K,

For a large coupling strength J, as depicted in Fig. 4.14, the shapes of the
Fourier transform results for the full and partial chains are nearly identical.
This suggests that the oscillation behaviors in the middle and at the end of
the chain are universal and consistent.

Figure 4.14: In the left panel are the N'(z) for J = 2.3 (top), J = 2, (middle)
and J = 1.5 (bottom) at n, = 0.8, N = 200. The blue solid line represents
the full chain, z € [1, N], the red dashed lines are the partial chain, = €
[0.1N,0.9N]. In the right panel are their Fourier transform results for each
J and the blue solid/red dashed lines depict the Fourier transform of the
full /partial chain, respectively.
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4. Numerical Results

As we decrease the value of J, as shown in Fig. 4.15, the shapes of the
Fourier transforms for the full chain and the chain with the ends excluded
become noticeably different. In the full chain Fourier transform, peaks appear
at k = 0.6m and k = 0.87. To match this behavior, K, would have to be larger
than 1, which is an unphysical solution for a TL liquid.

Figure 4.15: In the left panel are the N (z) for J =1 (top), J = 0.9 (middle)
and J = 0.7 (bottom) at n, = 0.8, N = 200. The blue solid line represents
the full chain, z € [1, N], the red dashed lines are the partial chain, z €
[0.1N,0.9N]. In the right panel are their Fourier transform results for each
J and the blue solid/red dashed lines depict the Fourier transform of the
full/partial chain, respectively.

44



4.3. Luttinger Parameter K,

This unusual decay pattern, particularly evident with smaller coupling
strengths, seems to indicate that open boundary effects become more pro-
nounced in this regime. Furthermore, from Fig. 4.16, it’s apparent that this
effect persists even as the system size increases.

F.T. of N(x)
1 T T T
l I [—N=100
' I |~=N=200
0.8+ : : N = 400 i
= : | |--4k_=4k_ =047
=06l : 'Lkl =02 1
2 : I 1 F )
— I I 2k_=0.87 .
° I | 2 =N/l
= 0.4F : i ’ .
F [ |
1
0.2} I .
vvvvvv Bl |
1
O 1
0 0.2 0.8 1

Figure 4.16: The Fourier transform results for the full chain at J = 0.7 and
n, = 0.8, with system sizes of N = 100 (blue curve), 200 (red curve), and 400
(orange curve), are presented in the figure. The vertical dashed lines represent
2kr (left), 4kp = 4k (middle), and 2kp (right). As the system size increases,
the 4k peak becomes more pronounced, while the strength of the boundary
decay remains consistent. This indicates that boundary effects persist and do
not diminish with increasing system size.
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4. Numerical Results

At n, = 0.56, the influence of boundary effects remains substantial, at low
values of the coupling strength J. The exact cause of the decay at k # 2kp(")
or 4kp(*) still presents a puzzle.

Figure 4.17: The curve fitting results for N'(x) are displayed for three different
values of J: J = 1.7 (top), J = 0.9 (middle), and J = 0.5 (bottom) at
n. = 0.56, N = 200. In these plots, the red stars represent the empirical data,
while the blue points depict the results of the fitting procedure. Similar decay
patterns as Fig. 4.14 are observed in the low J region.

N (z)] F.T. of N'(z)

0 20 40 60 80 100 0 02 04 _ 06 08 1
x k/m

Figure 4.18: The full/partial Chains and their Fourier transforms for J = 0.5
at n, = 0.56,N = 200.
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4.3. Luttinger Parameter K,

K, — J curve When extracting the value of K, from the curve-fitting re-
sults of N'(z), the most effective approach is to exclude the chain ends to
avoid boundary effects. Additionally, cross-validating these results with the
curve-fitting of S(x) is advisable, as K, also significantly influences its decay
behavior.

K, from fitting

0.4
0.35r

0.3r

0.25f
o 021
0.15f
0.11
0.05F

0

+N(z) — kp Fitting|
+S(x) — kp Fitting

0.8 1 1.2 14 16 138 2 22 24

Figure 4.19: The K, —J from the fitting results of A'(x) (blue) and S(x) (red),
at n, = 0.8 and N = 200. J = 1.2 is also the point where kp <+ kr happens.

K, from fitting

0.3
0.281
0.26|
0.241

QU
< 0.22}
0.2 +N(x) — kr Fitting

0.18} -+S(x) — kp Fitting | 7
0.16} -

0.14

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
J

Figure 4.20: The K, —J from the fitting results of A'(x) (blue) and S(x) (red),
at n, = 0.56 and N = 200. K, decreased monotonically with decreasing J

47



4. Numerical Results

4.4 Phenomenological Explanation Of Numerical
Results

The discussion in Section 2.3 highlights the complexity of the Fermi wave
vector in 1D KLM. In the large J limit, the Fermi wave vector is associated
with a large filled Fermi sea picture. However, as we move away from this
limit, the situation becomes less clear.

A possible resolution to this ambiguity is presented in the case where
|/| < Ep. In this scenario, near commensurate band filling, a collinear metal
phase emerges. This metallic phase is characterized by its electronic behavior
being influenced by a spin configuration that is close to a collinear arrangement,
which is connected to the heavy Tomonaga-Luttinger liquid (HTLL) phase
through electron-spin interactions. At generic band fillings, a helical metal
phase characterized by a 4kp charge-density wave appears, and a local helical
gap becomes evident [35, 36].

