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Abstract

We use the stochastic series expansion (SSE), a quantum Monte Carlo method, to study
phase transitions in the two dimensional X X Z-model, i.e., the Heisenberg model with
explicitly broken symmetry. Beside the uniform square lattice we also study the crossover
to one dimension with different coupling in z and y direction and a pattern of strongly
coupled two-site dimers embedded in a square lattice with weaker couplings. In the latter
we find a quantum phase transition which we examine with a trial state. After a discussion
of the usual methods to extract the critical temperature, we reproduce crossings near 7,
in the Rényi mutual information caused by sub-leading terms [I]. We observe similar
crossings in spatially anisotropic systems. Since the Rényi mutual information does not
rely on a definition of an order paramter, this technique might be especially interesting to
detect unconventional phase transitions. Motivated by recent experiments with ultracold
atoms [2], we finally consider how the phase transition manifests in projections onto local
singlet and triplet states on certain bonds. We illustrate a close relation between the
projections and the energy, which shows that they share the same singular behavior.
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1 Introduction

The phenomenon of magnetism has been known for a very long time: the word stems
from a region called pocyvnoia (Magnesia) in ancient Greek where natural magnet stones
attracting and repelling each other were found and compasses were used for navigation
since many centuries.

The classical Ising model [3] is the simplest model describing how a short-ranged in-
teraction of spins can lead to long-range order, such that — in the ferromagnetic case —
a macroscopic magnetization may arise due to an alignment of small magnetic moments.
Due to its simplicity, the two dimensional (2D) Ising model serves as prototypical example
for phase transitions in many text books and lectures; it is one of the very rare examples
for which an exact, analytical solution is known [4].

However, the assumption of Ising that each spin may only have two possible states
clearly is not valid in real solids. The interaction between different electron spins (relevant
for the magnetic properties of a solid) is not even of a static nature: instead, an effective
spin interaction stems from kinetic exchange processes (sometimes called ‘superexchange’)
of electrons and the Pauli principle [5]. We will discuss this mechanism in section in
detail. The result is the Heisenberg Hamiltonian:

H=J7) S8 (1.1)
(i.d)

Here, (i, ) denotes nearest neighbors on a lattice, S; is the (quantum mechanical) spin
operator on site 7, and J is the coupling constant. Bethe gave the exact eigenvalues and -
vectors of this Hamiltonian on a chain, i.e., in one dimension, in 1931 [6]. Depending on the
sign of J, neighboring spins tend to align parallel (J < 0, ferromagnetic) or anti-parallel
(J > 0, antiferromagnetic) at low temperatures. The Mermin-Wagner theorem [7], which
we discuss in section [2.2] rules out long-range order at finite temperature in one and two
dimensions: due to the continuous symmetry there exist Goldstone modes, i.e., massless
excitations where the direction of spins changes slowly over large scales. Depending on
the geometry of the lattice, the ground state of the two dimensional Heisenberg model
however can possess long-range order, e.g., in the simplest case of a square lattice. []].
In geometrically frustrated lattices where the classical ground state is highly degenerate,
e.g., the Kagome lattice, no magnetic long-range order is found. A detailed discussion of
the influence of the lattice can be found in Ref. [9].

The quantum nature of the interactions can not be neglected. In the antiferromagnetic
case the classical Néel states are no longer eigenstates of the Hamiltonian; even for the
simple case of a square lattice, quantum fluctuations reduce the value of the staggered
magnetization to approximately 60 % of the maximum (classical) value (on a square
lattice). In other cases, they can completely destroy the magnetic long-range order in
the ground state, e.g., in so-called spin liquids or resonating valence bond states [10]. If
some bonds are stronger than others, a so-called valence bond crystal can form, where
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singlets are arranged in a regular pattern [11]. The different ground states are connected
by quantum phase transitions [12], i.e., phase transitions which are caused by quantum
fluctuations rather than thermal ones and driven by a change of a parameter in the Hamil-
tonian rather than the temperature. Some of these transitions are particularly interesting
as they go beyond the Ginzburg-Landau theory; there are exotic phases without a local
order parameter. Quantum spin models can be used to study such (exotic) quantum
phase transitions, i.e., they take the same role of prototypical examples which the Ising
model has for thermal phase transitions.

The interest in magnetism of strongly correlated electrons has been boosted by the dis-
covery of high-T, superconductors [13]. In contrast to the conventional superconductors,
the formation of Cooper pairs in these materials is not caused by electron phonon inter-
action, but apparently spin fluctuations play an important role [14]. Common to these
materials are two dimensional layers of copper oxide planesE] (hence the name ‘cuprate’)
where the super conductivity takes place [16]. The layers are doped to have holes. How-
ever, without doping they are well described by the Heisenberg model. The inter-planar
coupling is weak; it is nevertheless strong enough to increase the Néel temperature, where
magnetic ordering sets in, up to room temperatures [I7]. A general review on the isotropic
square lattice Heisenberg model, including different numerical and analytical approaches
and a discussion how well it describes LayCuQy, is given in Ref. [§]. Of course, one can
find a agreement between theory and experiment in other materials (not related to high-T.
superconductors), too [1§].

Since exact, analytical solutions are rare (especially in more than one dimension), nu-
merical calculations and simulations of different models are an essential tool for the com-
parison with experiments and the verification (or falsification) of approximative solutions
and predictions, e.g., from conformal field theory. Due to the exponential grow of the
Hilbert space with the system size, an exact diagonalization of the Hamiltonian eq.
is only possible for small system sizes. The basic idea of Monte Carlo methods — namely
to randomly sample only some of the states instead of all (in the ideal case the most
relevant ones) — is a natural way to overcome this grow. Monte Carlo methods can be
used to solve basically every model of classical statistical physics. Unfortunately, quan-
tum Monte Carlo methods suffer from a so-called sign-problem in frustrated geometries
[19]. Nevertheless, they clearly belong to the most powerful methods in more than one
dimensionE]. Thus, a goal of this work was the implementation of one of this methods
from scratch, namely the stochastic series expansion (SSE) [21H23]. We discuss in detail
how and why it works in chapter [3] In contrast to other numerical approaches, the SSE
gives unbiased results; the errors have a purely statistical nature and can be reduced by
longer simulation times. We restrict ourself to two dimension to keep the numerical costs
on an appropriate level.

As mentioned above, the Mermin-Wagner theorem rules out a finite temperature phase
transition in the 2D Heisenberg model. Thus, we explicitly break the continuous sym-
metry and consider the X X Z-model, i.e., we introduce (in section an anisotropy

1 More recently, another class of iron-based high-T, superconductors has been found [I5]. However,
magnetism in two dimensional layers seems to play an important role in these materials, too.

2 In one dimensions, the density matrix normalization group (DMRG) method [20] overcomes the grow
of the Hilbert space by a restriction to (matrix product) states with low entanglement entropy, which
turned out to be well suited to describe most physical ground states.
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parameter A for the coupling of spins in z-direction such that a finite temperature transi-
tion (belonging to the Ising universality class) to an ground state with Néel order occurs.
In above spirit, we use the XX Z-model (mostly at A = 4) as prototype to examine
phase transitions. Beside the uniform square lattice we consider the 1D-2D-crossover
with weakly coupled chains and a geometry of strongly coupled two-site dimers embed-
ded in the square lattice with weaker couplings. In the latter, we find a quantum phase
transition from Néel order to a valence bond solid with singlets on the dimers, which we
discuss with a trial state.

In the model which we consider, we have a well-defined local order parameter — the
staggered magnetization. However, for more exotic phase transitions this is not the case;
the most prominent example is the Kosterlitz-Thouless transition in the XY-model [24]
25]. One might wonder whether there are further, ‘hidden’ phase transitions in a specific
model, which one simply does not detect in the usually considered observables. This
motivated us to change our viewpoint in chapter [5[to the fundamental level of information
theory and to consider entropies, i.e., measures of the information content in random
distributions [26]. The von Neumann entanglement entropy [27] — or at finite temperature
the mutual information — measures all correlations between a subregion and the rest
of the system and should thus also signal exotic phase transitions. Unfortunately, the
von Neumann entropy is not directly accessible in quantum Monte Carlo methods — but
the Rényi entropies [28] are accessible with the help of the so-called ‘replica trick’. We
reproduce crossings near the critical temperature caused by sub-leading scaling terms
from Ref. [1] in the uniform square lattice and find them also in spatially anisotropic
geometries with different coupling strength. The conventional methods to locate the
phase transition are more precise; nevertheless it is interesting to see how the conventional
phase transition can be detected with these methods in order to have a interpretation of
the signals for hidden phase transitions. In addition, the scaling of the entanglement
entropy is relevant for DMRG calculations [20] and related to other fields as well, e.g., the
holographic principle and the black hole entropy [29].

The final part of this thesis (chapter @ is motivated by a recent experiment of Greif
et al. [2] with ultracold atoms, where they observed short-range quantum magnetism by
projections onto singlet and triplet states on certain bonds’] We wondered whether and
how these projectors signal the phase transition to Néel order i.e., whether they obey
a singularity at the critical temperature. In the following, we briefly review the most
important results regarding quantum magnetism in experiments of ultracold atoms.

1.1 Experiments with Ultracold Quantum Gases

Experiments with ultracold atoms provide a new route to enhance our understanding of
quantum many body systems. Therefore, atoms are trapped by magnetic fields or lasers
in a vacuum chamber, usually in a harmonic potential. The atoms are cooled — first by
lasers and in a final step by evaporative cooling [30] — down to temperatures very close
to absolute zero; Hart et al. [31] recently reached T' = 31nK. The interaction between
different atoms can be tuned with a magnetic field exploiting Feshbach resonances [32].
Standing waves of lasers can be used to create an optical lattice of various geometries,

3 We denote the coupling between neighboring sites as ‘bonds’.
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e.g., simple cubic with three mutually perpendicular lasers. The depth of the lattice can
be tuned via the intensity of the lasers, i.e., the tunneling of atoms between neighboring
sites is controllable as well. Thus, the effective dimensionality of the system can even
be reduced to 1D tubes or 2D planes if the tunneling is strongly suppressed in two or
one direction, respectively. Some reviews on this active field of research can be found in
Refs. [30] 33, [34].

In contrast to real solids, the system parameters are highly tunable. This allows to en-
gineer theoretical models in experiments and to study them in a very clean environment,
a concept which is often called quantum simulation. In that sense, one should rather
classify these experiments as a theoretical tool enlarging our understanding of some sim-
plified models. Many of the experiments naturally implement either the Bose or the Fermi
Hubbard model [35], depending on the used atoms.

However, the realization of magnetism in these experiments still poses a challenge; it is
very hard to cool the atoms down far enough to observe magnetic ordering. A precondition
is the realization of a Mott insulator such that each lattice site is occupied by exactly one
atom. In 2002, Greiner et al. [36] were able to observe the transition from a Bose-Einstein
condensate to a Mott insulator. Their pioneering work was a proof of principle that one
can consider strongly correlated systems with ultracold atoms and laid the foundations
to a series of further experiments. The first realization of a Mott insulator with fermions
was reported in 2008 by Jordens et al. [37] and shortly after by Schneider et al. [3§].

In the same year, Trotzky et al. [39] directly observed superexchange interactions of
two bosons in a double-well potential, i.e., spin dependent interactions stemming from the
same mechanism as in a real solid. A magnetic field gradient causes an energy difference
between the singlet and triplet state such that an oscillation between these two states can
be observed.

As we will see in section section , the kinetic exchange leads to a coupling J = %,
where t is the hopping amplitude between neighboring sites and U is the on-site interac-
tion. However, the description of the (low-energy) physics with the Heisenberg model is
only valid deep in the Mott insulating regime, i.e., for t < U, and the maximum value of
t is set by the requirement of a sufficiently deep lattice. Thus, the (exchange) coupling
J generically is quite small and magnetic correlations can be observed only at very low
temperatures. The atoms are isolated very well from the environment, the entropy per
particle basically is constant and can hardly be lowered to cool the system. Thus, Greif
et al. [2] used spatially anisotropic couplings to observe quantum magnetism. More pre-
cisely, they considered an array of two-site dimers or one dimensional chains embedded in
a simple cubic lattice of weaker couplings (i.e., the lasers are tuned such that there is less
tunneling). The entropy then ‘redistributes’ on the weaker bonds: while the accessible
temperature is not low enough to reach magnetic long-range order, the correlations along
the strong bonds obviously are stronger than along the weak bonds. Thus, Greif et al. in-
deed observed magnetic (short-range) correlations along the strong bonds, namely more
singlets than triplets within the dimers and along the chains. As mentioned above, our
work partly is motivated by their experiment: we consider similar spatially anisotropic
couplings (see section and discuss the observables of the experiment, projections onto
singlets and triplets. However, we focus on the criticality of the projections and do not
aim at a comparison of our results with this experiment; such a comparison can already
be found in literature: Sciolla et al. [40] compared to DMRG in 1D and found that a com-
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petition between charge and spin excitations takes place; Imriska et al. [41] performed a
dynamical cluster expansion for the three dimensional model and found good agreement
with the experiment in a direct comparison.

In a more direct approach, Hart et al. [31] have recently enhanced the technique of
evaporative cooling by using additional lasers (partly) compensating the harmonic trap-
ping potential, as proposed in [42]. With this method, they reach a temperature of just
1.47T,, where T, is the Néel temperature at which the phase transition occurs. Moreover,
they directly observe antiferromagnetic order (averaged over the whole sample) with spin-
sensitive Bragg scattering of light, similar as the neutron scattering used to classify solids
in condensed matter. Since the amount of antiferromagnetic order depends sensitively on
temperature in the proximity of the phase transition, they demonstrate that the Bragg
scattering may even be used as a precise thermometer by comparison with numerical data.

Similar as the antiferromagnetic Heisenberg model describes the low energy physics
of the Fermi Hubbard model, a two-species Bose Hubbard model can be mapped to
the ferromagnetic Heisenberg model. This mapping has been exploited in the work of
Fukuhara et al. [43]. They prepared chains in the ground state where all spins point in
the same direction. Then they flipped a single spin in the middle of the chain with a radio
frequency pulse, i.e., they created an excitation called magnon. With time, single-site, and
spin resolved measurements, they observed the dynamics of the magnon, which basically
propagates freely either to the left or to the right. In a subsequent work, Fukuhara et
al. [44] flipped two neighboring spins at once. These two flipped spins may split into
two single magnons and propagate as before. However, the two magnons can also form a
bound state, where the two flipped spins remain neighboring and propagate with another
(lower) velocity through the ‘bath’ of parallel, not flipped spins.

Simon et al. [45] considered (spin-less) bosons in one-dimensional chains. They realized
a Mott insulator with one atom per site, which they tilted in the direction of the chains
with an magnetic field gradient. If the tilt is strong enough, an atom may tunnel to its
neighboring site creating an double occupancy and a hole — but only if the neighboring
site has not yet tunneled away by itself. Whether an atom has tunneled or not may
then be mapped to a pseudo spin. This results in an antiferromagnetic Ising model in
a magnetic field (tuned by the tilt). They were able to ramp adiabatically through the
quantum phase transition between a paramagnetic state with alignment along the field
(in the experiment a Mott insulator for weak tilt) and an antiferromagnetic state (with a
double occupancy on each second site for strong tilt). An advantage of the mapping is that
the coupling is set by the tunneling ¢ (rather than % stemming from kinetic exchange)
such that lower temperatures are easier accessible and faster dynamics could be observed
with a single-site read out using a quantum microscope.

Struck et al. [46] exploited a mapping, too. They identified the phase of a bosonic
superfluid with a classical spin (i.e., a classical XY model), arranged in a two dimensional
triangular lattice. The interaction between the sites is caused by a fast, elliptic shaking
of the lattice. This allows an independent tuning of the interactions along the z-axis
and in other directions; even the sign of the interactions may be changed. Depending
on the signs of the interactions, there may even be a frustration of the classical spins
such that can not align completely anti-parallel along all bonds. Thus, a variety of
different phases, with first and second order phase transitions, were observed in this
experiment. This experiment is a nice demonstration how quantum simulation can be
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used to understand simple models which nevertheless give rise to complex phenomena.
Particularly interesting would also be the experimental realization of the analog quantum
spin model: the geometric frustration gives rise to a sign problem in quantum Monte Carlo
methods. Maybe, quantum simulation could soon be an alternative to these powerful
numerical methods.

1.2 OQOutline

In the following chapter [2, we discuss the considered model in more detail. Therefore,
we review the mechanism of the exchange interactions and the Mermin-Wagner theorem
and discuss the explicit symmetry breaking of the coupling yielding the X X Z-model. In
section [2.5 we introduce different coupling strengths for some of the bonds, i.e., spatial
anisotropies in addition to the anisotropic coupling of the X X Z-model.

The numerical method of our choice, the stochastic series expansion, is described in
chapter [3] As the name suggests, it is based on a series expansion around infinite temper-
ature, which we explain in section [3.2] Subsequently, we discuss how the sampling of the
configurations is possible, which is one of the key points for the efficiency of Monte Carlo
simulations. Finally, we verify our program code by comparison with data obtained from
an exact diagonalization of the Hamiltonian.

In chapter [ we use the results of our SSE simulations for A = 4 on the square lattice as
an example for phase transitions in general. We discuss spontaneous symmetry breaking
and observe the divergence in the correlation length. We briefly give the basic ideas of
renormalization group theory to have the foundations for the finite size scaling discussed
subsequently. We review different methods to extract the critical temperature T, from the
finite size data, as well as critical exponents. We consider the 1D-2D-crossover in section
and coupled dimers in section In the latter we find a quantum phase transition
between a phase with long-range Néel order (and thus a finite temperature transition as
well) and a valence bond crystal with singlet states on the dimers. However, since SSE is
a finite temperature method, we do not completely focus our simulations on this quantum
phase transition, but rather use a trial state to understand it qualitatively.