Numerical investigations have also contributed to our understanding. For
instance, various numerical results have shown that in the small J region, a
small Fermi wave vector is observed [7, 8, 12]. It’s important to note that
there is no readily available analytical solution for the case where J is on the
order of the hopping amplitude ¢, and there have been no prior studies on the
transition from kg to kp in this context.

In reference to Gulacsi et al. (Ref. [79]), they divided the paramagnetic
phase into two distinct regions, which are separated by the FM2 region. The
upper part, characterized by larger J, is described as a weakly disordered
polaronic liquid with an assumed large Fermi wave vector. In contrast, the
lower part, associated with smaller J values, is labeled as a strongly disordered
conventional paramagnet with an assumed small Fermi wave vector.

In Ref. [8], the second FM region is noted to serve as a boundary distin-
guishing regions with large and small Fermi surfaces. However, the results
of this project indicate something intriguing. At n. = 0.8, as the value of
J decreases, the Fermi wave vector continues to include the local spin even
after crossing the FM2 region. Simultaneously, changes in the Fermi wave
vector are observed in regions with a smaller density of conduction electrons
(n, = 0.56) that do not cross the FM2 region. This suggests that the changes
in the Fermi wave vector are not solely dependent on the presence of the FM2
region and related phase transition, but are influenced by other factors.

An important factor that might be influencing these observations is the
presence of 4kp charge-density waves (CDW), which have been observed in
regions with both large and small Fermi wave vectors.

In the case of commensurate band filling, the CDW is associated with a
finite energy gap when the electron density n, = 0.75and J ~ 1 [41]. Interest-
ingly, this is close to the transient point observed in our system.

To gain a deeper understanding, further investigation is needed, including
system size extrapolation, to determine whether the CDW arises due to the
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4.4. Phenomenological Explanation Of Numerical Results

open boundary conditions or if it is an intrinsic property of the system at that
parameters.

Regarding the behavior of the Luttinger parameter K, in the TLL of the
1D Kondo lattice model, it has been observed to exhibit a monotonic decrease
as the coupling constant J decreases while keeping the electron density fixed,
as shown in Ref.[10, 28]. This decrease indicates a strong repulsive interaction
between electrons in the weak-coupling region.

However, in the calculations of this thesis, an unusual inflexion point in K,
is observed at J = 1.2, n, = 0.8. One possible explanation for this discrepancy
is related to the limit as J approaches zero: in this limit, the system should
ideally revert to a free 1D electron gas with k, = 1. Therefore, the critical point
which identified at n, = 0.8 and J = 1.2 might represent such special case.
But the monotonic decrease of K, at n. = 0.56 need further investigation.

The theorem discussed in Ref. [6] predicts the presence of a large Fermi wave
vector in translation-invariant systems. However, the emergence of a CDW
can break translational symmetry, potentially challenging the applicability of
this theorem. Enlarging the system to infinity offers a way to mitigate CDW
effects and approach a more translation-invariant scenario. This approach
might make the theorem applicable and provide valuable insights into the
system’s behavior.

In analyzing single-particle excitation (é;réj), we encounter a interplay of
multiple oscillations, which presents a perplexing challenge. Within this region,
distinguishing the distinct influences of the Kondo effect, RKKY interaction,
and double exchange interaction becomes intricate. To shed light on these
intertwined factors, a potential strategy involves reducing the density of local
spins, thereby mitigating the impact of the RKKY interaction in this particular
domain. The hypothesis is that by modulating the transient region as we alter
parameters, a clearer and more discernible configuration may emerge.
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CHAPTER 5

Summary and outlook

Summary

In this thesis, we utilized Density Matrix Renormalization Group (DMRG)
to investigate the one-dimensional Kondo lattice model, harnessed the QS-
pace tensor library to control quantum numbers within specific sectors and
employed the controlled bond expansion DMRG method for efficient ground
state determination.

Our exploration of the phase diagram of the 1D Kondo lattice model has
unveiled many new and novel phenomena. We focused on two parameter sets:,
(1) n, =0.8,0.7 < J < 2.3, (2) n, = 0.56,0.3 < J < 1.7, as shown in phase
diagram Fig. 2.3.

The Fermi wave vector change kp o< n.+1 < kp o< n,, is assumed to asso-
ciate with the PM — FM — PM transition in (1) in Ref. [8]. This assumption
is disproved by the numerical results of this thesis, by confirming that the
point the Fermi wave vector change J,. is actually lower than ferromagnetic
phase region.

We obtained the paramagnetic state |PM) for parameters (1) and (2), and
subsequently computed the correlation functions (a) (cjci>, (b) (c;rcj) and (c)
(S;S;). The curve fitting and Fourier transform techniques are employed to an-
alyze the decay and oscillations within these correlations, mutually validating
our results.

The short-range oscillations in correlations (|i — j| & 1 ~ 20), consistently
involve a small Fermi wave vector, regardless of J. These oscillations decay
rapidly. In contrast, long-range correlations exhibit distinct behaviors, serving
as the focal point for the physics explored in this thesis.