Chapter [5] starts with a short introduction to the concepts of the entropy and mutual
information. We explain how the replica trick can be used to measure the Rényi entropy
of second order and show the signal of the phase transition in the corresponding mutual
information. Further, we discuss the ratio trick which can be used to extract the scaling
of the entanglement entropy in the ground state.

Finally, we consider the behavior of projection operators onto singlets and triplets in
chapter [0 We illustrate a close relation between the energy and the projectors. We
conclude and demonstrate numerically that the temperature derivative of the projections
diverges in the same manner as the specific heat. We consider also spatial correlations of
the projections. In the case of spatially anisotropic (non-equivalent) bonds, our analytic
arguments do not give information whether the projections are singular on all bonds.
Thus, we study the projections on weak and strong bonds for the 1D-2D-crossover in
section and for weakly coupled dimers in section

A short summary of the most important results in chapter [7] finalizes the thesis.



2 Heisenberg Model

In this chapter, we describe the Heisenberg model and variants of it. To motivate the
Heisenberg model we first show that it describes the low energy physics of the Fermi-
Hubbard model at half filling. The Mermin-Wagner theorem discussed in section
proves that the isotropic Heisenberg model does not show long-range order. Therefore,
we introduce anisotropy, on the one hand in the coupling itself in section [2.3 and later
by varying the coupling strength between some of the sites. This leads to models with
finite temperature and quantum phase transitions which we will discuss later in chapter
[l in detail.

2.1 Derivation from Hubbard model

The Hubbard model [35] is one of the most studied Hamiltonians in condensed matter
theory. It describes electrons on a lattice. Despite its simplicity it shows a variety of
phases including a Mott insulator and BCS superconductivity. It is also studied in many
experiments with ultra cold gases [33] [34]. In second quantization, the Hamiltonian is
given by

H=—t Z (c;’aci,U + h.c.) + UZ ni4niy = He + Ho. (2.1)
Here (i, j) denotes nearest neighbors, n;, = c;r’gci,g is the number operator and CI’U, Cio
are the fermionic creation and annihilation operators for electrons with spin o € {1, ]} at
site 7, satisfying the usual anticommutation relations

{Ci,a'7 Cj,o’} - 5i,j50',0'/- (22)

The first term of the Hamiltonian describes hopping between neighboring sites with ampli-
tude t. In general, the hopping amplitude ¢ can depend on the sites 7, j, but for simplicity
we will here assume an isotropic ¢ between neighboring sites and generalize the result at
the end. The second term produces an on-site interaction, i.e., electrons on the same site
pay an energy of U. Due to the Pauli principle, there can be at most two electrons per
site. In the following we will consider the case of half filling, where there are exactly as
many electrons as siteEE].

In the atomic limit t = 0 = H = Hy at half filling, every site is occupied by exactly
one electron in the ground state, and the system has a gap U to the excited states with
double occupancies. Due to the spins the ground state has in this case a huge degeneracy
of 2¥ where N is the number of sites.

1 At fillings below (on average) one electron per site, an analogous calculation as in this section leads
to the t — J model [5] which includes the motion of holes.

13
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Figure 2.1: Possible hopping of electrons. If electrons on neighboring sites have different
spins (upper row), a virtual hopping process is possible, lowering the energy
X % and eventually flipping the spins. If the electrons have the same spins

(lower row), this process is forbidden due to the Pauli principle.

A nonzero hopping amplitude ¢t > 0 leads to an effective spin dependent interaction by
means of virtual hopping processes, as depicted in Figure [2.1] If electrons on neighboring
sites have the same spin, the Pauli principle forbids hopping, since electrons with the
same spin can not occupy the same site. In contrast, if the electrons are on neighboring
sites, one electron can hop onto the other site in to a virtual state with higher energy U.
Then either the same electron hops back, ending up with the previous state, or the other
electron hops back. The second case leads to an effective spin flip of the two electrons.
This process is called exchange interaction and leads to antiferromagnetism.

A formal correct calculation can be done by means of a Schrieffer-Wolff transformation
[47], which can be seen as an elegant way to do degenerate perturbation theory [48]. The
following derivation is along the lines of Ref. [5].

The Schrieffer-Wolff transformation aims at an effective Hamiltonian H.g in the limit
of t < U and low energies by treating H; as a perturbation. We know the eigenspace of
‘Hy with lowest energy: all states without any double occupancy. Let Py be that subspace
and Py the projector onto that space. We can split H; = ’thiag + HO™ into a diagonal
part preserving the eigenspaces of Hyr and an off-diagonal part, either increasing (H;") or
decreasing (H; ) the double occupancy:

dlag —t Z (nj (,c oCioMi—o + (1 — nj,_(,)c;fﬂcw(l —Ni—o)+ (i 7) ) (2.3)

Hoffd —t Z (nL,Uc wCio(l—n; o)+ (1— nj,,g)c;pcipmﬂ + (i <> j) ) (2.4)
< A ~~ >

H* Hy

Since H™ is not diagonal in the eigenspaces of Hys, it changes the eigenstates and we
can’t directly project H; + Hy onto Py. Instead, we first try to find a rotation e with
a hermitian generator S such that the rotated Hamiltonian Heg = €5He S is diagonal
in the double occupancy, i.e., doesn’t change the double occupancy. Then we can finally
define the effective Hamiltonian as the projection onto Py:

Heg = PoHegPo = Poe!®He P, (2.5)

Since the Hamiltonian has a gap, it can be rigorously proven that this projection gives
indeed the eigenstates with the lowest energies [48].
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Expanding the rotation in powers of S gives

~ :2 :2
Hen = (1 +iS + 1552) 1 (1 —iS + %52) +0 (5%
22

= H+i[S, 1]+ 5[5, [5, H]

: . 1
= Hy + HI o [S, My + M 4 Hgﬁd} —5[S (8.1 (26)
In order to remove the off-diagonal terms in lowest order of ¢, we have to require
i[S, Hy] = —H{™ + O (1) . (2.7)

Identifying the terms in H¢™ as annihilation and creation of a double occupancy, it is
straightforward to see

Thus, we find the solution of eq. (2.7) up to O (£?) as

1o
S:ﬁ(Ht —H;). (2.9)

It is thus clear that S € O (t/U), as one can already expect from eq. (2.7). Since we want
to project on the subspace without double occupancy in the end, the term [S , 7—[? iag} will
drop out of eq. (2.6). The remaining terms to second order in t evaluate as

(S, 1S, Hl| =1 [S, 1]

1 _ _ 2 _
:ﬁ[H,ﬁ—Ht,Hj+Ht}:U[Hj,%t}. (2.10)
Collecting the results eq. (2.5))-(2.10]), we arrive at
A o o A 1. ~
Mo = DyHyDo + PoHID, + EPO (M), H; ] Po. (2.11)

In the case of half filling, we start from a state without empty sites and double occupancies
and also have to end in such a state due to the projections. Thus, the second term drops
and the first term gives a constant only. In the third term the part of the commutator with
‘H, on the right drops also since we can not decrease the number of double occupancies
if there are none. The remaining term H; H;” in general involves cross terms with three
and four sites. But due to the projections these drop out again since they leave a double
occupancy. The effective Hamiltonian thus simplifies to:

1~ A
Hesr = const — EPO’H[’HfPO, (2.12)
PoH; H Py = Py Z { <(1 — n,;7_0)c;acj,gnj7_g +(1- niﬁg)cj’_acﬂ_gnj’g)
(i-1)0 (2.13)

X 1 _oCh o Ci(1— i) + (i< J) }f’o

Y ((1 i nign o1 =) =l cl e seig+ (i 45 j) )
(i,9),0
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Note that the terms in eq. are exactly those depicted in Figure From the
second to the third line, we used the anti-commutation relations eq. and removed
redundant number operators. Due to the sum over the spins, switching ¢+ and j gives the
same contribution, i.e., just a factor of two.

Using the definitiong?]

n; =Nt + Ny, S; = % (nir —miy) (2.15)
St = cZT’Tcm, S = c}yicm,
we can evaluate the sum over the spins to give
A 2% nin; _ -
PyH; 1 Py = const — TPy [(TJ - 25;5;) — (S7SF+5/°S; )] . (2.16)

(i,

Dropping the constant we finally arrive at the Heisenberg Hamiltonian:

1
Her =) 5 (7S] +5587) + 575
(.3)

R 4¢2
=J> 5;-5; whereJ= R (2.17)
(4,3)

The Heisenberg model thus describes the low-energy physics of the Hubbard model at
half filling. Parallel spins on neighboring sites have a higher energy since J = % > 0.
Thus, the kinetic exchange in the Hubbard model gives rise to antiferromagnetism.

For the ferromagnetic Heisenberg model, J < 0, one can immediately write down a
ground state: all spins are aligned in the same direction, e.g., |11 ...). This is referred to
as spontaneous symmetry breaking: although the Hamiltonian is invariant under rotation,
the system chooses a direction and breaks the SU(2) symmetry of spin rotations, such
that the ground state has less symmetry than the Hamiltonian. One might be tempted
to assume that in the antiferromagnetic case J > 0 — to which the repulsive Hubbard
model gives rise — the Néel-state with neighboring spins anti-aligned, [tJ1] ...), might
be the ground state. However, that state is not even an eigenstate of the Hamiltonian:
the action of the off-diagonal term (S;” S§ +8;S; ) does not vanish. It is thus a natural
question to ask whether there exists long-range order in the antiferromagnetic Heisenberg
model.

2.2 Mermin-Wagner Theorem

In 1966, Mermin and Wagner [7] gave a rigorous proof that there can not be a finite
magnetization in the isotropic Heisenberg model eq. (2.17) in one or two dimensions at

2 As one can check straightforwardly with the fermionic anticommutators (2.2)), these definitions fulfill
the usual commutation relations for spins:

(S, S%] = F6:,;5F (S, 857 ] = 26,57 (2.14)
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finite temperatures. The proof relies on an inequality from Bogoliubov [49] which they
apply to show that the magnetization m (which may here refer to both the uniform
and staggered magnetization for a ferromagnet and antiferromagnet, respectively) can be
bounded for a sufficiently small external field h:

const (2 dimensions),

m < ¢ VTl (2.18)
comst |B]3 (1 dimension).
T3
Hohenberg [50] used the same inequality from Bogoliubov to rule out the existence of the
order parameters associated with superfluidity and superconductivitylﬂ.

The physical reason for the absence of long-range order are Goldstone bosons [51]:
Due to the continuous symmetry there exist massless excitations, which slowly vary the
direction of the local order parameter. In one and two dimensions, those excitations are
strong enough to completely destroy the ordering in the thermodynamic limit at any finite
temperature. Thus, one often reads the following more general statement, although it was
not proved in this form by Mermin, Wagner, and Hohenberg [52]:

Theorem (Mermin-Wagner-Hohenberg). There is no spontaneous breaking of continuous
symmetries in one and two dimensions at finite temperatures T > 0.

2.3 Anisotropic Coupling

In section , we obtained the isotropic Heisenberg Hamiltonian eq. . Since already
the Hubbard Hamiltonian has a SU(2) spin-rotation symmetry, also the resulting Heisen-
berg Hamiltonian is invariant under a rotation of all spins. It is an interesting question
what a breaking of that symmetry gives rise to. We introduce a different coupling in one
direction, by convention usually the z-direction (thus also called X X Z-model):

H=J> [(SrSy+S!SY) + AS;S;]
(i.7)

=7y E (S7SF+8587) + AS;S? . (2.19)
(6,3)

Clearly, the choice A = 1 recovers the previous SU(2)-invariant isotropic Hamiltonian
eq. . As Mermin and Wagner mentioned in their paper, eq. is still valid for
A # 1 and h = (0,1,0) [7]. However, it just rules out a magnetization in the z- or
y-direction, not in the z-direction.

A > 1. For A — oo, the - and y-direction become unimportant compared to the z-
direction, and the model approaches (after rescaling with %) the antiferromagnetic
Ising model H = J ) () S7S7. The Ising model only has the discrete Zy symmetry
corresponding to a sign-flip for all spins. Thus, the Mermin-Wagner-Hohenberg
theorem does not rule out a finite temperature phase transition. Indeed, the two
dimensional Ising model is even the prototypical example of phase transitions in
statistical physics, see e.g., [52,[53]. It turns out that there exists a finite temperature
transition at any A > 1 with the critical temperature T, approaching 0 when A — 1.

3 In fact, Mermin and Wagner were inspired by his paper.
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eigenstate | eigenenergy 1 . . .
singlet S %> Eg=-28_1 = 05 -\:__::N\_;;_?;i_ __
wplet T [BE) [En--d % sl s )

\.\
. It | Bn="% o 05 1 15 2
T ) | Er=2 A

Table 2.1: Eigenstates and -energies of a single bond eq. (2.20). The energies are shown
as a function of the anisotropy A on the right.

|A| < 1. For A = 0, one obtains the quantum X'Y-model, which obeys just the continuous
U(1) symmetry of rotations about the z-axis. Thus, the Mermin-Wagner-Hohenberg
theorem indeed rules out a finite magnetization. However, the model still possesses
a finite temperature transition in two dimensions, a so-called Kosterlitz-Thouless
transition [24] 25]. There are ‘vortices’, which are point defects around which the
direction of the spins makes a full rotation. Above some critical temperature T,
these vortices can move freely, whereas they are bound into vortex-antivortex pairs
below Tkr. The characterization of this transition is quite hard since it has no
classical order parameter.

A = —1. This case is also SU(2) symmetric and favors ferromagnetic alignment in the
z-direction, but antiferromagnetic alignment in the x- and y-directions.

A < —1. Similar to the case A > 1, the Hamiltonian approaches the Ising model for
large A, but in this case the ferromagnetic one. Again, there is a finite temperature
transition for any A < —1, from an disordered phase into ferromagnetic ordering.

The anisotropy A # 1 thus serves as a way to introduce a finite temperature transition.
Therefore, we will mainly study the case A = 4 in chapter 4] about phase transitions.

2.4 Single Heisenberg Dimer

The simplest case of an X X Z-model one can study is a single dimer connecting just two
sites

>

A1
J -1 2

H=3 (ST S5 +5785) +JAS;S; =J N : (2.20)
1

>

The matrix is written in the usual basis {|11), 1)), [41),[{{)} and easily diagonalized.
The corresponding eigenstates and energies are collected in Table 2.1 It is worth noting
that the eigenstates are independent of A. For any A > —1 the ground state is the singlet
state which is maximally entangled. The triplet states have the same energy % right at
the SU(2) symmetric point A = 1. For A > 1 the T} triplet state is favored energetically
over the other triplet states T, and 7T since the spins are anti-aligned in Tj. On the other
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J J
J=1 J=1

(a) coupled chains (b) coupled dimers in a checkerboard pattern

Figure 2.2: The spatially anisotropic couplings used in this thesis, based on a simple
square lattice. We choose J' < J and measure energies in units of J. Note:
the experiment of Greif et al. [2] uses the same structure, but in a three
dimensional cubic lattice with coupling J’ between the depicted layers.

hand, the contribution of the kinetic term, which vanishes on 7, and 7", dominates for
A < 1; Ty is then the state with the highest energy.

2.5 Spatial Anisotropies

As mentioned before (p. [13)), it is possible that the hopping in the Hubbard model is
stronger between some sites, ¢ = ¢;;. The calculations and arguments of section do
not change, so the generalization of the resulting Hamiltonian eq. (2.17)) is straightforward:

2
U

Her = Z Jij S, - gj where J; ; = (2.21)
(3,9)

In experiments with ultra cold atoms, the hopping can be tuned by the intensity of the
lasers creating the optical lattice [34].

In this thesis, we study two possible setups of spatial anisotropies, depicted in Figure[2.2]
The first setup, shown in panel@ consists of one dimensional chains, which are connected
to each other by weaker bonds with coupling strength J’. This configuration allows to
study continuously the crossover between a one dimensional chain for J' = 0, and the
simple two dimensional square lattice for J' = J.

Beside the chains, we study the case of weakly coupled dimers, depicted in Figure|2.2(b)]
In that pattern, every site belongs to exactly one strong bond J. As we have seen in section
the ground state of a single bond is a singlet. Thus, it is clear that in the case J' =0
the ground state is just a product of singlets on the strong bonds. A nonzero value of
J' produces a competition: a site can not be in a singlet state simultaneously with all
its neighbors. Instead, the total state can be seen as a superposition of product states of
singletsﬂ. For J' below some critical value J,. the ground state is a so-called valence bond

4 Indeed one can expand any state with total spin 0 in the basis of so-called valence bond states [54} [55]

(i1, 41)(i2, J2) - - - (iny2, dny2)) where (i,7) = (Til; — Li1;)/V2. (2.22)

Here, each site needs to belong to exactly one singlet. These states form an overcomplete basis of the
states with total spin zero. Further, they are nonorthogonal (indeed the overlap between any such
states is nonzero), which comes in handy for an importance sampling scheme of the ground state, see
Ref. [55] for details.
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solid or valence bond crystal [0, [I1} [52]. This state has no magnetic long-range order.
On the other hand, for J' = 1 the ground state has long-range Néel order with some
quantum fluctuations and spin wave excitations. Thus, one expects a so-called quantum
phase transition at the critical coupling J.. In contrast to a conventional phase transition,
it is driven by a parameter in the Hamiltonian — in this case J’ — and describes changes
of the ground state, not a thermodynamic ensemble.

It is worth mentioning here that there has been some confusion about the universality
class of the quantum Heisenberg model with the geometry of staggered coupled dimers as
depicted in Figure 2.2(b)l Wenzel et al. [56] estimated in 2008 for the exponent v (for a
definition see section the value v = 0.689(5) which was obtained from the scaling of
the correlation length, Binder cumulant, and spin stiffness by SSE simulations. In contrast
to expectations, this value of v seemed to be inconsistent with the result v = 0.7112(5) for
the classical O(3) Heisenberg model in 3D [57]. However, further, careful analysis showed
that both models indeed belong to the same universality class [58, 59, but the former
has anomalously large finite size corrections. Fritz et al. [58] explain these corrections by
an additional term in the low energy quantum field theory which describes a two-particle
decay of quantum critical fluctuations.

Finally, we can combine the spatial anisotropies with the anisotropic coupling of section
2.3] and obtain the most general form that will be studied in this thesis:

1
H=> Ji (5 (S;7SF+S19) + ASij) : (2.23)
(i.4)



3 Method: Stochastic Series Expansion

The Stochastic Series Expansion (SSE) belongs to the class of quantum Monte Carlo
(QMC) methods. The basic idea of Monte Carlo methods in general is to use a random
process to determine a deterministic, non-random result. In the case of the SSE, one
expands the Boltzmann weight in a Taylor series and samples stochastically over the
resulting operator strings; details will be given in section The basic idea of the
expansion was given by Handscomb in 1962 [2I]. However, he calculated the appearing
trace analytically and was thus restricted to models where this was possible. This problem
was avoided by a generalization of Sandvik and Kurkijéarvi in 1991 [22] and pushed forward
by Sandvik giving also a generalization to the Hubbard model in one dimension [23]. A
more detailed introduction and review of the SSE with deterministic loop updates is given
in Ref. [52]. For anisotropic couplings such as the ones given by eq. and (2.23), a
further generalization is necessary: directed loop updates. This generalization was given
in 2002 by Syljuasen and Sandvik [60] and is described in detail by Syljuasen in Ref. [61].

3.1 Classical Monte Carlo

Although the Monte Carlo method is more general, we restrict ourselves here to the
following, still very general, setup that we aim at the calculation of statistical averages
for some observable A

(A) = w,A,. (3.1)

velC
Here we are given some configuration space C with possible configurations v € C. For each
configuration we can assign a value A, to the observable A. Further, each configuration

has some weight[T| w, > 0 which can be assumed to be normalized. Indeed, assuming that
w, is not normalized, we just define

W, = —=————, then w, = 1. 3.2
ZVGC Wy ; ( )
However, as we will see later, it may not be necessary to know the exact weight w, but
only the relative weight w, /@, between any two states u, v € C.
To fix ideas it might be helpful to think of the well known classical Ising model with
Hamiltonian H = —J Z@m S7S7. In that case the configuration space is just the phase
space consisting of all 2V possible configurations of spins

C:{I/E<O'1,O'2,...)With o; € {TE—F%,\LE —%},izl,...,]\f}

! For frustrated spin systems and fermions one needs to evaluate an average in the form of (3.1)), but
with (partly) negative weights w,. This leads to exponential large errors in Monte Carlo methods
and is known as the negative sign problem of Quantum Monte Carlo [19].

21
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and the weight is given by the Boltzmann factor

w, =exp(—pE,) /2 with Esy g,.) = —JZ 0i0;. (3.3)

Here 8 = 7 is the inverse temperatureﬁ and the normalization is ensured by the partition
function Z Y vecexp(—BE,). Examples for the observable A could be the energy E
itself or the magnetization M, 4, ) =, 0;.

Note that the value (A) for a glven observable A is uniquely defined by without
any random error. However, often the number of possible configurations |C| is quite large
— exponentially in the system size N even for the Ising model —, such that one can not
carry out the complete summation in eq. . The basic idea of Monte Carlo methods is
thus a restriction of the sum to some representative configurations p;, t = 1,...,7, which
are picked randomly according to some rules we will specify in the following. Usually the
number of representatives 7 is much smaller than the number of configurations T < |C|,
but still very large; in this work we used 7 ~ 10°...107.

In 1953, Metropolis et al. suggested in their famous paper Ref. [62] to pick the configu-
rations not uniformly in C (as it was done before), but to choose them according to their
weights w,,:

w,(t) := Probability(u; = v) = w, Vted{l,...,T}. (3.4)

The term Probability(. .. ) here refers to a hypothetic average obtained when carrying out
the hole Monte Carlo simulation multiple times, i.e., producing many such representative
sets p;. But if this equation is fulfilled, since the right hand side is independent of ¢,
an average over t gives the same result: say w, = 0.25 for some o, then approximately
a quarter of the u;, t = 1,...,7T, should be the configuration . One can write this as
w, ~ % Z;rzl v, Which leads to the following approximation of eq. :

=> wd, ~ TZAM = A (3.5)

A distribution according to eq. (3.4)) can be generated with a Markov chain. Therefore
one picks an initial p; and chooses p;41 from p; according to the transition matrixﬂ (which
needs to be determined)

P(v — o) := Probability (ut+1 = o| it = v), such that (3.6)
w,(t+1) ng (0 = v). (3.7)
oeC

Such an update p; — g1 is called Monte Carlo sweep. Clearly, P(v — o) is a probability
and thus has to fulfill the normalization

Y Plv—o)=1. (3.8)

2 We use natural units and set h = kg = 1. Further, we measure all spatial lengths in units of the
lattice spacing a = 1.

3 One can view P, , := P(v — o) as a matrix. Equation then combines with to an eigenvector
equation for w, corresponding to the eigenvalue 1. One can further show that other eigenvectors have
an eigenvalue of magnitude less than one.
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Equation (3.4 implies that w,(t) in fact is independent of ¢. Combining with eq. (3.7))
and (3.8) we arrive at

0= w,(t+1) - w(t)
= w,(t)P(c = v) —w, ()Y Plo =)
oeC oeC
= " [wa(t)P(o = v) — w,(t)P(o = v)]. (3.9)
oceC

Although there might be other possible choices, the simplest solution to eq. (3.9) is to set
the part in square brackets to zero individually for each o:

Plo=v) =X (Detailed Balance) (3.10)
Plv—o0) 1w,

This is one out of two conditions one has to ensure when developing a Monte Carlo algo-
rithm. The second condition is ergodicity: it should be possible to reach any configuration
o € C from any other v € C in a finite number of sweeps with nonzero probability:

Vv, € C AK € N, juq, fto, ... i € C  such that
Plv— ) P(pus — p2) -+ Plug — o) #0. (Ergodicity) (3.11)

Thermalization

We derived the detailed balance condition from the requirement of invariance under a
Monte Carlo sweep; thus, it ensures that w,(f) = w, is an equilibrium distribution.
However, we can not sample this distribution in the first step — that is the reason why
we use a Markov chain in the first place. Instead, one starts from some configuration
to € C with some other distribution w,(t = 0) # w,, often just picked uniformly in C.
To circumvent this problem one first has to do a large number of Monte Carlo sweeps
to reach the equilibrium distribution. This process is known as thermalization. Not till
then one measures the observables A, and does further sweeps increasing ¢. Finally, one
can approximate the observable averages according to eq. . Clearly, it is essential
to estimate the error done in this approximation as well. This can be done after the
simulation and is described in the following.

Error estimates

According to the central limit theorem, the average A = %ZLl Ay itself is normally
distributed for large 7T if the A; are independent and identically distributed. In a simple
approach, one groups the measurements into B bins of length M = 7 /B and calculates
the averages within these bins

M
A, Vi=1,...,B. (3.12)
)

t=(i—1)M+1

1 E - 1
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Then one can estimate the error from the variance of these bins

B

oo Z(Ai — A)? (3.13)

and quote the result as (A) = A+ o/vB [52].

However, the A; = A,,, are not really independent random variables since, by definition,
in a Markov chain the distribution of u;,; depends on the previous p;. This correlation
is quantified by the integrated autocorrelation time [63], 64]

it _ 1 fj 7a(t), el A (A m )

where 74(t)

t=1 Zt’ (At’ - A)z

Only for the bin length M > 7" one can regard the bin averages as statistically inde-
pendent such that the error bars are well defined from the central limit theorem. Due to
correlations one effectively has only 7 /(27") independent measurements. Thus, one can

expect the error to be 0/v/B o< /277 /T [52).

Jackknife

A slightly more sophisticated error estimate is obtained from the jackknife resampling
[63, [64]. The advantage of this method is a correct error propagation also for nonlin-
ear functions, e.g., for ratios of two observables or even fits. In this method, too, the
measurements are first grouped into bins. But now one performs averages excluding one

bin

Ai=——N "4, (3.15)

Suppose we have a function f(A,...) depending on one or more observable from the
Monte Carlo simulation. With the definitions

- 1

fO = fA .., fO=f(A,...) Vi=1,...,M, fo9 ::EZM, (3.16)

we have two estimates using all measurements, namely f(©) and f®9. For linear f(4,...)
these values coincide, but for nonlinear functions they may differ. We can then correct a
possible bias of the estimate with the following formula’}

fbizzs—cm"rected _ f(O) o (B _ 1) (fllvg _ f(O)) . (317)

4 Suppose we have an error f(©) = f+ % +0 (B *2) for the correct value f and some constant C'. Then
fov9 = f+ 2% + O (B~?) which in turn implies that f© — (B —1)(f®9 — f©) = f + O (B7?).
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1. Initialization: random initial v.
2. Thermalization: reach equilibirum with a large number of sweeps.

3. Measurement Loop:

e Monte Carlo sweep: update vy — vy
according to P(v; — v411).

e Measurement of Observables A,,.

4. Calculation of average values and error estimates from bin averages.

Figure 3.1: Outer algorithmic structure for Monte Carlo simulations in order to evaluate

eq. (3.1).

Since the A; average over 7 — M compared to just M measurements with the simple
binning, they are less noisy:

/L._A:% (ZAj_A> —%Zﬁj
(ZA BA) ([1 Aj). (3.18)

Compared to eq. (3.13) one thus has to include an additional factor (B — 1)? into the
variance:

B-1g
> “”9 3.19
Ok = B ; —f ( )
As for simple binning, the final result can be quoted as fbias—corrected 4 5 0 /\/B.

We have now developed the outer framework of Monte Carlo simulations, which is
suitable to evaluate the weighted sum in eq. for a huge configuration space. The
necessary steps are summarized in Figure[3.1] At this point, the framework is very general
and finds a variety of applications which are not restricted to physics, e.g., it can be used
for any high-dimensional integrations.

Since we worked on a general configuration space, we have not exactly specified a Monte
Carlo sweep yet, but only derived the detailed balance and ergodicity conditions for this
update. We will now discuss the simple Metropolis-Hastings algorithm as the basic ideas
of this algorithm will also be used in the SSE.

Metropolis-Hastings Algorithm

So how exactly can one choose the update probabilities in the simple case of the Ising
model? Suppose we are in a configuration & := (0y,...0x). The Metropolis-Hastings-
algorithm [62 [65] divides one sweep into two steps: First select a random spin i €
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{1,..., N} with uniform probability P = %; then accept a flip of that spin to the new
configuration &; := (01,...,—0y,...,0xn) with probability

1 if AE(3,1) <0,

exp(—BAE(3,i)) else. (3:20)

P*(F,i) := min {1,e #AFEN L = {
Here AE = Ez — Ez is the energy difference obtained by the flip. The total update
probability is then given by P(¢ — &;) = P> . P**(j,&) and P(¢ — v) = 0 if & and v
differ by more than one spin. It is highly remarkable that one does not need to know the
partition function, i.e., the normalization for the actual weight. Instead, one only needs
to know the relative factor of the weight between every two states.

Since AE(d,i1) = —AFE(d;,1), the Metropolis-Hastings-algorithm clearly satisfies de-
tailed balance:

P(_)E_ﬂ‘f) o Psel. eXP(*B?E( ]

_ eXp(_BE(Uj)) _ wCT?. v (3.21)
exp(—BE(F)) wz

Also, ergodicity is fulfilled at least theoretically: One can reach any other state by N spin
flips at most, each of which has a nonzero probability.

However, there is a problem with the algorithm described above. At a phase transition
clusters of correlated spins form. Right at the critical temperature the correlation length
diverges. With local updates it is very improbable to flip such a cluster: Flipping a spin
inside the cluster costs much energy. Instead, the algorithm tends to just move the domain
walls, which takes much longer. This manifests itself in long autocorrelation times and
thus large errors. To overcome that problem one has to use so-called cluster algorithms,
which flip a complete cluster of spins at once [53], [66]. Describing these algorithms goes
beyond the scope of this thesis. However, it should be noted that the loop updates of
the SSE described in section [3.3.2] and [3.3.3] are nonlocal and thus avoid a critical slowing
down.

PG —&;) Pt ——/mlE( . for AE(d,i) <0,
else,

3.2 Stochastic Series Expansion: Mapping to Classical
Configurations

When one tries to use Monte Carlo for quantum mechanical problems, one faces the
problem that the eigenstates and eigenenergies of the system are unknown. Instead, we
work in the local S* basis for each siteE]. Thus, one needs to find a way to express the
expectation values of observables

<A> =Ty {%ﬁi} (3.22)

in the form of eq. (3.1). To achieve that we first rewrite the Hamiltonian in a more general
form. We will here demonstrate the mapping for the anisotropic spin—% Heisenberg model

SFor ground state properties one may also work in the valence bond basis [55], cf. the footnote on p.
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H 1) =0 Hy o (1) =
H L) =0 Hy" ) =
M) =11 & | M) =
M =3 &g | e =

(Co + %
Table 3.1: Action and pictorial representation of diagonal and off-diagonal operators in

eq. (3.23) for J, = 1. The first spin refers to site i(b), the second to j(b). Spin
up T (spin down |) is depicted with solid circles @ (open circles O).

(2.23), but a similar mapping is also possible for larger spin S = 1, %, ... or bosons
[9, [61]. First of all, we can relabel the sum over next neighbors (i, j) as a sum over
bonds b = 0,..., N, — 1, where i(b) and j(b) are the two sites involved in bond b. This
formulation has the advantage that it is independent of the detailed geometry used.

’H:ZJb[—(S Sty + SiSiw ) + ASk ](b}

_Z [Jb (S S+ Siny i b)) b (ASfy) Sy — Co) +Cho

-~

— Hoﬂd — Hdlag

_ _Z [ 7401 +,Hd1ag] ZJbCO (3.23)
b b

Table lists the action of H°f and H42¢ on all possible combinations of spins. We have
split the Hamiltonian in so many parts, that each part acting on a basis state produces
at most one (maybe different) basis state, not a superposition. In the second line (3.23])
we have further included a constant Cj into the diagonal part Hgiag . This constant has to
be chosen such that H48 is positive. As shown in Table this is the case for Cy > %.
We will see later that this is necessary to ensure positive weights w, in eq. .

The starting point for the stochastic series expansion is the partition function:

Z = Tr{exp (—fH)}

{exp (6 Z ( H e Hgﬁd)> } e P2 oo, (3.24)

For all expectation values except the energy, an overall constant prefactor does not matter.
Thus, we drop it in the following and include it only when we actually calculate the energy.
The trace can be evaluated in the usual basis of local spins, which we label with {|a)}.
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(a(p),b(p)) (111]

t

[a(3)) = [111)

p=2| (offd, 1) H o
, a(2)) = [t1)

p=1 | (diag,2) Hee
la(1)) = [T1)

p=0 | (offd, 1) H
e ! a(0)) = W11)

Figure 3.2: Simple example of an operator string of length 3. In the middle a pictorial
representation is shown. Corresponding propagated states are shown on the
right. For the sake of a better overview in the following figures the propagated
states will not be shown but only the lines indicate the up-spins. The vertical
direction will sometimes be referred to as imaginary time direction due to the
correspondence with path integral Monte Carlo.

Further, we can expand the exponential in its series representation. We arrive at:

2305 0l [ (= 7)o
n=0 """ |a) b
_ io: % S (ol ﬁ 3 (e #5™) ] ) (3.25)

|ar)

In the last line, we introduced the index p € {0,...,n — 1} which directly corresponds to
the imaginary time in path integral Monte Carlo [52]. Each term —Hgf and H;*® appears
in the product exactly once at each p. We can collect the bond indices b(p) € {0,..., N,}
and indices for the operator type a(p) € {offd,diag} in an ordered list of length n, a
so-called operator string S,,. Then we can write the product compactly as a sum over all
possible operator strings of given length n:

n—1 n—1
di noﬂd a
[T (e =) | = S0 T, (3.20
p=0 b Sn p=0
Here n°f is the number of off-diagonal operators in the string. Due to the splitting

of the Hamiltonian for a given operator string, there are unique states |a(p)) after the
propagation of the first p operators, which are referred to as propagated states. Figure|3.2
shows an example of an operator string and corresponding propagated states, which give
a nonzero contribution. Clearly, we can exclude all operator strings where the action of
on operator Hz(p )(b) |a(p)) vanishes, e.g., an off-diagonal operator can’t act on parallel
spins. Further, the trace structure requires a periodicity in p for an operator string of
length n:

lap = n)) = la(p = 0)). (3.27)

This periodicity helps us to get rid of the minus signs from the off-diagonal operators: We
restrict ourselves to bipartite lattices, where we can assign each site to a sublattice, either
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A or B, in such a way that each bond connects only sites between the sublattices A and
B, but not within them. An off-diagonal operator "moves” an up-spin from sublattice A
to B or back. It requires thus an even number of off-diagonal operators to end up with
the same number of up-spins in sublattice A. This implies

noﬁ'd

(-H" =1 for bipartite lattices. (3.28)

Examples of bipartite lattices include simple cubic lattices in arbitrary dimension or the
honeycomb lattice in two dimensions. When using periodic boundary conditions one is
however restricted to even length.

Combining eq. (3.25)),(3.26]), and (3.28) we arrive at

n—1

:izzm a\HH (3.29)

n=0 a n

For any diagonal operator A we can do an analogous calculation and arrive at an expres-
sion in the form of eq. (3.1)):

(4) = ZZZB |HHQ(”) (a] Aa) . (3.30)

n=0 |a)
g

~~
=Wa),Sn

The configuration space C consists here of all initial states |a) and operators strings S,
of arbitrary length n € Ny.