The correlation functions (b) and (c) are described by Eq. (4.16) and
Eq. (4.17), respectively. These equations differ from the general Luttinger
liquid solutions Eq. (4.1) and Eq. (4.2), which typically involve only a single
oscillation term with k = k7 or k = k. The results revealed, the coexistence
of several oscillation terms represented by n wave vectors &\ and k¥ (n < 3).
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5. Summary and outlook

Analyzing these results through Fourier transform, in the charge sector we
observe that at low J, a single peak is located at kr. As J increases, the single
peak transforms into a sequence of peaks in single-particle excitation (b). The
details are shown in Tab. 4.1 for parameters (1) and Tab. 4.2 for parameters
(2). An ambiguous transient phase region emerges between the domains of
large and small Fermi wave vectors, as graphical representations provided in
Fig.4.7 and Fig.4.11.

In the spin sector, a clear transition between large and small Fermi wave
vectors is evident in both parameter sets, contrasting with the charge sector.

The charge density oscillation (a) provides a means to validate the K,
obtained from the curve fitting of (c), as K, is crucial in both cases. The
comparison of these two fitting results is depicted in Fig. 4.19. Both results
indicate a kink at J = 1.2,n,. = 0.8, which corresponds to the onset of the
ambiguous region in the charge sector and the transition between small and
large Fermi wave vectors in the spin sector.

Outlook

This thesis has laid the foundation for several intriguing research directions:

o Oshikawa’s Theorem [6] and Localized Spins: As mentioned in Sec. 2.3,
through the LSM theorem, a large Fermi surface in 1D KLM is promised
for system with certain symmetries. Expanding system size and ad-
dressing finite size effects or employing methods like variational uniform
matrix product states (VUMPS) [80] for infinite systems may clarify the
phenomena.

« Unexplained Peaks and Coexistence of kp and kj: Peaks not aligning
with kp or kr and the coexistence of these wave vectors pose intriguing
questions. To explore Fermi surface intricacies further, varying local spin
density as a potential avenue for investigation may offer insights into
how localized spins behave within the Kondo lattice model,

o Interpreting Coefficients « and 3: Coefficients o and [ remain enigmatic.
Understanding their physical meaning and their role in identifying phases
or transitions requires further theoretical work.

o Differences Between n, = 0.8 and n, = 0.56: While the outcomes for
these two conduction electron densities exhibit notable distinctions, their
universality is suggested by the phase diagram. Further calculations are
necessary to bridge the gap between these parameter sets and elucidate
how the crucial coefficients evolve.

e Boundary Effects: We’ve observed an unexpected decay in charge den-
sity oscillation at low J, primarily at the chain’s ends. This suggests
boundary effects, and the specific oscillation wave vectors need further
investigation.

o Long/Short Range Oscillation: The short-range oscillations with re-
spect to kr are system size-independent, as ensured by our methodology
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for averaging correlations, although these patterns bear resemblance to
boundary effects. They potentially represent an intrinsic property of
correlations. Further explanation and analytical analysis are required to
understand this phenomenon.

Possible gap: The characteristic length of convergence, denoted as A,
should ideally exceed the system size if the system is gapless under certain
parameters. However, based on the extrapolation results, it appears that
this condition is not met. Therefore, conducting an additional check for
energy could be valuable and may provide further insights.
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APPENDIX A

Appendix 1: Tensor Network
Basics and Notations

This section is largely quoted from the tensor network lecture notes from Prof.
Jan von Delft [65], aims to clarify the visual representation of tensors and
the process of tensor contraction, illustrate the basic idea of Matrix Product
States (MPS), Matrix Product Operator (MPO) and the process of Density
Matrix Renormalization Group (DMRG).

Tensor network methods often involve intricate manipulations of multidi-
mensional tensors. Representing these operations using traditional mathemat-
ical equations can lead to lengthy formulas crowded with numerous tensor
indices. Furthermore, the interpretation of certain two-dimensional tensor
expressions might become less clear when written linearly. To address this
challenge, similar to the use of Feynman diagrams in perturbation theories,
diagrammatic notations are adopted for tensor networks. These graphical
representations effectively alleviate the complexity of traditional equations,
providing a more intuitive approach for comprehending and working with
intricate tensor operations.

A.1 Tensor Network Basics

Tensor, Contraction and the Cost

Tensor network diagrams are typically composed of geometric shapes like circles
or rectangles, connected by lines. In these diagrams, each circle represents
a tensor, and the lines extending from the circle correspond to the tensor’s
indices. For instance, in Fig. A.1, examples of rank-1 tensor (vector), rank-2
tensor (matrix), and rank-3 tensor are illustrated.

Within tensor network diagrams, index positions on tensors are often
indicated by arrows. These arrows serve to distinguish different types of indices
and their positions. Specifically, incoming arrows usually signify contravariant
indices, while outgoing arrows indicate covariant indices.
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A. Appendix 1: Tensor Network Basics and Notations

Figure A.1: The diagrammatic representation of vectors, matrices, and rank-3
tensors involves circles symbolizing tensors. Each external line, often referred
to as a "leg" or "bond", corresponds to an index of the tensor.

Graphically, tensor contraction is achieved by connecting lines in the tensor
network diagrams that correspond to the same index. This linking of lines
represents the mathematical operation of summation or contraction over those
indices.