A careful reader might worry here that the configuration space is infinite also for finite
lattices due to the sum over n. But for finite temperatures 5 < oo the factorial in the
denominator eventually wins such that the series is convergent. Indeed, one can relate
the energy to the expansion order n, as we will see in the following. Up to the constant
dropped in eq. , the energy is given by a derivative with respect to (:

1dZ
FE — ZJbOO ——ln( ) = _Eﬁ

1 npnt alp n
3R T el -~ (5). e

n=0 |cr) Sn

Here the average (-) refers to the same weights as in eq. (3.30) and n is the expansion
order, i.e., the number of operators in the operator string. A further derivative gives the
specific heat:

dE 1d22 1 /dz\°?

Cv=ar _52df3 F ?d_ﬁ’?__(dﬁ>
7 —15- B2 (dz\°
SRy (el 5 ()

= (n*) — (n) — (n)". (3.32)
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Figure 3.3: Distribution of the number of operators n in the operator string during a
Monte Carlo simulation for a 1D isotropic chain (A = 1) with periodic bound-
ary conditions (PBC). For each curve 10° sweeps have been performed. The
distribution is normalized such that the sum over all n gives 1.

Both the energy and the specific heat are finite, thus the expectation value (n) and the
variance (n?) — (n)” are finite. This suggests that it should be possible to truncate the
sum over n at some L > (n). The total weight of operator strings with larger length
can then be safely neglected. In Figure the distribution of 10° Monte Carlo sweeps
shows that this is indeed the case. For high temperature § — 0 only short operator
strings give a relevant contribution. This is apparent also from a physical point of view:
at high temperatures the spins are uncorrelated and we basically just have to sum over all
basis states |a). In contrast to that, at low temperatures the needed length scales with
[. Since we expanded around § = 0, we can not expect that our method is well suited
to determine the ground state. However, with some effort it is still possible to take the
limit 7" — 0 [52]. It is not clear a priori how large the cutoff has to be chosen. Thus, one
starts with some relatively small cutoff, but allows to increase it in each step during the
thermalization such that L = 1.3n,,,, Where n,,,, is the maximum number of operators
encountered so far. One can also choose a higher factor than 1.3, but the computation
time scales with L. Thus, is should not be chosen too high.

To avoid unnecessary memory copies in the program it is further a good idea to com-
pletely fix the length of the operator string to L. Therefore, one fills up the missing
operators in the string with the identity operator 1. In other words one allows an addi-
tional element ’identity’ for the index a(p) € {offd, diag, identity} and defines H*™" = 1
for any b. Let n furthermore denote the expansion order of the exponential, i.e., , the
number of operators which are not 1. This number n can still fluctuate. Since we allow
to insert the identities at any of the L possible positions p € {0,...,L — 1}, there are

( Lfn) = (L_#n'),n, operator strings with identities corresponding to the same operator string
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Figure 3.4: Convention for enumeration of the four legs of a vertex. Spins og,...,03 on
legs 0 to 3 correspond to the matrix element (o903 HZ((;)’)) |ogoy), i.e., leg 0 and
1 are incoming spins, leg 2 and 3 are outgoing.

without identities in eq. (3.30). To correct this combinatorial factor we substitute

ZZ Z _”'”' (3.33)

n=0 S,

where the sum on the right hand side includes additional identity operators, but not the
one on the left hand. The left part of Figure depicts an example for an operator string
with L = 5 and n = 3. All in all, we arrive at the following expression for observable
averages:

<A> =3 Y ways, (@l Ala)  with (3.34)

la) St
L-1
gL —n)! a
wey.s, =~ (ol [T #5i7) o)

L-1

=——F— [[{e@+1) Hygo) la(p)) - (3.35)

p=0

In the last line, we used that the propagated states are determined uniquely for a given
operator string and initial state. In fact, these matrix elements (a(p+ 1)] HZ((;') la(p))
clearly only depend on the spin states on the two sites i(b(p)) and j(b(p)) connected by
the bond b(p) before and after the operator. We say that each operator has four legs — two
incoming legs labeled 0 and 1, and two outgoing legs 2 and 3, as depicted in Figure

We further call the operator together with the four spin states at the legs a vertex.

3.3 Sampling

The result now allows the evaluation along the lines described in section . The
configuration space consists of all possible initial states a and the operator strings S;. In
the following we will give the details of the Monte Carlo sweeps used for the sampling.

A single sweep is split into two parts: First, diagonal operators are inserted or removed
from the operator string which leads to a fluctuation of n. Then so-called loops are
constructed and flipped which leads to changes from diagonal to off-diagonal operators
(and back) and also includes updating the initial state «. If these updates both sepa-
rately satisfy detailed balance (3.10)), each of them leaves w, (t) invariant and so does the
composition of both updates.
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Figure 3.5: Simple example of a diagonal update for operator strings of length L = 5.
From left to right a diagonal operator is inserted at the propagated index
p = 2 such that the number of operators changes from n = 3 in the left to
n = 4 on the right.

3.3.1 Diagonal Updates

As we saw in section only an even number of off-diagonal operators is allowed in
an operator string (i.e., leads to a nonzero weight). Thus, one can not insert or remove
a single off-diagonal operator. Instead, one restricts this part of the update to switch
off-diagonal operators with identities 1 to change the number of non-identity operators
n. An example for such an update is shown in Figure [3.5]

To insert an operator at some p € {0,...,L — 1} into an operator string Sy it is
necessary to first select a bond b at which this operator is supposed to be inserted; let
Pge be the probability to select the bond b. In the spatially isotropic case one can select

1

uniformly one of the Np bonds, P = Ny We denote the resulting operator string

with Si*. We accept this insertion S — S with some probability P2<. On the other
hand the removal of an operator does not need a selection and we simply accept it with

probability P2 . Thus, we have

rem-*

P(S;, — S) = Prelpaee and P(Si"* = ;) = P (3.36)

ms rem’*

To satisfy detailed balance (3.10)) we need to require

Pre  P(S, - S 1 Wgins

ms

f);zecnc1 Psel P(Sms N SL) - Pbsel ws,
1 G (el + D) My la)
T psel n)! _ SI
Pb BrlTE TS (alp+ 1) Hy ”5 ja(p))

1 1a,
=E§Lfnw@+nm€gmwn. (3.37)

Given the relative factor of the acceptance probabilities eq. (3.37]), we choose them in
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analogy to the Metropolis-Hastings algorithm ((3.20)):

pacc pace -1
e = min {1, o } , Fren = min {1, ( Puce ) } - 339

rem rem

In the case of spatial anisotropies J and J’, it is a good idea — although not strictly
necessary — to balance the insertion of new operators. For J' — 0 one would often
need to reject an insertion. Thus, we first choose the type of the bond: we choose J

with probability JNB(‘;J)\ZFB};?]B( 75 and then one of the bonds of the corresponding type

with ﬁ(ﬂ’ where Np(J) is the number of bonds with strength J. The total selection

probability is

J :
Pl = {JNB(J)+J/NB(J/) if b has strength J, 59
J : / '
JNg(J)+J'Ng(J") lf b haS Strength J .

This choice reduces to the previous value Pe = NLB for J = J', but does not select bonds
of type J' for J' — 0.

It is not necessary to store all the propagated states |«(p)) in the program, but it suffices
to store only the initial state |«) and generate |a(p)) on the fly. For the complete diagonal
update, we iterate over the propagation index p = 0,..., L—1in a loop. The action within
the loop depends on a(p): If a(p) = offd, we flip the spins on the corresponding sites of
bond b(p) to keep the propagated state up to date. Else, we try to insert or operate at
the position p as described above in the case a(p) = identity; or try to remove it for
a(p) = diag, respectively. In the end of the loop the original state |«) is restored due to

the periodicity eq. (3.27)).

3.3.2 Deterministic Loop updates

We now need to find updates changing between off-diagonal and diagonal operators. We
will first look at the easier example of a special case, namely the SU(2) symmetric cou-
plings with A = 1. The matrix elements of the operators listed in Table are then
particularly simple for the choice Cy = i:

0 for [ap)) € {IT1), L1},

05 for [a(p)) € {[14), 1)} (3-40)

(a(p+ D) Hy |a(p)) = {

In other words, we only need to include vertices into the operator string, where the spins
on the two incoming legs 0 and 1 are different, as well as the spins at the outgoing legs
2 and 3. In that case, the matrix elements — and thus the weights of the vertices — are
all the same. As mentioned before, it is not possible to change just one operator from
diag to offd since the number of off-diagonal operators needs to be even. Indeed, by
definition, any off-diagonal operator flips the spins on the sites i(b) and j(b) connected
by the bond b, whereas diagonal operators keep them unchanged. In the simplest case
the next operator in the operator string — or at least the next operator acting on any of
the two sites — acts on the same bond. Than, we can update the type of both operators
consistently by changing the propagated states in between. Such an update is indicated
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(a) Example of flipping of two loops. (b) All possible loops for the oper-
ator string on the left.

Figure 3.6: Example of deterministic loop updates.

in blue in the upper right corner of the operator string in Figure . All spins in the
propagated states touching the blue loop need to be flipped at once; flipping just a part
of them would result in an invalid operator string with zero total weight.

Let us now consider a more complicated example to see how we construct loops. Suppose
we want to flip the operator in the lower left corner at the first bond. Therefore we start
by flipping the spins at the legs 2 and 3 above the operator, which are at the sites 1 and
2. We have two open ends of the loop, one at leg 2 and one at leg 3. Now follow the spin
from leg 3 on site 2 upwards: there is another operator acting on site 2 but not 1. Thus,
we also have to flip the spins at the legs 0 and 1 of that operator — otherwise there would
be an operator acting on parallel spins such that the whole operator string is invalid. To
construct a loop we thus do two alternating moves:

(i) We move horizontally between the incoming legs 0 and 1 or between the outgoing
legs 2 and 3. In that way, we move along the bonds between different sites.

(ii) During vertical movements we stay on one site and move away from the last operator
— upwards from legs 2 or 3, and downwards from legs 0 or 1 — until we encounter
another operator acting on that site. It may also happen that we do not encounter
another operator, but we reach the initial state |a). Then we need to flip the spin
on the corresponding site both at p = 0 and p = L due to eq. . That way we
can go on moving on the open end of the loop: we just have a periodicity in p.

Eventually, we end up at the starting point connecting the two open loop ends such that
the loop closes. Note also that in the given example in Figure , the red loop touches
the spins both below and above the operator at the second bond. Thus, the flip of the
red loop does not change the type of that operator; it remains diagonal here.

It is a good idea to construct links between the operator legs of operators for the
vertical movement before actually performing the loop updates. These links have to be
reconstructed after each diagonal update where operators are inserted or removed. Details
on how to construct these links in an efficient way can be found in Ref. [52].

Once the position of all operators in the operator string is fixed, the loops are defined
uniquely; hence the name deterministic loop update. Figure shows all possible
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loops for the same exemplary operator string as in Figure Flipping any of these
loops results in a configuration with the same total weight: n is not changed by loop
updates in eq. , and the matrix elements of off-diagonal and diagonal operators are
the same, cf. eq. (3.40)). It is, however, not a good idea to flip all the loops: this would
just flip all spins at any site and p and thus not give a new configuration. Instead, one
flips each of the loops with some constant probability Py € (0,1), a good choice seems to
be Py = 3 [52]. During the loop update also the initial state |a) is updated when a loop
goes through it. If there is a site on which no operator acts for any p, this can be seen as
a loop, too. Accordingly, one also flips the spin on such empty sites with probability F,.

The loop updates clearly satisfy detailed balance . In addition with the diagonal
updates described previously, this update scheme is also ergodid®} the combination of them
both changes very effectively between possible configurations. In a Monte Carlo simulation
one can start from an initially empty operator string consisting only of identities 1. The
diagonal updates then successively inserts (and later removes) new diagonal operators,
and the loop update changes some of them to off-diagonal ones and updates the initial
state |a).

In a first approach to get away from A = 1, one can just use the same scheme of
deterministic loop updates. Therefore one has to choose Cy = % for the matrix elements
in Table and adjust the probability of flipping a loop according to the Metropolis-
Hastings algorithm. In that case the weight depends on the number of diagonal operators
Wa,s; X (A)"dmg. Thus, one needs to count how many off-diagonal operators would be
changed to diagonal ones, and vice versa, during a flip of the loop. Since operators visited
twice by a loop do not change their type, this requires some additional book keeping. The
update probability can then be chosen as

P¢ = Pymin {1, (A)”gﬁ_”gl‘gg} with Py = const € (0,1). (3.41)
Here P, should be chosen higher than before, e.g., Py = %, since some of the loops will
not be flipped. However, this approach has limitations. For example, it is not possible
to take the limit A — 0 towards the XY-model: the matrix elements of the diagonal
operator (a(p+ 1)|H4#8|a(p)) = £ vanish and thus any insertion of operators during
the diagonal update gets extremely improbable. The way out is to choose another Cj in
that case. But then H8 acting on parallel spins does not vanish, which was needed to
determine the building rules of the loop above.

3.3.3 Directed Loop Updates

The particular case that only four out of the eight matrix elements in Table do not
vanish and have the same weight is restricted to only very few models. But the SSE is
not restricted to these models. For example, it is possible to include a magnetic field or
to simulate bosons [61]. In our case the Hamiltonian preserves the total magnetization —

6 Tt is also easy to construct configurations where a loop update changes winding numbers, e.g., around
a plaque in a 2D square lattice: the loop itself has to wind around the plaquette. That would not be
possible if one would be restricted to local updates of only two operators following each other at the
same bond; one needs to cut the world lines (say of up-spins) and reconnect them later.
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Figure 3.7: Example of the choice of an exit leg when the entry is at leg 0. Possible exits
are from left to right at legs 0,1,2,3. An exit at the same leg as the entry is
called bounce and does not lead to any changes. One of the possible exits
leads to a violation of S* conservation; in this case the exit at leg 3.

corresponding to particle conservation for bosons — such that the two matrix elements in
the upper left corner of Table always vanish leading to the six depicted vertices.

The general framework of the SSE still works; but we have to find another scheme for
the off-diagonal updates: when we enter a vertex with an open end of a loop, we are not
forced to a unique exit leg anymore. Instead, we will randomly choose one of the four legs
as an exit. As was pointed out by Syljuasen and Sandvik in 2002 [60], there are multiple
possibilities how to choose the exit leg. The most efficient solution leads to the directed
loop updates. In the following we will derive the directed loop equations and describe
how to solve them. We follow Ref. [60] and [61], further details can be found therein.

Suppose we have an initial configuration v = vy = (o), S). To start the construction
of a loop we randomly select a leg [y of any operator py in the string; for simplicity we
combine these indices in eg = (po, ly). Then we move one of the two open ends around from
one operator leg to the next, e; — e;,1. As before, we make two alternating movements:

(i) The horizontal movement changes: we enter a vertex V; of the configuration v; at
position p; in the operator string in a leg [;. Now we are not forced to a unique exit
leg as in the deterministic loop updates. Instead, we choose an exit leg [; with some
probability P(V;;l; — l;) depending on the vertex and the entry leg. Then we flip
the spins both at the entry and the exit leg I; and [;, resulting in a new vertex V.
An example is depicted in Figure [3.7]

(ii) The vertical movement (p;,l;) — (piy1,li+1) is exactly the same as for the deter-
ministic loop updates. As before, one should connect corresponding legs with links
right after the diagonal updates. During the construction of the loops one can then
simply follow these links.

Since the vertical movement is unique, the probability for a change e; — e;,; depends
only on the vertex:

P(Vi,ei — Vi+1;€i+1> = P(‘/l,ll — L) (342)

Finally, we close the loop after some number of steps m, reconnect the open ends e,, = ey,
and end up in a configuration v/ = v,,.

The probability for an update from the initial configuration v to the final configuration
V' is a sum over all possible loops leading to that change:

Plv— V)= Z Z Psel(eo)P(Vg, eo = vi,e1)  P(Vm_1,€m-1 — Vm€m)
m {v;,e;}

=33 P*eq)P(Vos lo — 1) P(Vin1; et — lon1)- (3.43)

m {vj,e;}
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Figure 3.8: Example for a set of three vertices with entry legs which are coupled by the
directed loop equations ([3.47). The resulting vertices are the same in all three
lines, see text.
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Strictly speaking we have intermediate configurations v; with weight 0 since the open
ends e; correspond to discontinuities in the propagated state. However, the total weight
eq. (3.35)) consists of the product of matrix elements. We can then trace back the resulting
total change of weight to the changes of the vertices in the single steps ¢ — ¢ + 1. This
motivates to call the matrix elements the weight of single vertices

wy, 1= {api + DIHE

a(pi)) - (3.44)

To satisfy detailed balance (3.10)) for the complete loop flip eq. (3.43) we thus require
detailed balance in each single vertex update V; — V; for any ¢ € 0,...,m/'

P(V;l = Dwy = P(V;1 — Dwy. (3.45)

Further, we have a normalization condition since P(V';l — [) is supposed to be a proba-
bility; we have to choose one of the legs as exit:

SRVl =1 (3.46)
=0

The equations (3.45]) and (3.46) form a set of coupled linear equations which are conditions
for P(V;1 — 1). With the definition a(V,[,1) := P(V;l — [)wy they can be written as

a(V,1,1) = a(f/,i, l),
Za(v LD) = wy. (Directed Loop Equations) (3.47)
I
It turns out that these equations decouple to smaller sets of equations containing just
3 vertices (or in the more general case without S* conservation 4), as will be described

in the following. Let us start with some vertex V) and some entry leg, say leg 0 at the
vertex depicted in the upper left corner of Figure [3.8] There are only 3 possible resulting

" For simplicity we drop the index 4 in the following.
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vertices since one of the four possible exit legs violates spin conservation; in the given
example it is exit leg 3. However, in one case we also choose the same exit leg as entry,
we bounce back without changing the vertex. Thus, there are only two further resulting
vertices Vi and V5, in this case for the exit legs 1 and 2. But now consider entering the
second vertex V; at the previous exit leg 1 as shown in the second line of Figure [3.8 If
we exit at leg 0, we end up with V5, since we go exactly the reverse path which led to that
vertex in the first line. More generally, when we enter a vertex at leg [ and exit at leg [’
leading to a vertex V' and then enter V' at the same leg I’, we undo the flip at this leg [’
Thus, an exit at leg I” leads to the same vertex V" as if we would have gone from [ to [”
immediately in V. Consequently, all resulting vertices in the second line are the same as
in the first line. This is also the case in the third line where we enter V5 at the exit leg of
the first line, leg 2.

With the shorthand notation a;; := a(V;, 4, j) and W; := wy,, 4,5 € {0,1,2,3} we can
immediately write down the corresponding directed loop equations

ago + ap1 + age = W,
ayo + an + ap = Wi, Q5 = Qjj. (3.48)

ago + ag1 + ag = W,

Thus, we have three equations for six degrees of freedom a;j,7 <= j, i.e., the solution is
not unique. All in all, we have four possible entry legs to six vertices which makes eight
groups of eq. . However, these are all equivalent due to three symmetries: (i) change
the direction of the bond i(b) <+ j(b), i.e., left and right in the pictures, (ii) change in- and
outgoing legs (0,1) <> (2,3), i.e., up and down in the pictures, and (iii) flip all spins at
once, i.e., exchange filled and empty circles. The last symmetry is not given for a nonzero
magnetic field h; then one actually has to solve two such groups of .
A simple and quite symmetric solution is given by

_ WiW;

W+ W+ W

P(Viii = j) = 24 — L
Vit =) = 5 = W w1

Q5
(Heat Bath Solution) (3.49)

This was the first general solution proposed for directed loops [67]. A big advantage of the
directed loops is, that it takes into account possible anisotropies or magnetic fields leading
to different weights of the vertices from scratch. That way the loops can be flipped with
unit probability already during the construction. In contrast to that, the naive approach
described at the end of section took the different weights into account a posteriori;
there the loops can not always be flipped, which leads to unnecessary work without
changes of the configuration.

However, there is also unnecessary work done during the construction of directed loops:
in every bounce process, when we enter and exit a vertex at the same leg, the vertex does
not change and even undoes the flip at the exit leg of the previous vertex since it enters
there. This motivates to look for solutions minimizing the bounce probability a;. The
heat bath solution ([3.49) generically leads to high bounce probabilities; in particular the
bounce probability even approaches % when two weights are equal, W, = Wy, Wy = 0;
this is the case for the deterministic loop update at A = 1.
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maximum bounce probability

Figure 3.9: Comparison of the largest bounce probabilities between the heat bath solu-

tion, eq. (3.49)), and the solution minimizing the bounce, eq. (3.50) or (3.51)),

respectively. Here Cy = % + 0.25 and hp is the magnetic field per bond.

It is possible to find solutions with less bouncing [60], 61]. There is only one completely
bounce free solution a; = 0 to eq. (3.48)):

gy = (WO + W1 — WQ)/Q,
Qo = (WO - W1 + W2>/2, Qoo = A11 = Q99 = 0 (350)
19 = (—WO -+ W1 -+ W2>/2,

Since we need positive probabilities a;; > 0, this bounce free solution can only be used
if no term in the Hamiltonian dominatesﬂ Wo < Wi + W, Otherwise, we can use the
solution with a bouncing of the vertex with highest weight [61]

ago = Wo — Wy — W,
g1 = Wl, a11 = A9y = 0= a12. (351)
agy = Wo,

As shown in Figure 3.9} the bounce probability is indeed dramatically reduced by this
solution compared to the heat bath . Note also that there is only one bounce in
eq. , whereas in the heat bath solution there is a possible bounce for every entry.

The solutions eq. and (or the heat bath solution (3.49))) can be hard-coded
in the program to determine the list of exit leg selection probabilities P(V,l — l~) for the
given parameters during the initialization of the program. Further, it is necessary to store
all four spin states for each operator in the operator string, such that one can look up
the corresponding selection probabilities and flip the spins during the loop update. To
ensure positive weights for all six vertices, Cy has been chosen as Cy = J (% +0.25) in

8 We can assume without loss of generality that Wy > W; > W.
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the following. The constant 0.25 helps balancing the weights as it ensures that all six
vertex weights are nonzero; the exact value is, however, irrelevant for the results. But the
average number of operators (n) increases for larger Cy; thus, one should not choose it
too large.

Of course, one should flip more than one loop during a Monte Carlo sweep such that
a significant fraction of vertices changes. However, to avoid a bias, the number N; of
loop flips in each sweep should be constant during the measurement. The length of the
single loops can vary a lot] Thus, one can record the average loop length during the
thermalization and periodically adjust N; such that approximately 2L legs are visited
during one sweep.

3.4 Observables and Improved Estimators

The SSE algorithm described above calculates thermodynamic weighted averages accord-
ing to eq. (3.34) for any observable diagonal in the S* basis. Simple examples for such
diagonal operators are the magnetization, the order parameter in a ferromagnetic phase,

= <Z s;> (3.52)

and the staggered magnetization, which serves as order parameter in the antiferromagnetic
phase:

= <Z gbiSf> with ¢; = (—1)" 1%, (3.53)

In some cases the statistical error can be reduced by a simple trick which will be
explained in the following. Basically, there is nothing special about the initial state
la) = |a(p = 0)) compared to the other propagated states |a(p)). In particular one can
permute the complete operator string p +1 — p mod L due to the periodicity in the
imaginary time direction. This permutation leads to a new configuration with another
initial state |a), namely the previous first propagated state |a(p = 1)), but the same
weight Wy p=1)),57¢™ = Wja),s, . Clearly, one can iterate this procedure for any shift; thus,
eq. (3.34) can be reexpressed with an average over all propagated states:

<> ZZ% s, (ol Alo) ZZ% Z<<p>|/1|a<p>>. (3.54)
a |a :0

Since two states |a(p + 1)) and |a(p)) differ at most by the two sites at the bond b(p)
—if Hzg )) is off-diagonal — it is often easy to calculate the changes in the corresponding

matrix elements (o (p)| A |a(p)) with low computational effort. For example, the matrix

9 One might even worry that a loop never closes. To avoid that problem one can set an upper limit to
the loop length, e.g., 100L for an operator string of fixed length L. If the loop did not close within
so many steps, one can proceed immediately with the next Monte Carlo sweep discarding all changes
during the loop update [60].
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element of the staggered magnetization M; has to be calculated only for the initial state
from all NV spins and can then be updated according to the local changes. The additional
computational effort O (L) then easily pays off. Especially at low temperatures, where L
is large, the additional average may dramatically decrease the statistical errors.

However, the trick does not work for the total magnetization M: M commutes with
every local ”HZ((;’ )) , the matrix element does not change at all in this case and the additional
average does not help and should not be performed in that case.

To calculate the static structure factor

S(k) = (JSE*) with S; = \/LN D erihigs (3.55)

for all momenta k, a fast Fourier transform has to be performed for each measurement of
the matrix element. Thus, the author decided not to do the average over p; otherwise this
measurement would be O (N?log(N)) and completely dominate the calculations for large
N. With S(k) one can calculate a further Fourier transform post simulation to obtain
the spatial correlations:

1 1 s 1 )
(S7S7) = 5 D_(Si55,) = 73 2 D™ I(SESE) = = 3 e TS (k). (3.56)
k

i ki i

For the deterministic loop updates at A = 1, there exist so-called improved estima-
tors reducing the noise further [52]. Since flipping a loop does not change the weight in
that case, one can average over all possible loop flips which is often analytically possible.
Although the improved estimators have been implemented for the deterministic loop up-
dates, we will here refer the reader to the literature [52), [63] since we will mainly study
anisotropic couplings A # 1 in the following.

Susceptibilities

Often we want to calculate the linear response of an observable A to a small perturbation
H—H+bB.

0
XAB:%

b=0 <A>H+bé ' (3.57)

Such a generalized susceptibility is given by the Kubo formula [52]

Xip = /0 ’ <A(T)B> dr — 8 <A> <B> with A(7) = e Ae~ ™. (3.58)

A rigorous calculation given in appendix [B| shows that the average over the imaginary
time corresponds to an average over the propagation index p, as one can expect from the
correspondence between SSE and path integral Monte Carlo.

It is easy to see that this expression reduces to the connected correlator if A or B
commute with the Hamiltonian. In practice this only happens for the susceptibility to
the uniform magnetization

X = %XM’M = %% = % (M%) — (M)?) = %<M2>. (3.59)
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Off-diagonal operators

The expression for the average eq. (or equivalently ([3.54)) is only valid for di-
agonal operators. For off-diagonal operators one needs to insert the identity operator
1 = > la) (] in the derivation of an analogous formula, such that the operator
strings in general do not need to be periodic, |a(p = L)) = |&/) # |a) = |a(p =0)).
This leads to a sign problem as the bipartite lattice does not ensure an even number
of off-diagonal operators Hgff% anymore. We will thus not discuss general off-diagonal
operators here. However, there is a simple case that the off-diagonal operator is a part
of the Hamiltonian itself. Indeed we have already derived eq. for the total energy,
which clearly is off-diagonal. Generalizing the derivation of eq. (3.31]) (see appendix [A]),
we obtain

(Hp) = <ng> for H = const — Z H, (3.60)
b

where ny, is just the number of operators with index b in the operator string [23], 52]. We
can go even further and distinguish between all vertices. For the calculation of the singlet
and triplet projections in section it will be necessary to split the diagonal part. The
off-diagonal part can be split into S;(rb)Sj_( and S](b S X which allows to calculate the
current, e.g., in z-direction, from the number n” of off- dlagonal vertices transporting 1 to
the right, or to the left n', respectively:

()= (X (sioto - Sivsio) )= 3 (= () as

b x-dir. b x-dir.

Clearly, the current vanishes in thermodynamic equilibrium, but the current-current sus-
ceptibility used for the spin stiffness does not need to do so [52]. However, these quantities
were not calculated in this thesis and will thus not be discussed further.

3.5 Program Verification

To spot possible logic errors in the written code it is essential to compare the results with
known data. For this thesis the author checked the correctness mainly by comparison with
data obtained from an exact diagonalization (ED) of the Hamiltonian as he has done for
his bachelor’s thesis [68]. The energy for different values of A in a one dimensional chain
is exemplarily depicted in Figure Figure shows the difference between ED and
SSE data in more detail such that the error bars are visible. For the energy the error bars
tend to get smaller with decreasing temperature (i.e., increasing ) which can be related
to the fact that we use an improved estimator (averaging over all propagated states)
for the energy. In contrast to that the statistical errors for the specific heat increase
dramatically with § and are generically larger. For this observable we need to take a
difference between the variance (n2) — (n)* and average (n) of the number of operators n,
see eq. . While C'y vanishes for T'— 0, both the variance and average of n increase
with 3, compare Figure[3.3] Thus, even if the relative error in (n?) and (n) can be kept
constant, a large cancellation error appears in the final result due to the subtraction.
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Energy per site of an 1D chain with PBC, L = 16, for A = 0,0.5,1.0,1.5
from top to bottom. The solid red line shows data obtained by an exact
diagonalization (ED) of the Hamiltonian. The black crosses are obtained
with deterministic loop updates as described in section [3.3.2] for A = 0.5
and A = 1.5 see the last paragraph therein. This method is not possible
for A = 0. The blue squares are obtained with directed loop updates as
described in section [3.3.3 Error bars are included, but much smaller than
the symbol size.
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Figure 3.11: Difference between SSE data with directed loop updates and ED, showing

the error bars for different temperatures, for a 1D chain with PBC, L =
16, A = 1. For each point 10% sweeps have been performed. The left graph
shows the energy, the right graph the specific heat.



4 Phase Transitions

We will now focus on anisotropic couplings with A = 4 on a two-dimensional (2D) square
lattice. To minimize boundary effects we use periodic boundary conditions. The lattice
with N = L? sites is not frustrated for even side length L. As we have seen in section
this choice of A is deep in the Ising regime where we expect to see a finite temperature
phase transition. We expect the ground state to be close to the classical Néel state
[T41) .. .) but with some quantum fluctuations. The correct order parameter is the average
of the staggered magnetization

mg =

jy\; = %Z 4.5z with ¢; = (—1)™+¥, (4.1)

In any energy eigenstate of the system we can flip all spins and obtain another state
with the same energy but negative m, — this is the Z, symmetry mentioned in section
2.3] Hence, (m), which is essentially (S7), vanishes at any temperature in finite systems
when the complete average is taken correctly.

Unfortunately SSE simulations do not give the correct result here, see Figure
However, that also happens in a real physical system: at low temperatures neighboring
spins anti-align which leads to a nonzero value of my; the sign of m, is chosen sponta-
neously to point either up or down. Statistically we observe a second order phase transition
where the distribution of m, changes continuously from a peak centered around 0 to two
peaks at 4 |my|. A real physical system will be in one of these two peaks; one says the
system spontaneously breaks the Z, symmetry. Alternatively, one might say here that the
system breaks the translation invariance as it favors the spin correlations at a wave vector

0.5 0.5
04 0.45 -
0.3 | 04
0.2
0.35 |
" =
= v | = 03t}
: I 025 |
= —01f | =
—0.2 i i 02 14 N i
—0.3 | L 4 015} --- L=28 AN
B - L=12 .
—04 F ’, i 4 01 L =16 i
705 . L 4= | 1 1 1 005 1 1 1 1 1 1 .
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 3.5
T [J] T [J]
(a) Staggered magnetization (b) Average of absolute value of Mj

Figure 4.1: Staggered Magnetization per site on a 2D square lattice with N = L x L sites,
PBC, A =4.
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Figure 4.2: Squared staggered magnetization and corresponding susceptibility on a 2D
square lattice, PBC, A = 4.

Q = (m,7) — the reason for the choice of ¢; in eq. (4.1)); a shift of one lattice spacing a
(which is set to unity here) will flip the sign of m,. At low temperatures there are thus
two regions with high weight in the phase space or the configuration space of SSE, respec-
tively. At some point the system can no longer change the sign of mg since this involves
intermediate states with high energy. The necessary intermediate energy increases with
L, thus the larger systems in Figure get stuck in local energy minima earlier while
the system is cooled downﬂ. However, it is obvious in the mechanism of SSE that flipping
all spins will not change the weight of the configuration, thus it is not necessary to add
such a mechanism in practice. Although our strictly speaking simulations do not fulfill
ergodicity, we can thus expect correct results for quantities which are invariant under that
symmetry, e.g., (|ms|) shown in Figure and (m?) in Figure [4.2(a)]

At low temperatures (| M;|) takes almost its maximum value of % per spin, which corre-
sponds to a complete anti-alignment of all spins as in the classical Ising model. This shows
that we have only quite few quantum fluctuations in the ground state. With increasing
system size a sharp decay develops around the critical temperature T,. In the thermody-
namic limit both (m?) and (|mg|) will vanish in the disordered phase; fluctuations around
the mean become negligible for N — oo. The order parameter then takes the form of a
power law in the reduced temperature 7,

. I7|? for T <0, _ T T,
1 th 7= . 4.2
Novoo (i) o« {0 for 7 > 0, T T, (4.2)

Unfortunately, the convention for the exponent is 3, but it should be clear from the
context whether [ refers to that exponent or the inverse temperature. For 7 < 0 we are
in the ordered phase, 7 > 0 corresponds to the disordered phase.

L Tt is possible to overcome this problem in Monte Carlo simulations with parallel tempering [69], yet
this method has not been implemented for this thesis due to time restrictions. This is helpful, e.g., for
first order phase transitions or spin glasses, where non-equivalent separated regions with high weight
appear in phase space.
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Figure 4.3: Energy per site on a 2D square lattice, PBC, A = 4. The ground state
energy is Eys = —2.0417 4+ 0.0001, independent of L within error bars. The
inset shows E — E,4 versus [ on a logarithmic y-axis revealing a gap. For
B 2 1.5 the error bars grow larger than the values £ — E, . The green line is
exp(—8.1J) for comparison.

The corresponding susceptibility x = % ((M2) — <|M5|)2) for the staggered magneti-
zation is shown in Figure . Note the different normalization with N here. The
susceptibility x diverges at the critical temperature. With increasing L the position of
the maxima shifts, approaching T, from above. The reason will be explained in section
4.3l However, away from 7,, x takes finite values in the limit N — oo. Since M; o< N
this shows that the fluctuations around the mean value of M, will indeed vanish in the
thermodynamic limit.

The development of singularities — and thus a strong finite size dependence — is common
for many quantities near a phase transition, although it is usually not as strong as for the
order parameter. The energy E/N per site depicted in Figure does not diverge, but
shows an infinite slope at T,.. At high temperatures the energy approaches 0. This is clear
from the following consideration: at infinite temperature each state has the same weight,
thus the energy is approximately (E) ~ >, 57,5501 (S7,595,.. | H|S;,S5,...) , ie., the
sum over the classical Ising energies — the off-diagonal part drops. The spectrum of the
I[sing model is symmetric: changing the spin on each second site (on a bipartite lattice)
flips the sign of the interaction. Thus, £ — 0 for T — oo.

Regarding the low temperature behavior, the plot further shows that we are in a gapped
phase: At the lowest temperatures considered here, 7" = 0.15.J,0.2J the ground state
energy per bond is E/N, = —1.0208(2).J, independent of both 7" and L within the error
bars, which shows that we are already in the ground state. Note how close this value is
to /N, = —1 for the classical Ising model neglecting S* and SY. The inset of Figure
shows the same data points after subtraction of the ground state energy and versus § = %



48 4 Phase Transitions

1.6 T T T T T T T
o L =4 ——
14 | ’ L =8 x4 i
' 6 m L=12 -
19 L n # L=16 :o |
’ x %
1} g & |
o)
x E
0.8 | ..® ]
5 E ::* 63{_
N L o* 2% .,
QO 0.6 g* @g*++ -
2 g % +++
0.4 ¢ & g;éa - i
& By
e feay
1.5 2 2.5 3 3.5 4

Figure 4.4: Specific heat on a 2D square lattice, PBC, A = 4.