E A BO‘ ny,é — ﬂA HB - = QHC P = Cﬁy
@ 8 g v

Figure A.2: A contraction operation on index f is graphically depicted by
connecting the lines that represent this index, which signifies the contraction
between tensors. While indices are labeled in the diagram for clarity, they can
be omitted in practical applications, streamlining the visual representation.
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Figure A.3: Assuming uniform dimensions D for all legs, the total numerical
cost varies when contracting legs in different orders. The expense of con-
tracting u first surpasses that of contracting J first. In the upper approach,
Anganf; — Ai(BC)gg‘ — Ej, the total cost is O(D"). Iril the lower ap-
proach, AJB*Cls — B"(AC)}, — Ej the total cost is O(D").
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A.1. Tensor Network Basics

A tensor network can involve multiple contraction operations, and the
sequence in which these contractions are performed doesn’t affect the final
results. However, the order of contractions does influence the computational
complexity of the algorithm. This complexity is visually evident from the
tensor diagrams. For example, in the contraction shown in Fig. A.2, the
computational effort can be roughly estimated as O(D[a]D[F]D][y]), where
DJi] represents the dimension of index i.

Generally, the computational complexity is the product of the dimensions
of all lines in the diagram. However, depending on the diagram’s structure, the
actual computational cost might vary based on the order in which contractions
are performed.

Unitaries, Isometries and Decompositions

A square matrix U € mat(D, D;C) is considered unitary if it satisfies the
condition
Ul =uU' =1, (A1)

where I is the identity matrix of size D. Unitary transformations denote
linear transformations that uphold the inner product and vector norm.
For rectangular matrices, let A € mat(D, D'; C) with D > D’ be termed a

"left isometry" if
ATA=1,, and AAT £1,, (A.2)

Correspondingly, consider a rectanglar matrix B € mat(D,D’;C) with
D < D' as a "right isometry" if

BB'=1p and B'B #1,, (A.3)

In linear algebra, the concept of an isometry pertains to a linear transfor-
mation that maintains the length or norm of vectors. Within the framework
of tensor networks, an isometric tensor is characterized by having fewer out-
going legs compared to incoming legs. This arrangement ensures that the
tensor retains its capacity to preserve vector norms during contractions within
the tensor network. This property is particularly crucial in the context of
techniques like DMRG.

Furthermore, isometric tensors play a significant role in effectively repre-
senting quantum states and operators within tensor networks. They facilitate
the compression and truncation of tensor network descriptions while still cap-
turing essential characteristics of the quantum state or operator. This com-
pression becomes especially valuable when dealing with systems that possess
numerous degrees of freedom, as explicit tensor representations can quickly
become computationally unwieldy.

In the context of tensor networks, any matrix can be employed to con-
struct left or right isometric tensors through the process of singular value
decomposition.
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Figure A.4: The diagrammatic representation of unitary and left/right isome-
try matrix.

Consider a matrix M € mat(D, D’;C), and let D = min(D, D’), then any
such M has a singular value decomposition of the form:

M=USV" (A.4)
where U € mat(D, D;C), U'U =15; V! € mat(D, D';C), VIV =15,
D’ D D D’

D < D" D = D

M = U S vi

D’ D’ D’ D’

Figure A.5: The diagrammatic representation of SVD for matrix M.

The singular value matrix S € mat([), D; C) takes on a diagonal structure,
consisting solely of non-negative diagonal elements. These elements constitute
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the Schmidt rank r, indicating the count of non-zero singular values. The
diagonal entries can be ordered in a descending fashion:

S§1> 89> >8,>0— 8 =diag(sy,s9,...,5,,0,...,0) (A.5)
The number of zeros within the diagonal is D — 7.
SVD can be used to approximate a rank r matrix M by a rank r/(< T)

. !
matrix M :

M=USVI = M =Us'v'

S =diag(sy, 89,y ...... . 5,0,...,0),num(0) =D —r
— 8" = diag(sq, ss, . .. ;8,0,0, ... ,0),num(0) =D — 1 (A.6)
D’ D D D’
D < D" D M = D
D/ 7,/ ,’,l D/ ,’,l 7,l D/
D| M’ = DJ||lo 0 5 = D m N =
D’ D’ D’ D’
D>D DM = D
D/ ,,,/ ’f'/ D/ 7”, 7”, D/
— N =
D M’ = Dll|o o] LO D

Figure A.6: The diagrammatic representation of SVD truncation process.

Applying Singular Value Decomposition (SVD) and truncation within the
DMRG framework provides a practical approach to efficiently handle complex
quantum states with significant entanglement. In doing so, DMRG preserves
the essential aspects of these states while discarding less impactful details.
This blending of techniques empowers DMRG as a versatile and powerful
methodology.

The success of DMRG largely relies on the methods chosen for executing
truncation, a subject which is elaborated in the Sec.3.2.
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Entanglement and the Area Law

Entanglement plays a critical role in the domain of tensor networks, especially
when it comes to capturing and representing complex quantum states. In the
context of quantum systems, entanglement signifies the non-classical correla-
tions that link different aspects of a composite system. In tensor networks,
measures of entanglement are used to assess the degree to which information
is shared among different tensors or sites within the network.

Tensor network methodologies, as demonstrated by DMRG, leverage the
concept of entanglement to effectively model and manipulate quantum states.
Excessive entanglement can make explicit representations of quantum states
computationally challenging. However, tensor networks provide a solution by
encapsulating the essential characteristics of these states while discarding less
significant details. Techniques based on entanglement-driven compression and
truncation enable a resource-efficient approximation of quantum states, while
still maintaining their essential features.

Moreover, entanglement provides valuable insights into the behavior and
properties of quantum systems. Its implications extend to phenomena such as
quantum phase transitions and criticality. The distribution of entanglement
across a system’s degrees of freedom can reveal crucial information about the
system’s fundamental state and excitations.

The ground state entanglement entropy follows an area law [81-83], which
is a fundamental concept in quantum physics. This law provides deep insights
into the entanglement organization within many-body systems.

For a pure quantum system in pure state [¢), with density matrix p =
|) (1], it can be devided into two parts: A/B, the Hilbert spaces of two
subsystems are:

Ha = span{|o4)} , Hp = spanf|og)} (A.7)
To obtain the reduced density matrix of A/B, we trace out B/A:
pa=Trsp  pp=Trap (A8)
and the entanglement entropy of A/B is
Sa=-Trapalogapa , Sp=—Trppplogy pp (A.9)
Then the entanglement of two systems is described by the area law:
S=S8y/p~0V (A.10)

0V is the boundary area of the subsystem.

The area law establishes that the entanglement entropy, which measures
quantum entanglement between different parts of a system, increases propor-
tionally to the boundary area of the analyzed region, rather than its volume. In
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other words, the entanglement entropy grows with the surface area surrounding
a subsystem, not its size.

This principle is pivotal within tensor network methods. Tensor networks
leverage the area law to accurately model and represent quantum states, partic-
ularly those with limited entanglement. Thus, when entanglement is confined
or displays low-dimensionality, tensor networks can offer precise approxima-
tions using fewer computational resources compared to alternative methods.
By prioritizing entanglement across boundaries, tensor networks maintain pre-
cision while minimizing parameters needed for a comprehensive quantum state
representation. This feature renders tensor networks, including Matrix Prod-
uct States (MPS) as used in DMRG, highly valuable for simulating intricate
quantum systems, notably in the domain of condensed matter physics.

Various Canonical MPS Forms

The matrix products in tensor network have gauge freedom, which means any
matrix product can be expressed in infinitely many ways without changing

the product: o
MM =MUU M = MM (A.11)

Gauge freedom can be exploited to reshape MPSs into particularly convenient,
canonical forms.

The SVD process entails truncating the matrix S by retaining only the
largest D singular values. Subsequently, the truncated version of matrix U
is used as the updated form of A, and the truncated tensors S’ and VT are
contracted with the succeeding tensor.

Left-canonical MPS: All tensors are left normalized, denoted A,
U)o = [TV AT . A (A.12)

ATA = I, and these states form an orthonormal set: in general, V; C Hl,
l<\pa |‘Ila>l = Hg .

Right-canonical MPS: All tensors are right normalized, denoted B,
1
D) = [9)c[BY" ... BF]p (A.13)

BB' = I, and these states form an orthonormal set: in general, V; C Hl,
(27 |®g); = Hg -
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Figure A.7: The process involves truncating the MPS by applying SVD to a
specific tensor and discarding unnecessary singular values.

A

SR D)

(a)Left-normalized (b)Right-normalized

Figure A.8: Left-normalized and right-normalized tensor. Both of them are
constructed by SVD, where I represents the identity matrix. In the subsequent
diagram, triangles are employed to represent left/right normalized tensors.
And the circles are omitted.

Site-canonical MPS: The tensors are left-normalized to left of site [, and
right-normalized to right of site [.

W) = |3 [A] . A AP B L BRE

o bl (A.14)
= Vo)1l [Pg) i [M]™

The states |, 0y, B) := |¥4);-1]07)|®s);+1 form an orthonormal set:
(o0, Blaso, B) = To I 15
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Figure A.9: The diagrammatic representation of Left-canonical MPS.

__ Bgs Bro Broa
[©6)c 7— DG ¢ f

0rc—-3 0£-2 0Or—-1 Of

Figure A.10: The diagrammatic representation of Right-canonical MPS.

A Ay Ay My Biy1i By By B [Mg)*P
UE D S N7 7R S aw el o'
g1 02 ... Oyp_1q gl U@—I—l oo OL—1 or gl
|Wo)i—1 1P g1 1

Figure A.11: The diagrammatic representation of Site-canonical MPS.

Bond-canonical MPS: The tensors are left-normalized from site 1 to site [,
and right-normalized from site [ + 1 to site L.

W) = |3 [AT .. ATLISI*P (B .. BEF )

= 3 [Wa)i[®g) 11 [S]Y (A.15)
af

The matrix S*’ can be chosen diagonal. The states |a, 8) := W) ®s) 141
form an orthogonal set: (o, f'|a, B) = IS ]Ig .

v A A Ay S Byyin Bgey By SeB
Vi NTTY YA TS5 Y ¥ = w Ty
g o2 ... O] Oj+1 --- OL—1 or
W) [PsYps1

Figure A.12: The diagrammatic representation of Bond-canonical MPS.

SVD enables the transformation of all these canonical forms into each
other.
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The operations of MPOs
Applying MPO to MPS: From a given equation

Olp) = |¢) (A.16)

we express the wave functions in MPS format

) = [ M7 = &) = Olw) = [ M)” (A.17)
l

l

Figure A.13: The diagrammatic presentation of Ol¢) = [¢)

Figure A.14: The diagrammatic representation of M

with composite indices, &; = (a, p), B, = (B,v) of increasing bond dimen-
sion Dy; = Dy, - w, w is the dimension of physical bond o

During this process, application of MPO is usually followed by SVD and
trunction to lower the bond dimension.