For large 3 the data points follow a straight line on the logarithmic y-axis until the relative
error grows too large — the behavior one expects for an energy gap Fg.p, and ¢ € N excited
states with energy Egs + Egap:

cFE o e—ﬂEgap + .. B
(B = Bo) = 5 i~ const- e 7. (43)

The 2 stems from the ground state which is two fold degenerate. From the slope we can
estimate Eg,, ~ 8J for A = 4. Indeed, the exact diagonalization for 4 x 4 sites gives
two nearly degenerate (AE = 9.21 x 107°) ground states with energy —3.26685 and 16
excited states in the range F = —25.085 to E = —24.584 in the sector with total S* =1
(and another 16 such states with total S* = —1 due to symmetry).

The derivative of the energy is given by the specific heat Cy = g—? depicted in Figure .
In general, the specific heat diverges as a power law Cy /N o |7|%, but in the universality
class of the 2D Ising model the exponent for the specific heat is a = 0 in the sense that
Cyv/N diverges only logarithmicallyP] [70].

4.1 Correlation Length

We can easily relate (m?) to the spatial correlations of the spins:

1 1 1
(m) = 3= Z 665 (S57) = Z 6 (SiSir) = 7 D C). (4.4)
5] 7,7 ::C" (r) s

2 As a hand waving argument one can note ‘95’—: o 2271 for o # 0 and %gz(w) = 2971 to motivate that

a power law with o = 0 corresponds to a logarithm.
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Figure 4.5: Decay of spin-spin-correlations C'(r = (z,0)) in z-direction for a 28 x 28 square
lattice, calculated from eq. (3.56)). Note the log-scale on both axes. Due to
periodic boundary conditions the correlations increase again for = > 14, see
text. 1" = 2.27 corresponds roughly to the critical temperature for this L.
The lines serve as guides to the eye.

Here we have defined » = 7 — ¢ and used translation invariance for the definition of
the correlation function C(r). In the ordered phase we expect a decay of C(r) from
C(0) = ((S7)?) = ; to a nonzero long-range limit C(r — o00). In the thermodynamic
limit N — oo only this value gives the relevant contribution in the average of eq. ,
and we have C(r — o0) = (m?).

The correlations in z-direction are shown in Figure for fixed system size L = 28.
While C(r) clearly decays to zero above the critical temperature, it reaches a finite value
below T.. The periodic boundary conditions impose the symmetry C(r = (x,y)) =
C((L+1—=z,y)) =C((z,L+1—1y)) and lead to an increase of C'(r) when r approaches
half the lattice. In general, one expects an exponential decay of the correlation function
in the disordered phase, and of the connected correlations C*(r) := C(r) — ¢; (S7) (SZ,,.)
E|in the ordered phase as well. The correlation length ¢ is defined as the characteristic
length scale of this decay:

C(r) o exp <—|L£|> for large |r|. (4.5)
Below the critical temperature we define ¢ from an analogous relation for C*(r). When
we approach the critical temperature 7" — T, the correlation length diverges according to
a power law [53]:

Eox ||, (4.6)

3 Here the average (-) should be seen in the thermodynamic limit with a broken Z, symmetry, such that
(S7) does not vanish.
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Figure 4.6: Correlation length from eq. (4.7) for a 2D square lattice, PBC, A = 4.

Note that the exponent v is the same for both sides T' > T, and T' < T... In the universality
class of the 2D Ising model which we consider here v = 1 [70]. Right at the critical
temperature the decay of C'(r) is no longer exponential, but also follows a power law
which corresponds to a straight line in the double logarithmic scaling of Figure |4.5]

The calculation of all spatial correlations (5757, ) as the Fourier transform of the
structure factor S(k), see eq. , is naturally quite expensive. To get a rough estimate
of the correlation length it is not necessary to calculate the structure factor S(k) for
all momenta k. With the anti-alignment of the spins S(k) develops a peak at the wave
vector Q = (m, ) corresponding to the phase ¢; in eq. (4.1). We included that phase
into the definition C(r) = ¢; (S757,,) such that C(r) > 0. From (3.56) we have S(k) =
> eh=Q7C(r). The Fourier transform to S(k) then encodes the long-range behavior
of C(r) in the momenta close to Q. For small ¢ the peak S(Q + ¢) should thus be
well described by the Fourier transform of the exponential decay of C(r), which is in 1D

simply a Lorentzian function ﬁ. This motivates the following two definitions for the
correlation length [52]:
S@Q+q)
o= L/ _SQ) 1 & = 1 | 5@129 1. (4.7)
¢\ S@+q g\ 4— 5

Here we choose g = (2%, 0) to be the smallest possible wave vector in a finite system.
Both quantities are shown in Figure[4.6] In the ordered phase with Co := C/(r — 00) #
0 only the connected correlations C*(r) decay exponentially. The additional constant in
C(r) transforms into a delta peak affecting only S(Q). Thus, £, diverges in the ordered
phase, whereas &, does not reflect the long-range order but describes the decay of C*(r)
correctly. In a classical system S(k # () vanishes in the ground state and &, diverges
when 7" — 0. But here quantum fluctuations imply that C'(r = 0) = }L > (' and thus
S(k) is nonzero for all temperatures. Indeed, suppose that C(r) = Cy + (%L — Cw)br0,

then S(k) = NCuoolrg+ (3 — Cx). Thus, sfc(ﬁ)q) o« N for low temperatures, which implies

&, o< L2, In contrast, at high temperatures the spins are uncorrelated, and ¢ < L is nearly
independent of the system size. Thus, &,/L shows a crossing as depicted in Figure [4.6(a)|
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The fact that all curves intersect at T is a hint that the exponent v = 1 since we are in the
universality class of the classical 2D Ising model. Indeed, the maxima of the connected
correlation length & shown in Figure 4.6(b)| also diverge proportional to L.

4.2 Scaling Hypothesis

A critical point is characterized by scale invariance [53]: For the order parameter m; in
eq. we average over all N spins of our finite system. Now consider such an average
over a finite number of NV sites in an infinite lattice. Scale invariance then means that
the fluctuations in m, will be independent of N — as long as N is large enough such that
the finite lattice spacing does not matter. Clearly, this requires an infinite correlation
length: On the one hand the correlations need to decay fast enough such that we have
fluctuations on short scales, but on the other hand, slowly enough such that m, takes
nonzero values on large scales as well.

The description of the system at different length scales and scale invariance at critical
points are the foundation of the renormalization group (RG) theory [71), [72]. In the
following we will shortly explain the basic idea with the help of Kadanoff’s spin block
picture [73]. As the name suggests, one groups the spins into blocks of lateral length
b in each dimension and describes the spins in each block collectively, combining the
interactions of single spins at the boundaries of a block to effective interactions between the
blocks. The resulting blocks then live on a lattice with lattice spacing b- a, which is larger
by a factor of b compared to the previous unit length a. After a final rescaling of all lengths
with %, one obtains a description of the same model, but with renormalized, effective
couplings. Such a procedure is called an RG transformation and is the mathematical
formulation of how to view the system at a larger length scale.

We denote the free energy density with f = _/# In Z. In the context of RG it is
seen as a function of so-called scaling fields. In our model we have two relevant scaling
fields: the reduced temperature 7 and the magnetic field A which couples to the order
parameter. Now consider an RG transformation: By rescaling a — a/b, the correlation
length is rescaled as well, & — £b. We recall from eq. that |7|¢ v = const. Thus, the
RG transformation changes the reduced temperature 7 — 707 with an exponent w, = %
Similar, the other scaling fields are changed as well, but with some other exponent; let
us say h — hb*». Coupling fields with negative exponents w are irrelevant: their values
just renormalize to 0 after some number of RG transformations, and thus do not lead
to singular behavior of f. However, from the non-rescaled point of view each spin block
contains b? spins, which arises as a prefactor to the density f. By definition, the value
of the free energy density does not change under a rescaling for scale invariant systems,
i.e., near a phase transition. Thus, we have the following highly remarkable result:

bif(r,h) = f(T07, hb“r). (4.8)

With the choice b = |7|™" = 7b% = %1, we see that f can be written in terms of a scaling
function ®; :

F(r,h) = |7.|dV D (L) with A == 2 (4.9)

I7* Wr
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This form was actually proposed as a hypothesis by Widom in 1965 [74] from phenomeno-
logical arguments. Many thermodynamic observables can be obtained from f through
derivatives and thus obey very similar scaling laws, but with other scaling functions. For
example the singular part of the specific heat is essentially given by two derivatives with
respect to 7:

E(r,h) x _Ofmh) dv 7)™ @ (LA) —RA || <L)

or I7] |T’A
=" s (%) , (4.10)
7]
2
CV(T7 h) o _w — (dl/ _ 1) |T|d1/72 Dy (LA) _ hA,]_dV—Q—Aq)E (LA)
or I7] 7]
_ dv—2 h
=" %0 | ma ) (4.11)
7]

In the limit h — 0 the argument of the scaling function will be 0 such that the scaling
function gives a constant prefactor only. Above, we proposed a scaling with the exponent
a for Cy (p. ; thus, we see that not all exponents are independent. In fact, there are
plenty of relations between them [57]; here, we arrive at the hyperscaling relation

dv =2 — a. (4.12)

4.3 Finite Size Scaling

We will now review the influence of the finite lattice length L, an analysis which dates
back to Fisher [75]. Formally, the thermodynamic average (A) = Tr {e #"A} /Z of any
observable A is an analytic function without any singularities for finite systems N < oo.
Thus, the thermodynamic limit N — oo is essential to observe the singularities associated
with a phase transition.

Handwavingly, we can argue that a finite system with L < oo is effectively ordered when
the correlation length & o< |7|™" is comparable to the length L. This happens already at
some temperature T,.(L) above the (real) infinite-length critical temperature T,

(T.(L)~T) &b mL v = T.(L) ~ T, + const - L™, (4.13)

which explains the shift of the maxima for divergent quantities, e.g., the susceptibility in
Figure [£.2(b)] The scaling theory of the previous section allows a more rigorous study
which we will discuss in the following along the lines of Ref. [53].

For simplicity we will now set the magnetic field h = 0. When we consider a system
of finite length L, we can simply see % as a further, relevant scaling variable: clearly it
will rescale as % — % under an RG transformation. Thus, the corresponding exponent
is simply 1. Let us now consider a general thermodynamic variable A(r, %) generated
from the free energy, e.g., the susceptibility. Similar to the scaling of the free energy in

eq. (4.8), we expect the following behavior under an RG transformation [53]:

A(r)=A (T, %) —bh1A (Tbi, %) . (4.14)
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Here w, is the anomalous dimension of A and will later be related to the critical exponent
of A. Again we can choose b = |7|™" such that we can write Ay in terms of just a single
scaling function,

autr) = e () = o () V() = e (22). a9

In the last step we absorbed some constants in the scaling function. Let us assume
that A has a singularity with some exponent x at the critical point, i.e., it behaves as
Aoo(T) ~ ¢ |7|7" in the limit L — oo, where we have possibly different prefactors c,
and c_ corresponding to an approach to 7T, from above (7 > 0) or from below (7 < 0),
respectively. Such a behavior is only possible if the scaling function shows the asymptotic
behavior ®4(x) ~ ¢4 [|™" in the limit £ — oco. Further, we have to identify wy = £ to
compensate the scaling with L for a well-behaved thermodynamic limit. Thus, the finite
size scaling of A will have the following form:

p 1 IR L
Ap(r) = LEd, <¢L >_L by (5(7)). (4.16)
This remarkable result has several consequences which we will give in the following.

First of all, eq. shows that the finite size scaling exactly at the critical temper-
ature, T =T, < 7 = 0, is given by A;(7 = 0) o< L¥, and thus related to the singularity
with respect to 7 in the infinite size system.

Secondly, we understand the argument given in the beginning of this section more
rigorously: For definiteness consider the divergent maxima of the susceptibility as shown
in Figure . The scaling function ®, (z) may have a maximum at some zo > 0. If we
denote the temperature of the maximumﬁ with T.(L), we can follow its movement with L
which additionally gives the constant prefactor in eq. :

Lv =z = T,(L) =T, + ToxoL > (4.17)

The value of x diverges at the maximum in exactly the same form as it does at 7 = 0,
but with another prefactor ®,(zo) (instead of ®,(0)):

Ap <T = WT_T) = Lv®,(20). (4.18)

The result of eq. allows a determination of 7, from the position of the maxima
T.(L) in finite size data. Such an analysis is shown in Figure Since Monte Carlo
data have statistical noise, we did not just use the temperature of the data point with the
maximal value for T,(L); this would also require a very fine grid of temperatures. Instead,
a least squares fit of a polynomial of degree three has been performed, with the position
of the maximum 7T,.(L) as a fit parameter. For each L, only data points in the vicinity
of the corresponding maximum have been used for the fit: As the width of the peaks
decreases with L, we used a window size %, based on the exact value v = 1 of the 2D

4 Note that the prefactor might depend on the variable xg in general, thus it is a bit misleading to talk
about the critical temperature T.(L) at some length L.
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Figure 4.7: Finite size scaling (2D square lattice, A = 4): position of maxima 7,.(L) for
the susceptibility x (black) and specific heat Cy (red) versus inverse length;
see main text for an explanation how the data points were obtained. The data
points follow a straight line which confirms the value of the exponent v = 1
expected for the 2D Ising universality class [57]. The dashed lines indicate
least squares fits according to eq. , where the exact value for v = 1
has been used. From these fits, we obtain the estimates 7. = 2.234(2) from
Cy and T, = 2.237(2) from x. In advance to section the temperatures
at which the curves of the Binder Cumulant Ug of sizes L and 2L cross are
shown, too, see Figure [4.91 The solid blue line shows a fit of these crossings
to a constant value, T, = 2.2349(7).
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Figure 4.8: Data collapse of the staggered susceptibility x on a 2D square lattice, A = 4.
The best collapse is obtained with the values T, = 2.2341(4), v = 1.00(4) and
v = 1.78(9), which compares well to v = 1.75 for the 2D Ising model [57].

Ising universality class [57]. The obtained values for T,(L) are plotted in Figure 1.7} The
data points T,(L) follow a straight line in the plot versus %, which confirms the exponent
v =1 (see eq. ) expected for the 2D Ising universality class. Although this method
gives rough estimates for the critical temperature and the exponent v, it is not the best
possibility to determine these: especially if the exact exponent is not yet known, a fit as
given in Figure [£.7)is quite hard and requires large system sizes for high accuracy.

As a final consequence of eq. (4.16)), the finite size scaling gives rise to a so-called ‘data

collapse: With the definition A%°(7) := Ay (7)L ™+, equation trivially implies
K 1

ArLelsc(,]_l) = ALl (Tl)L;; = q)A <7'1L1;> = Af;C(TQ) lf TlL% = TQL%. (419)
Given the critical temperature T, and the exponents x and v, we can rescale the data
points Ar(T) obtained from finite size Monte Carlo simulations accordingly. Thus, in a
plot versus x := 7Lv on the z-axis, the rescaled data points A7°(7) collapse to a single
master curve; from eq. we see that the master curve is just the scaling function
G4 (x) with x = rLv. Such a data collapse is shown in Figure for the susceptibility x,
for which the above exponent & is by convention denoted as 7.

Reversed, this scaling procedure provides another possibility to determine the exact
values for T, and the exponents: We can just guess some values and check whether the
curves collapse. However, this requires a measure for the goodness of a collapse. The
scaling function ®4(x) is a well behaved, analytic function. Thus, it should be possible
to fit a polynomial of low degree (= 8) to the data points in the vicinity of z = 0.
Throughout this work, we exclude data with length L < 8 from these fits since they have
too strong finite size effects; yet we include them into the plots showing the collapse. One
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Figure 4.9: Binder cumulant Ug on a 2D square lattice, PBC, A = 4. The inset gives an
overview over a wide temperature range for L = 4, 8,12, 16; the arrow indicates
increasing L. The main figure shows the crossing at 7. in more detail.

can then use the fit quality — i.e., the x? per degree of freedom for a least squares fit —
as such a measurd’| [52]. We have used the NLopt library [77] to minimize this measure
under variation of T, and the critical exponents. In fact, we have used such a schema to
obtain the exponent ~ in Figure 4.8|

Unfortunately, most of our estimates are not in agreement with the exponents of the
2D universality class within the error bars. This might be related to the fact that we only
can use comparatively small systems — for the classical Ising model, systems with L ~ 103
can be reached quite easily. For higher accuracy, it might help to include sub-leading
corrections to the scaling ansatz eq. (4.16). Beach et al. [78] proposed — in consideration
of first corrections from irrelevant scaling fields — the following scaling form:

Ap(r) = LF (14 cL™) ®, <7L% _ dL*%) . (4.20)

Here, ¢, d, ¢, and w are further fit parameters and the exponents ¢,w are positive and
usually at most 1. However, this has not been done for this thesis due to time restrictions.

4.3.1 Binder Cumulant

In 1981, Binder [79] studied the distribution of the order parameter on finite spin blocks
for the Ising model. In particular, he studied a quantity which is nowadays known as
Binder cumulant and reads, in our case with the order parameter given by M,
M4
Up=1- <—>2 (4.21)
3(Mg)

5 A similar measure which instead approximates ® 4 only in the local vicinity of data points is proposed
in Ref. [76].
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order k moment central moment (u = 0)
1 L 0
2 u? 4+ o? o?
3 w? + 3uoc? 0
4 put +6p20? + 30t 30t

Table 4.1: First four moments <:Bk>/w and central moments <(ZE - (x>)k> for a normal
) Hn,o
distribution (g(x)),, = [ f(z,,0)g(x)dz with
f((lf,lLL,O') = = exp <_ (x;g)Q)

2o

The results for different system sizes are shown in Figure [£.9] It turns out that this
quantity is well suited to determine the critical temperature from finite size data: it
approaches a step function with a jump at 7. in the thermodynamic limit and admits a
clear crossing of finite size curves at T,.. In the following, we try to get some intuition for
the behavior of the Binder cumulant.

In the paramagnetic phase at high temperatures, the spins are not correlated. M; is
then the sum of independent, identical random variables and is thus (according to the
central limit theorem) normally distributed, centered around 0 as we have no magnetic
field. From Table we can read off that in this case (M%) = 3 (M?), thus Ug — 0
at high temperatures. The central limit theorem requires a large number of independent
variables; thus the value of Up decreases with increasing L. In turn at fixed L, the
correlation length increases when we approach T, from above; we then effectively have
less independent variables and Up increases.

As we have discussed at the beginning of this chapter, the distribution of M, shifts from
a central peak to two peaks at =M, during the phase transition. Let us approximate these
peaks with two normal distributions as well, centered at 1 ~ =+ (|M,|) oc N. The variance
is then given by

N
_X'
g
We have seen in Figure [4.2(b)| that the susceptibility y is well behaved in the thermody-
namic limit if we are far enough from the critical temperature such that & < L. Thus,
12 > 0% by a factor of N in the thermodynamic limit, which justifies the approximation

with normal distributions and p = (|M;|) a posteriori. From Table {4.1| we can estimate
the leading order behavior of the Binder cumulant:

o® = (M2) — (|M,))* = (4.22)

o 3O — (MY 3(p +0°) — (it + 6%0% + 30Y) 2
ot 3 (12 + 02" RTINS
p 2\ 1
=—(1-—4+0(— . 4.23
3< N (%8 (N)) (4:23)

This result is valid in the ordered phase for £ < L.

Binder noted in his paper [79] that the approximation with two normal distributions
describes the peaks, but not the wings of the distribution: domain walls can form at which
the order parameter changes its sign such that M; is nearly 0 in the total considered block.
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The energy cost of such domain walls grows only with the surface of the domains, not
with their volume, and leads to a correction of the distribution function in My, increasing
the weight at small M,. Nevertheless, this approximation and eq. give us the
correct behavior of the Binder cumulant Ug in the thermodynamic limit: it approximates
a step function with a jump from % to 0 at the phase transition, i.e., at T,.. Assuming a
scaling similar to eq. for the distribution function itself, Binder further derived the
following scaling form for Up near the phase transition [79]:

Up=1-— COLE)Q. (4.24)
3(f2(3))

Here () is a universal constant, and fj (%) are the scaling functions of the k-th moment
<Msk> (and are obviously related to the scaling of the distribution function). Exactly
at 7., the Binder cumulant is thus given by another universal constant Ug(t = 0) =

Co _fa(0)

R This explains the clear crossing at 7., shown in Figure . We have
extracted the crossing between curves of size L and 2L and used it in Figure4.7 as a more
precise reference value for T.. However, the highest accuracy can be gained from a data
collapse of the Binder cumulant.

Remarkably, the scaling of the prefactors cancels for the Binder cumulant: we can

rewrite the result (4.24)) in analogy to eq. (4.16) as

Up = Oy, (LT%) . (4.25)

This scaling form allows a data collapse as discussed above with no more than two free
parameters: T, and v; one needs to rescale the z-axis only. In addition, the influence of
v and T, on the curves of finite L is contrary in the following sense: v rotates the curves
such that they all have the same slope at 7 = 0, whereas an imprecise value of T, leads
to a vertical displacement near 7 = 0. Thus, a data collapse of the Binder cumulant is
suited very well to obtain both v and 7. to high precision. The result of such a fit is given
in Figure

4.4 1D-2D-Crossover

In the following we will use the tools described above to study the crossover between one
and two dimensions. As discussed in section and depicted in Figure , we will
therefore vary the coupling strength J' in y-direction from J' = 0 to J' = 1 on a two
dimensional square lattice. The coupling J within the chains is kept fix and serves as unit
of energies.

While the isotropic Heisenberg model shows long-range order at least at 7' = 0 in two
dimensions, it does not in one dimension [9]. As we have seen above, the anisotropic
coupling A = 4 of the X X Z-model (towards the Ising model) enhances the ordering to
a finite temperature transition in two dimensions, which belongs to the universality class
of the 2D Ising model. However, it is well known since its introduction in 1925 [3] that
the one dimensional Ising model does not show long-range order at finite temperatures.
Thus, we expect that the critical temperature 7., at which the ordering sets in, vanishes
for J' — 0.
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Data collapse of the Binder cumulant with best values for T, and v; 2D square
lattice, A = 4. Note that only the x-axis is rescaled according to eq. (4.25)).
The obtained values are T, = 2.2343(2) and v = 0.961(5).
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Energy per site of coupled chains on a 2D square lattice (L x L), A = 4. The
color indicates the value of the inter-chain coupling J’, from top to bottom
J' € {0.05,0.1,0.3,0.5,0.7,0.9}. For each J', different line types indicate the
length L € {8,12,16}, revealing a stronger finite size dependence near the
critical temperature. The arrows at the y-axis indicate the classical ground
state energies for the different J' (with the same color key as the lines).
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Figure 4.12: Squared staggered magnetization (m?) for a one dimensional chain with PBC,
A = 4. In the thermodynamic limit L — oo there is no long-range order at
any 7" > 0 [52]. The ‘kinks’ at low temperatures are unphysical and arise
from statistical errors and a rough grid AT = 0.1J used to create the curves.

It turns out that we can understand the dimensional crossover at A = 4 to a large
extend from purely classical considerations, i.e., when neglecting the off-diagonal part in
the Hamiltonian which leads to quantum fluctuations. The energy per site is depicted in
Figure for different couplings J’. With the same argument as given above for the
isotropic 2D square lattice, the energy approaches 0 at high temperatures for any J'. The
absolute value of the ground state energy per site increases with J'; this is clear from the
classical picture, where the energy per site is simply Egs /N = —% (J+J'). Similarly,
we understand the increase of the gap with J', in the classical picture simply given by
Epp =A(J+J).

Note that the gap still persists in the one dimensional chain, i.e., for J' = 0. Clearly, at
least the classical ground state shows long-range order. One might thus wonder how the
order can be destroyed by thermal excitations if there is a gap. Although the probability
for a single excitation is almost negligible for small 7" due to the gap, it is the huge
number of excitations that destroys the long-range order at finite temperatures. Flipping
a group of m neighboring spins has the same excitation energy as flipping a single spin.
Thus, there are L(L — 1) states with an excitation energy of JA in the 1D Ising chain
of length L. While excitations with just a few flipped spins still contribute to long-range
order, the states where m is a significant fraction of the total length do not. Although
we have correlations on short length scales, the long-range order is thus destroyed in the
thermodynamic limit at any 7" > 0. This is illustrated in Figure with chains of length
up to L = 256: for small length we see the tendency to order, but the temperature at
which the ordering sets in decreases towards 0 with increasing L.

Each finite — but arbitrarily small — value J’ > 0 leads to a fundamental change in that
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Figure 4.13: Squared staggered magnetization of coupled chains on a 2D square lattice,
A = 4. For small J’ the data seems unreliable near the phase transition; an
explanation is given in the main text. The error bars of single simulations
with 10° sweeps are shown for J' € {0.05,0.1} at low temperatures, but they
heavily underestimate the real error.

picture: flipping a block of m neighboring spins in a chain now costs an energy of mA.J’
due to the inter-chain couplings in addition to the intra-chain contribution AJ. Thus,
excitations where a significant number of spins is flipped are suppressed stronger. This
consideration suggests that the finite temperature transition, which we observed in 2D,
persists to any arbitrarily small J" > 0.

The performed SSE simulations seem to confirm this result. The staggered magnetiza-
tion (m?2) is shown in Figure[d.13|for different values of .J'. Indeed, we see that the ordering
sets in at temperatures T.(J') where the energy shows strong finite size dependence (see
Figure . At low J’ our algorithm obviously has problems to produce correct results:
the fluctuations of the data points — which are supposed to be smooth in 7" — become
very large near the phase transition, obviously even larger than the error bars: the auto-
correlation time of (m?) diverges and thus the error bars are not estimated correctly. In
that sense the problem has a similar origin like the one discussed in the beginning of this
chapter that we do not obtain (M,) = 0. The coupling J in z-direction is stronger than
in y-direction (J'). We can read off of Figure that chains of the length we consider
for the dimensional crossover (which requires the simulation of a complete square lattice
with L x L spins irrespectively of J') tend to order at T ~0.7...1.5. Since T, — 0 with
J" — 0, there is an intermediate temperature regime for finite systems where the spins
are ordered within the chains, i.e., in x-direction, but they are not (anti-)aligned in the
y-direction with weak couplings. During the phase transition the spins have to align in
y-direction as well. However, this requires either to flip all the L spins in a chain at once
or to break the alignment within the strong couplings. Due to the large value of A the
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Figure 4.14: Phase diagram for the 1D-2D-crossover at A = 4: critical temperature as a
function of the coupling J’' between the chains. The critical temperature has
been determined from a data collapse of the Binder cumulant. Error bars are
included but much smaller than the symbol size. The solid line is a guide to
the eye connecting the data points. The dotted line near J' = 1 shows the
result of the symmetry argument, eq. (4.29)), using the value T.(J' = 1) in
the isotropic 2D square lattice (black circle). The green dotted-dashed line
shows the exact solution to the classical 2D Ising model by Onsager [4].

loops of the SSE algorithm are, however, quite small and local, thus these updates require
many Monte Carlo sweeps and increase the autocorrelation time.

We extracted the critical temperature for different values of J’ from a data collapse
of the Binder cumulant and collected the results in Figure [£.14] TIrrespectively of the
algorithmic problems described in the previous paragraph, the values for J' > 0.2 should
be reliable. The values for J' € {0.05,0.1} should be considered with care. The statistics
have been enhanced by simulations on a finer grid of temperature values and more (107)
sweeps per data point. Although the Binder cumulant still shows a crossing for the small
J', it is by far not as clear as for the larger J'. However, these two values clearly show
the correct tendency. In Figure the values T,(J') are compared to the exact solution
of the classical 2D Ising model, which was given by Onsager in 1944 [4]. Onsager derived
a relation for the critical temperature in the thermodynamic limit which reads for our
X X Z-model — neglecting the ”quantum” off-diagonal part —

, AJYN . AJ' : .
sinh (QTC> sinh ( o7 > = 1. (classical Ising model) (4.26)

As a further check, we can use a symmetry argument to get the critical temperature
T.(J' = J(1 £¢€)) near J" = J for small ¢ < 1. Indeed, we can split the Hamiltonian
H(J,J') = JH, + J'H, in two parts in z- and y-direction and separate the coupling
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strength J and J', respectively. We have:

1
H(,J(1+€) = 11EJ’Hx+ (1+¢)JH,

(1+eH (JlL+€ 1) . (4.27)

However, it does not matter which direction we call x or y; H(J,J') = H(J',J). Thus,
we have H(1,J' = 14 ¢€) = (1 +e)H (1,J' = 1) if we measure all energies in units of
J = 1. Accordingly, we must have T.(J' = 1+4¢) = (1 +¢)T. (J = 1%6) for the critical
temperature. With a Taylor expansion T,(J' = 1+¢) = T,(1) + €d.T. + O (€?), we obtain
to first order in e:

T.(1) + 0.1, = (1 +€) (To(1) — €0.T.) + O (€?) = 20.T. = T.(1), (4.28)
T =1+¢) =T.(J =1) (1 + % +0 (62)> . (4.29)

This expansion is in good agreement with the Monte Carlo simulations.

All in all, the crossover between one and two dimensions of the X X Z-model at A =4
shows no fundamentally different features than the classical 2D Ising model; the phase
diagram Figure is almost identical. Quantitatively, the quantum fluctuations are
larger in one dimension (and close to it), but they do not change the picture of the
crossover qualitatively.

4.5 Dimers: Quantum Phase Transition

We now turn to the geometry of coupled dimers. When we talk of dimers we think
of two neighboring spins coupled by a bond of unit strength J = 1. As depicted in
Figure the dimers are regularly arranged on the 2D square lattice, parallel to the
r-axis, and in an alternating pattern in y-direction. The remaining bonds have a strength
J" < 1. While such a pattern is realized in the experiment with ultra-cold quantum gases
by Greif et al. [2] in three dimensions, here we restrict ourselves to two dimensions where
the numerical calculation is more easily feasible.

In contrast to the previous section, the off-diagonal quantum part in the Hamiltonian
is much more relevant here: if one would neglect it, the ground state would be the Néel
state with alternating spins on neighboring sites at any J' > 0. But we have already
mentioned in section that the ground state at J' = 0 is a product state of singlets
on the dimers, which has no long-range order. The ground state remains a valence bond
crystal up to some critical coupling .J. above which the ground state is Néel ordered and
there is a finite temperature transition to the ordered phase. Thus, the off-diagonal terms
in the Hamiltonian change the picture qualitatively and give rise to a quantum phase
transition of the ground state, i.e., at zero temperature, which is driven by the coupling
parameter J' in the Hamiltonian instead of the temperature. Of course, there are still
finite-temperature transitions for J’ > J. when the ground state is ordered.

To enhance our understanding of the quantum phase transition we use the following
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lines correspond to values of J' shown in other figures in this section (with
the same colors). The boxes show the locations of the minima; the blue
dotted line indicates the movement of these with J'.
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trial state as an approximation to the exact ground state [9]:

oy =TT e (el — s Jity)) (4.30)

dimers(z,j) 4/ 1+ ‘S|2

Here the product is over all dimers with a strong bond J = 1 and s is a free parameter
which tunes between the types of ground states. With the choice s = 0 the trial state
‘\Iltrial> is the classical Néel state with alternating spins which is close to the exact ground
state in the isotropic lattice with J’ = 1. On the other hand, the trial state is the exact
ground state of the decoupled dimers for J' = 0 if s = 1 is chosen. The best approximation
of the ground state is then obtained by minimization of E™l(s) := <\Iftrial‘ H ‘\If”ia1> /N
by variation of s. Clearly, a trial state with |s| > 1 is equivalent to one with 1/s (up
to a sign flip on all sites and a possible global phase); the limit |s| — oo is well defined
and the same as s — 0. Thus, it suffices to consider |s| < 1. In general s might be
chosen complex; but one can check that the extrema of E'™?!(s) lie on the real axis. For
simplicity, we only consider real s in the following.

The calculation of E*%l(5s) is given in appendix and the result is shown in Figure m
for different J'. Further, the position of the minimum is calculated as a function of J'. As
one can see in Figure , the trial energy E'l(s) is minimal at s = 1 if the inter-dimer
coupling is weaker than some critical value

trial J A=4 9

J.0 = A 0.083.J. (4.31)
This is the expected result: for weaker couplings J' < J%l the singlet formation on
the dimers energetically dominates over the alignment of the spins between the dimers.
Of course, the trial state is not the real ground state for J' > 0, but it is quite close:
it neglects only the off-diagonal terms on the weak bonds of order J' which are by a
factor A weaker than the next terms (namely the diagonal contributions on the weak
bonds). At stronger couplings J' > J%! between the dimers the minimum shifts towards
s = 0, i.e., towards the Néel state with long-range order. Although the minimum moves
continuously, it shifts quite much over a very short range of J: For A =4 at J' = 0.1,
which is only slightly above J™ the minimum is at $,,;, &~ 0.54.

In the following we discuss the results of SSE simulations. The energy per site is
shown in Figure [4.16 At large J’, similar as the coupled chains, the system is well
described by classical considerations. The classical ground state energy is in this pattern
Ey /N = 2(J 4 3J') and the classical spin gap is Egp, = 5(J + 3J'). As expected,
the large energy gap decreases when J’ is tuned from the isotropic couplings J' = 1 to
smaller J', and the strong finite size dependence — a sign of the divergence of the critical
heat in the thermodynamic limit — indicates the drop of the critical temperature. As we
have seen from our calculations with the trial state, the quantum nature — at least on the
strong bonds — becomes important at low J’. In contrast to the chains (cf. Figure ,
the curves of J' = 0.05 and J’ = 0.1 differ only by a few percent and show no detectable
sign of a phase transition in the energy — at least not down to temperatures of 7' = 0.15.J
as shown in the figures.

The squared staggered magnetization is depicted in Figure [£.17 and basically confirms
the above picture. At large J' it qualitatively behaves like the isotropic 2D square lattice;
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Figure 4.16: Energy per site of coupled dimers on a 2D square lattice, A = 4. The color
indicates the value of the inter-chain coupling constant .J’, from top to bottom
J' € {0.05,0.1,0.2,0.3,0.5,0.7,0.9}. For each .J’, different line types indicate
the length L € {8,12,16} (different lengths are also plotted for J' < 0.1, but
the curves lie on top of each other and can not be distinguished).
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Figure 4.17: Squared staggered magnetization (m?) = (M?) /N? of coupled dimers on a
2D square lattice, A = 4. The arrows at the y-axis indicate the staggered
magnetization of the trial state (W] m? |¥™ial) (see appendix, eq. (C.19))
in the thermodynamic limit N — oo where the parameter s was chosen to

minimize the energy for a given J’ (with the same color key as the lines).
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the critical temperature at which the order sets in behaves as expected. A weaker coupling
between the dimers induces stronger quantum fluctuations on the strong bonds which
manifest themselves in a decreasing maximum value of M, in the ordered phase. Indeed,
the arrows at the y-axis in Figure indicate the squared staggered magnetization
in the optimal trial state <\I/trial| m? ‘\Ilmal> where s is determined by the minimum in
Figure [4.15) and thus depends on J’. The calculation is given in appendix [C| The trial
state underestimates the quantum fluctuations — especially for large J’ — since it takes into
account the off-diagonal term of the Hamiltonian on the strong bonds only. Hence, the
value m? estimated from the trial state is higher than in the exact ground state. However,
it clearly gives the right qualitative tendencies. In turn, the good agreement justifies the
choice of the trial state a posteriori. As expected from the considerations with the trial
state, the quantum fluctuations destroy the long-range order completely at finite J' > 0.
At J" = 0.05 we see only finite size fluctuations of M, which vanish in the thermodynamic
limit.