Multiplication and Addition of MPQOs : The multiplication of two MPOs
entails a particular procedure of combining their individual tensors. For in-
stance, start with two given MPOs, Ol and 02, which represent operators.
To perform the multiplication, we contract the tensors of one MPO with the
tensors of the other, while simultaneously considering the relevant physical
indices associated with the sites they act upon.
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Mathematically, the multiplication of two MPOs Ol and 02 can be written
as:

L
={III Wu} {H Walp}3 73|
=1

I'=1

L _y
={[IWi}5 19")(] (A.18)
=1

Here, O is the resulting MPO after multiplication, W, and W, are the
individual tensors from the original MPOs, and the summation runs over all
possible indices o/ :

(WA = (WAL [[Wali g (A.19)
with composite indices p' = (u, 1), = (v,7) of increasing dimension w =
wy - wy, wy and wy are the dimension of physical bonds o and o’

The addition of two MPOs follows a process analogous to multiplication.
The tensors from both MPOs are combined by adding the corresponding
tensors while maintaining the integrity of the physical indices. Mathematically,
the addition of two MPOs 01 and OQ can be expressed as:

O = ([04]% + [02)%)|7")(7|

(e

L — L —
= (I % +{TIWal3 8 )1 (7]
=1 =1

oWl o N (Wl 0 ) (Wl 0\
‘[T’“< 0 [W2h>< 0 [%b)'“( 0 [Wz]c>]7 Ll
(A.20)

Here, O is the resulting MPO after addition, and W, and W, are the
individual tensors from the original MPOs:

/

<o (TIE WA o\’
Wil _< | 10 N Hf:l[WQ]l>U (4-21)
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A.2 DMRG: Iterative ground state search
One Site DMRG

Assuming the site-canonical form MPS with orthogonality center at site [ and
the Hamiltonian MPOs:

W) = |a)|ay)] B)[M;] (A.22)

Figure A.15: The diagrammatic representation of original MPS Eq. (A.22).
Assuming that this MPS has been truncated, the maximum bond dimension
equals to D, the physical legs dimension is d.

L
N ?/
H=7"{[[Wi}2 (7] (A.23)
=1
o1 g2 (o))} oL
H = "%Wl’ %W;* % > %Wl’_é'*“ % ’Wﬁ"
B o,

Figure A.16: The diagrammatic representation of original MPO Eq. (A.23).
The virtual bond dimension of MPO is w.

In this context, our goal is to minimize the energy E of the state |¥) while
satisfying the constraint of unit normalization (¥|¥) = 1. The optimization
of |¥) can be formulated as a Lagrangian optimization problem:

min((U|H|W) — \(@|&)) (A.24)

where )\ acts as the Lagrange multiplier.
We find the Lagrange equation to be

0 .
TM[(\II|H|\P> —AN¥P)] =0 (A.25)

From such Langrangian equation which can be reshaped to a linear equation
system, we get the 1-site Schrédinger equation :

HV M = ApV (A.26)
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Figure A.17: The diagrammatic representation of Langrangian optimization
of |¥) Eq. (A.24) .

o M (5 M
oM B
—} — £I {"= | :A%—i—e’Ml g
/T /{J‘é/ O/ U/B/ O'/

Figure A.18: The diagrammatic representation of Langrangian equation
Eq. (A.25).

where 1/11(1) = M, with normalization W)l(l)]T%(l) =1.
The tensor M; can be conceptualized as a vector, labeled by the composite
index ¢’ = (a'¢’f'), while H l(l) is considered as a matrix:

(HD ()" = MM (A.27)

with normalization [M],[M;]" = 1.

118 = A %H#H% e H%

Figure A.19: The diagrammatic representation of one-site Hamiltonian.

Solving Eq. (A.27) using an eigensolver will yield a new matrix M, along
with the corresponding eigenvalue A, which approximates the ground state
energy. This new M, is then employed to update the MPS as M; — M,.
Moving to the next site, the SVD is applied to M, to shift the orthogonality
center to site [ + 1. This entire process is repeated for the subsequent site.

The optimization of the MPS can commence from an arbitrary state that
may be distant from the actual ground state initially. By iteratively optimizing
the MPS and performing sweeps back and forth, convergence is achieved when
the ground state energy remains unchanged with respect to a fixed bond
dimension D.
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Figure A.20: The diagrammatic representation of DMRG process, iteratively
optimize the MPS to the ground state.

The matrix dimensions of H. l(l) are typically of the order D?d x DQd7 which
can be large. Consequently, a numerical technique like the Lanczos iterative
solver [68-71], which targets the lowest eigenvalue of the system, is employed.
Ensuring an efficient implementation of the eigensolver is crucial due to its
frequent occurrence within a single ground state search: Number of solved
eigenequations = Sweeps X Sites.

Two Site DMRG

The MPS in site-canonical two-site basis is :
B
W) = [ )i—1lon)or )| ®g)iea[M] " [ By (A.28)
The basic logic of two-site DMRG is exactly the same as one-site DMRG,
starts with the Langrangian optimization for two sites:
0 0

a7 oMt
0By, OM,

[(T|H|0) — \|#)] =0 (A.29)
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Figure A.21: The diagrammatic representation of MPS for two-site DMRG
Eq. (A.28).

Iawf Bmﬁ o B M, B
% o %a % % B al IP = 2\ 3/1 L1
tFJ/ o = A o’ 54/ o 7
o B/ o [7)/

Figure A.22: The diagrammatic representation of Langrangian equation
Eq. (A.29).

Here we have 2-site Schrodinger equation
HL ) = A (A.30)

where a = («, 0,0, ), ¢l(2) = M;By,;.

« _B o _B
Nra’ -- o7 -- . o 0
n = TR €44
[ l ]a _ . o & L , o’ 5,//
a B @ B

Figure A.23: The diagrammatic representation of two-site Hamiltonian
Eq. (A.30).

Once again, we solve equation Eq. (A.30) to obtain the eigenstate 1@(2).
By performing a SVD on it (TZJZ(Q) = USVT), we update M; — A; = U and
By — My, = SVT. This effectively shifts the orthogonality center to the
next site.

Subsequently, the process depicted in Fig. A.20 is reiterated to continue
the optimization. At this stage, the diagonal matrix S consists of D x d
singular values, which is notably larger than the virtual bond dimension D of
M; and B;,;. This expansion explores a broader state space, encompassing
more symmetry sectors. However, this expanded matrix can still be truncated
down to D to exclude less relevant states.
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APPENDIX B

Appendix 2: Shrewd Selection

Orthonormality The orthonormality and completeness properties of both the
kept and discarded states:

Figure B.1: The diagrammatic representation of the orthonormality and com-
pleteness of kpet and discarded states. Taken from Ref. [61]

The ultimate objective of the shrewd selection process is to obtain flfr,
which represents the truncated complement. This result is derived from the
orthogonal complement A;. To achieve this goal, three essential cost functions
are introduced: Cy, Cy, and Cs.

The core concept revolves around expanding the kept dimension of the
one-site isometry A; from D to D + D, where D < D represents the image
dimension. This expansion is achieved by appropriately truncating the full
complement A; (D = D(d — 1)).

The purpose is to minimize C;. While SVD can lead to optimal truncation,
it comes with the computational cost of two-site DMRG, i.e., O(D?) = D*(d —
1)3 ~ D3, However, a more cost-effective and efficient approach can be
employed, involving two steps:
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G = %EE@ %_ mpﬁ
b
d d

/

&.

W B W
Cs = DD —~SDD
DNd atrD Did d4fD

Figure B.2: The cost funtions of shrewd selection. Taken from Ref. [61]

(i) Preselection: Commence with A; and truncate it to minimize the cost
function Cy. This yields AP, termed the preselected complement, with a
dimension of D = D.

(ii) Final selection: Further truncate AP to achieve the final result A;"
with D < D. This truncation aims to minimize the cost function Cs.

Ay Az B€+1 Uus vi u's’ ot

+ (b) VY
(a) D D = D D'ND
- w—'d d'w ;
i P=D/w
oY, Carp U gyt
D'<D=D<D =D piler =
u § ot —_ w
(d) 3‘_1) I
~ pr T Apr
_ ay o Ay A

Figure B.3: The shrewd selection process : Steps (a) to (c) are the Preselection,
and step (d) is the Final selection. Taken from Ref. [61]

We will now delve into the specifics of step (i) and (ii).
In this phase, the initial truncation reduces the central MPS bond from D
to D' within its environment, aiming to minimize the cost function Cy. This
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truncation leads to a reduced bond dimension of D, resulting in D = D'w for
the preselected complement Af ". As illustrated in Fig. B.3, prior to step (a),
we first cut the MPO bond to alleviate numerical costs. This action divides
the diagram into two distinct parts: the Left tensor (L) without A;, and the
Right tensor (R) including A;.

(a) The initial SVD process serves to canonicalize the Right section of
the diagram, redistributing its weights onto the central MPS bond. This
transformation restructures the diagram as LR — (LU S )VT, with the resulting
VT tensor having dimensions of D x Ddw.

(b) Subsequently, a second SVD operation is applied to the LUS tensor,
implementing truncation to reduce the dimension of this bond. This process
yields the transformation LU S — (u/s/)v'T, where ¢! has dimensions of D’ x D,
with D' = D /w.

(c) The third SVD step involves a reorganization of indices, effectively
combining the truncated MPS bond and the MPO bond to form a composite
bond of modified dimensions. This step is represented by the operation u’s" —
U S'VT, resulting in the total tensor u's" acting as a tensor with dimensions
Dd x D'w. Consequently, this produces the preselected complement /Alf "=.

As we progress through steps (a), (b), and (c), the tensors VT, ’U,T, and V1
function akin to filters, effectively sieving out the pertinent states that are of
interest. In this process, the bond dimension undergoes a series of changes:
from Ddw to D, then to D' = D/w, and finally stabilizing at D=D=Dw.
This sequence of transformations ensures that only the relevant states are
retained.

(d) The fourth SVD, accompanied by truncation, culminates in the pro-
duction of the final truncated complement, denoted as flfr = flf "#. This step
leads to a reduction in the bond dimension, transitioning from D to D, where
D is a value smaller than D.
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APPENDIX C

Appendix 3: Extrapolations and
Error Analysis

Extrapolation is a crucial technique in DMRG because it enables the accurate
estimation of physical properties without the need to simulate exceedingly
large systems or employ prohibitively high bond dimensions, which can be
computationally expensive. Various extrapolation methods, including linear,
quadratic, or more sophisticated fits, are employed depending on the specific
characteristics of the data.

Ey = —252.8547, 6 Ey = 1.7755 - 10~

Ey = —204.5174, 6Ey = 3.7842 - 10~*

10 10°
n. = 0.8 n. = 0.56
10—6 L . J = 08 10—6 [ . J = 07
— 10° 10 10° 10° 10 1073
= Ey = —260.4252, § By = 4.9565 - 105 Ey = —215.1965, §Ey = 2.2397 - 10~
~ T T
S a6l -6
10 108} 1
ﬁﬁ ne=0.8 ne = 0.56
- J = J=1
w 1 L
m 10° 10 10% 10 10° 10
— . By =—3523804, 6By = 1.7447 107 o Fo=—253.1968, 0By = 8.963-10°°
10° - - - 10° -
n. = 0.56
_ L J=17
1010 10 '
10° S 107 10 107

Figure C.1: Error in |PM) state energy vs. discarded weight & for n, = 0.8
(left) and n, = 0.56 (right), N = 200.

75



C. Appendix 3: Extrapolations and Error Analysis

Alongside obtaining extrapolated values, it is equally crucial to assess the
associated uncertainty or error in the results. This process often involves
a thorough analysis of data convergence and may require the application of
statistical methods to provide a reliable estimate of the uncertainties.

Extrapolations of )\

As discussed in Sec. 4.1, the finite size of the system introduces an exponential
decay into the correlations. As the bond dimension D increases, the discarded
weight £ since because the MPS includes more states. The reciprocal of the
correlation length 1/\ should approach 0 in a gapless system. Conversely, if
1/X does not reach 0 eventually, it suggests the presence of energy gaps in the
System.

1/X from C(z) 1/X from S(z)
0.06F ' ' 0.06 ' -
0.04t J=0.7 1 004t J=0.T7
/\() ~ 163 )\() ~ 128
0.02 0.02
10 10 1073 102 10® 10 103 107
N 3 ~ 24
0.08 / 0.025 /
. 0.02 . ]
10 107 10% 10°® 1077 10
0.03f T T
J=23 01 js—-23
0.02¢ A ~ 82 ] Ao ~ 23
0.05}
0.01 ST AU |
10-13 10-10 10 10-13 10-10 10

£ £

Figure C.2: The extrapolation of A —¢ is depicted here, derived from the curve-
fitting of C(z) (left) and S(x) (right), n, = 0.8. This extrapolation employs a
general model of the form y = az” + ¢, where a, b, and ¢ are constants. Here,
we set ¢ as Ag. In the case of J = 1.3 (middle), Ay surpasses the system size N,
indicating that in this parameter regime, the system is gapless. However, for
J = 0.7 (top) and J = 2.3 (bottom), )\ is less than N, suggesting a potential
energy gap in these scenarios. Such energy gaps can be further checked by
increasing the system size, calculate the spin/charge excitation energy and see
if the AE — 1/N extrapolation goes to 0.
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Extrapolations of kp/kp

k' from C(x)

0.34
0.45} { 032
N 0.3
s 04f n.=0.8 1028 n. = 0.56
_ 0.26
0.35} J=08 | 0.24 J=0.5
10° 10 103 10° 107 10
1k 0.9
< 0.8
< 0.9 :
= ne = 0.8 ne = 0.56
0.8} J=23 1 o7 J=17
-6
103 1010 107 107 10 10
s
k) from S(z)
0.45¢1 1 0.32
0.3
; 0.4 0.28 — oo
A n. = 0.8 0.26 n. = 0.56
0.35} _ 1 _
J=08 1 oo J=05
10 10 10° 10° 10 107
0.9
l L
=00l { o8
= ne. = 0.8 ne = 0.56
0.87 J=23 {1 07 J =17
1013 1010 10° 107 10° 107

§ §

Figure C.3: The values of &k / k) (upper/lower) extracted from the curve
fitting results of C(x)/S(z) vs. discarded weight & are shown for two scenarios:
n. = 0.8 (left) and n, = 0.56 (right), both with a system size of N = 200.
Notably, the error bars associated with the fitting results are exceedingly small,
with values much less than 1072 Consequently, these minuscule uncertainties
can be considered negligible, and the values of £ and £ remain essentially
constant as £ decreases.
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Extrapolations of o, (3

a from C(x)

18}
1.2} {17b
e |16
15f
Q os {14}
13t
0.6 |
12f
0.4F {11r
10° 104 10 10210 10 104
. . . . . 13 . . . . .
13} J=1.9 {22
11f
1.2} 1
a A T
11} Toolk
it ay=1.12 j08f ay = 1.09
0.7t
0.9

108 1072 10 1010 109 10® 107 10%10%% 1012 10%! 10 10° 10® 107 10°

g from S(x) ‘
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45 J=1.2
4t /
4t ]
ﬁ >/
35} 1357 —
) By = 3.44
3 -
107 0% 10°
J=21
Bo = 3.02 Bo = 3.47
25k . . . 13 . , , .
108 107 10 10° 101012 101! 1010 107 108 107

§ §

Figure C.4: The extrapolations of o — & and § — &, at n, = 0.8. Both of them
employ the general model of the form y = ax” + ¢, here we assign ¢ as oy and

Bo-
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