While the trial state calculation suggested that J' = 0.1 is above the critical coupling
and should have a finite temperature transition, we were not able to determine a critical
temperature for this coupling strength. For this J’ the staggered magnetization increases
at low temperatures, but has still a very strong finite size dependence at low temperatures
— in contrast to larger J’ where we observe a plateau with weak finite size dependence in
the ordered phase. The value of m? suggested by the trial state seems to be too high in
any case, which holds true for J' € {0.125,0.15} as well. However, we observed a phase
transition to an ordered phase at T, = 0.270(1)J for J' = 0.125, which is thus an upper
limit to J..

Once more, we used a data collapse of the Binder cumulant to determine the critical
temperature for the different values of J’. The resulting phase diagram is shown in
Figure [1.18] The slope of the critical temperate T,(.J') as a function of the coupling J’ at
J' € {0.125,0.15,0.175} also suggests that the critical coupling J. of the quantum phase
transition is then the value of the trial state J%# = (0.083. For an exact determination
of J. one would need to carry out calculations for more different values of J'. Strictly
speaking, J. is determined by the ground state properties, and another sampling scheme
— or even a completely different numerical method — might be better suited to determine
J. to high precision. We will here only give the conservative estimate J. = 0.10(2) based
on the following three facts: at J' = 0.125 we clearly have a finite T, below which the
system orders, the trial state gives a lower bound at J' = 0.83, and finally we can not
detect a finite temperature transition at J' = 0.1 but see large finite size dependence with
increasing ordering at low temperatures.
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to the eye connecting the data points. The blue triangle shows the critical
coupling Jel obtained from the trial state.
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In this chapter we will change our point of view and turn to the fundamental level of
information theory. Therefore, we will first review some basic notations, in particular
we discuss different entropies, which measure something as fundamental as the amount
of information in a random variable. While these measures are comparatively easily
accessible in ED and DMRG, it requires a trick to obtain them in Monte Carlo simulations.
We will thus first discuss the necessary modifications for the so-called ‘replica trick’ [I]
in section [5.2] before we give results from SSE simulations. Remarkably, we will see that
the mutual information can be used to detect phase transitions, as well. Finally, we will
discuss a modification of the replica trick in a similar spirit, namely the so-called ‘ratio
trick’ [80].

5.1 Some Basics of Information Theory

The mathematical foundations of information theory have been laid by Shannon in 1948
[26]. Consider a statistical experiment with discrete possible results v € C, where C is a
finite set, and denote the probabilities for the outcome v with w,, i.e., 0 < w, < 1 and
>, w, = 1. Shannon quantified the amount of information in the result of the experiment
by the entropy

S{w,}) = Zwy log(w,). (5.1)

veC

The entropy measures the amount of information in the result of the experiment. Note
that we need to know the probabilities of the different results. For example, we know
that a fair coin toss has two possible results, namely head and tail, which occur with the
equal probability of 50%. The entropy measures the information we gain from a single
coin toss; in this case it is called one bit.

Shannon motivated this quantity as a measure of information with three postulates
which determine the form of eq. up to a prefactor. Fixing the prefactor can be seen
as the choice of units for the entropy. Note that we can absorb the prefactor into the
base of the logarithm. While in information theory usually the binary logarithm to the
base of 2 is used — and the unit of information is a bit —, we use the natural logarithm in
this work. Through this choice and the natural units kg = 1, eq. coincides with the
thermodynamic entropy in classical statistical mechanics established by Boltzmann and
Gibbs in the 19th century if we identify the probabilities w, with the Boltzmann weights,
e.g., as for the Ising model in eq. (3.3).

If we know the macro state of a thermodynamic system, in particular the temperature,
we know — at least theoretically — the probabilities for the single micro states and can
give predictions for the micro state. The entropy quantifies the additional information in

69



70 5 Mutual Information

the micro state, i.e., the amount of information one gets by determining the actual micro
state. Equivalently, the entropy is a measure for the uncertainty of not knowing the micro
state. Statements defining the entropy as the ‘measure of disorder’ have to be understood
in this context and should not be confused with the order parameter quantifying a phase
transition.

Let us recall some basic properties of the entropy [26, 28]:

e The entropy is non-negative, S > 0. It vanishes if and only if only one of the w, is
nonzero (and thus equals 1). Indeed, it is clear that we do not get information from
an experiment which has only one possible result and is thus completely predictable.

e The entropy is maximal if all results are equally likely, i.e., w, = 1/|C|. In that
case it takes the value S = S, = log(|C|). Clearly, this is strictly monotonically
increasing with the number of possible states |C|. This is actually one of the postu-
lates used by Shannon [26]. From a physical point of view, this case corresponds to
infinite temperature. In this case, the entropy is extensive: the number of states —
or the dimension of the Hilbert space in quantum mechanics — grows exponentially
with the volume, i.e., the number of lattice sites N. For example, the Ising model
has |C| = 2% possible states and thus S(T — 0o) = N log(2).

o If we have two independent probability distributions {w, } and {w,} (where v and
1 do not have to be in the same set C), we can form the product {w,w,}. Then we
have

SHuwyw,y) = SHw,}) + S{wu}). (5.2)
This is known as additivity of entropies.

In quantum mechanics, we have to replace eq. (5.1]) with the von Neumann entropy [27]

S(p) = =Tr{plog(p)} , (5-3)

where p is the density matrix describing the system. For a pure state p = |U) (V] the
entropy clearly vanishes. At finite temperatures we have to use the mixed density matrix

—BE,
p= Zw,, lv) (v| where H |v) = E, |v) and w, = © = (5.4)

We can evaluate the trace of eq. in the energy eigenbasis and recover the Shannon
entropy. If we have a unique ground state |W,s ) without degeneracy, the density matrix
p =Wy ) (Vg | at T = 0 is pure, i.e., p* = p. We see immediately that S (|Wgs ) (Vg |) =
0. However, we will see shortly that the entropy in a subregion does not vanish in quantum
mechanical systems — in contrast to classical systems.

Suppose we divide our system into two regions. We denote them with A and B and
assume that B is the complement of A, i.e., AN B = () and AU B is the complete system.
Thanks to the lattice structure this is easily possible. In this work, we consider two
different shapes for region A, namely the strips and squares depicted in Figure If
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(a) strips h x L (b) squares h X h

Figure 5.1: Examples for different regions of the 2D square lattice with dimensions L x L,
here L = 6. The colors indicate different h = 1,2, 3 (for red,blue, and green,
respectively). For given h we say all sites within the corresponding dashed
belong to region A, while the complement — i.e., all sites outside of the dashed
line — is denoted with B. The boundary of a strip in cuts 2L bonds
(independent of h: it does not cut the bond of the periodic boundary in y-
direction); the boundary of the squares @ cuts 4h bonds.

are only interested in region A, we integrate out region B to obtain the reduced density
matrix p4. This is accomplished by a partial trace over region B:

pa=Trg{p} = (B118) = D pasasla

B a,a’,p

(|, where po g = (a| (B] pla’) |B) -
(5.5)

Here, the sums run over orthonormal basis sets {|a)} and {|8)} in region A and B,
accordingly. Since the total Hilbert space is a tensor product over all sites, it is natural
to use the product basis of the local basis states, in our case

{la)} = {H |0;) , where o; € {m}} . (5.6)

For a classical system as the Ising model, the energy eigenstates |v) are just a simple
products, |v) = |a) |5). The reduced density matrix then takes the simple, diagonal form

i —Z{(Zwaﬁ) ) ol } (5.7

\‘,_./
=Wq
The von Neumann entropy . ) then clearly reduces to the Shannon entropy for the
reduced weights w,. In particular, the entropy S (“das) of the reduced system vanishes
for T' — 0 if the ground state is not degenerate: in this case w, g is nonzero only for one
combination of a and . In the 2D Ising model the ground state is two fold degenerate.
Thus, at zero temperature w, g is % only if either all spins in « and 8 point up or all spins
point down; otherwise w, g is zero. Note that in this case the knowledge of v implies the
knowledge of 3 since the two regions are not independent of each othelﬂ Accordingly,

L If we had no bonds between the two regions A and B, they would be independent and the entropy
would just sum up, S(p) = S(pa) + S(pp), according to eq. (5.2)).
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~clas.

the entropy of the Ising model at zero temperature is S(p%) = S(p5>) = log(2) for any
(non-empty) region A.

As mentioned above, quantum systems behave differently: even with a unique ground
state |Wy ) at zero temperature, such that we have a pure density matrix p = |Ugs.) (Vs |,
the reduced density matrix will be mixed. As a simple example consider the singlet
|1S) = % (Itd) — [41)) — i.e., the ground state of a two site Heisenberg dimer discussed in
section — and one of the two sites as region A. The corresponding density matrices
are

5= SO (U = [0 (= 0 G+ ) 1), a = 2 (I G+ ) (). (58)

Although p itself is pure by construction, the reduced density matrix p4 clearly is not.
Thus, the quantum entanglement leads to a nonzero entropy of the reduced system, al-
though the system as a whole is in a well defined, unique ground state.

We have noted above that the entropy is extensive at high temperatures. Thus, one
might also expect that the entropy of a reduced system in the region A scales with the
number of sites | A| within the considered region. Clearly, this is true at high temperatures.
However, this is usually not the case at low temperatures. Instead, the entanglement
entropy of many physical ground states seems to follow an area law [29)

S(pa) o< [0A], (5.9)

where |0A| is the surface area of the boundary A between the two regions A and B.
Intuitively, we can argue the entanglement entropy emerges from the quantum correlations
along the boundary of the region, which should be short-ranged as they emerge from short-
range interactions. Nonetheless, there are situations where the aree law does not hold:
at quantum critical points in 1D the entropy scales with the logarithm of the region
length [29] 8], For a review of rigorous results and the area laws in general see Ref. [29].
Beside its physical relevance the entanglement entropy is also of importance for numerical
simulations of correlated quantum many-body systems: one can easily convince oneself
that the entanglement of matrix product states (MPS) — which are used in the density
matrix renormalization group (DMRG) method — and their higher dimensional analogs,
the projected entangled pair states (PEPS), obey an area law [29]. The great success of
DMRG can thus be related to the fact that the entanglement entropy of many physical
ground states in one dimension does not increase with the size of the regionﬂ, and thus
MPS can be used to approximate the ground state very well.

5.1.1 Mutual information

Above, we discussed the entropy S(A) := S(pa) of the region A where the state of the
complement is neglected. One may also ask how much information is contained in the
region A if the state of region B is known. We discuss this first for classical systems
with weights w, . As mentioned above, S(A) is just the Shannon entropy of the reduced
weights:

S(A) == wa log(w,), where w, = > wa,ps. (5.10)
a B

2 (Clearly, the surface area of a connected one dimensional region is a constant.
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S(4)

I(A: B)

S(AU B)

Figure 5.2: Pictorial representation of relations between entropies in regions A and B,
namely between the joint entropy S(AU B), the individual entropies S(A) and
S(B) in each region, the conditional entropies S(A|B) and S(B|A) and the
mutual information (A : B). All these quantities are positive. Reproduced
from Ref. [82].

Now suppose that we fix the state of the system in region B to some [ instead of taking the
partial trace. The remaining distribution in A is then given by the conditional probabilities
Wa,8/ (D, Wa,8) = Wa,p/ws. Accordingly, the entropy is

SAB) =~ “;;“’5 log (%;) . (5.11)

o B

With an average over 3, we obtain the so-called conditional entropy [26]:

S(AIB) : ZwﬁsAw——Zwaﬁlog( )

=— Zwawg log(wa,g) + Z Zwawg log(wg) = S(AU B) — S(B). (5.12)

Here, we labeled the entropy of the complete system (sometimes called joined entropy)
with S(AU B) = S(paug) to distinguish it from the entropy of the single regions. The
conditional entropy measures the remaining uncertainty in region A if the state on region
B is known. Clearly, this quantity is not symmetric with respect to the regions, S(A|B) #
S(B|A). Instead, we see from eq. that S(AU B) = S(A|B) + S(B) = S(B|A) +
S(A). These relations are pictorially represented in Figure 5.2, The figure makes it
easy to identify a further measure of information regarding the two regions: the mutual
information.

As the name suggests, the mutual information measures the amount of information
that the knowledge of the state in region A gives us about the region B, or vice versa.
If we have no information about the system in B, our uncertainty about A is given by
S(A); the knowledge of B reduces this uncertainty to the conditional entropy S(A|B). It
is intuitively clear that S(A|B) < S(A), which can in fact be proven [82]. The mutual
information is then the (positive) difference between these quantities:

[(A: B) = S(A) — S(A|B) = S(A) + S(B) — S(AU B). (5.13)

In terms of weights for classical distributions, we can write the mutual information as:

Zwag log < awﬁ) (5.14)
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However, the definition eq. (5.13) is more advantageous here since it can directly be used
in quantum mechanics: we can just substitute the classical Shannon entropies with the
quantum mechanical von Neumann entropies of the (reduced) density matrices.

Area Law for the Mutual Information

The mutual information measures only the relative information between two regions,
i.e., it measures the correlations between A and B. If we have a finite correlation length
(much smaller than the size of the regions), the sites which are separated by a distance
larger than the correlation length will not be influenced by the state in the other region.
This heuristic argument suggests an area law for the mutual information, which can in
fact be proven for both quantum and classical systems [83]. In the following, we give
the proof along the lines of Ref. [83] for quantum systems in the thermodynamic Gibbs
ensemble defined in eq. (5.4]).

We can split the Hamiltonian into three parts H = H4 + Hy + Hp where H 4 contains
all terms which depend only on the state of region A, Hp those of region B, respectively,
and Hy contains the terms depending on both regions, i.e., bonds with one site in each of
A and B. It is a well known fact of statistical physics that the Gibbs ensemble minimizes
the free energy F'(p). In particular, we can compare the Gibbs ensemble of the complete
system p4p with the tensor product of the reduced density matrices:

F(paus) < F(pa® pp). (5.15)

Now, we evaluate both sides further with F(p) = Tr {pH} — %S(ﬁ). By definition H4 =
Ha ® 1 is independent of the state in B. Thus, we obtain on the left hand side:

1

F(paus) = Tr{pavs(Ha +Hp + Hs)} — ES(ﬁAUB>
1
= TI"A {ﬁAHA} + TI"B {ﬁBHB} + Tr {ﬁAuBHa} - ES(ﬁAUB)' (516)

By definition of the tensor product ps ® pp the distributions in the two regions are
independent, and thus we can use the additivity of the entropy eq. (5.2)) to evaluate the

right hand side of eq. (5.15):

1
F(pa® pp) = Tr{pa® pp(Ha+Hp +Ho)} — BS([’)AQ@ﬁB) (5.17)
. . . . 1 . .
=Tra{paHa} + Trp{psHp} + Tr {pa ® ppHo} — 3 (S(pa) +5(pB)) -

In the last line, we have used the normalization of the reduced density matrices. Com-

parison with eq. (5.16]) yields from eq. ((5.15):

I(A: B) = S(pa) + S(pn) — S(pavn) < BT {(pa ® pis — pavs) Ho}
< B10A] 1A Erpa] (5.18)

The last inequality assumes that H contains only nearest neighbor interactions — such that
the number of bonds crossing the boundary equals the ‘area’ of the boundary |0A| between
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Figure 5.3: Rényi entropies of different order m for a classical distribution {p, 1 — p}.

the regions A and B — and that the energy spectrum of a single bond is finite, the range
given by |AE x|, the difference between the maximum and the minimum eigenenergy of
a single bond.

This shows that the mutual information obeys an area law at finite temperatures. This
law should not be confused with the area law of the quantum entanglement entropy,
eq. . In fact, all the individual, joint, and conditional entropies are extensive at high
temperatures. Note also the prefactor of the inverse temperature 5 in eq. . This
prefactor makes the estimate useless for the ground state at zero temperature, T — 0.
The joint entropy S(A U B) = 0 vanishes in this case, such that the mutual information
is basically just the entanglement entropy S(A) + S(B). As mentioned in the discussion
of eq. , the area law of these quantities is violated at quantum critical points.

5.1.2 Rényi Entropies

Unfortunately, there is — at least to the knowledge of the author — no way to calculate
the Shannon (or von Neumann) entropy in (quantum) Monte Carlo methods directly.
However, there are generalizations — the so-called Rényi entropies, introduced by Rényi
in 1961 [28] — which can be calculated with the help of the replica trick discussed in the
next section.

The Rényi entropies are defined for different ordersﬂ m > 0, m # 1, which is indicated
by an index to S. For discrete classical distributions, they are defined as [2§]

Sm({wi}) = 5 _1mlog (Z w;"> . (5.19)

The Rényi entropies of different order are compared in Figure for the simplest (non-
trivial) distribution: a decision between just two possibilities, one of them chosen with

3 In literature (e.g., by Rényi himself), the order is often labeled with .. However, in this work we use
m to distinguish it from the states |«) in region A.
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probability p and the other with 1 — p. It can easily be seenﬁ, that the limit m — 1
recovers the Shannon entropy from the Rényi entropies. Therefore, we may write .S;
for the Shannon (or von Neumann) entropy to distinguish it from Rényi entropies of
different order. The Rényi entropies are mainly based on the same postulates as the
Shannon entropyEL thus they share many of their properties, and one can also use the
Rényi entropies as a measure for information content instead of the Shannon entropy.
Further, we note that the Rényi entropies are monotonically decreasing in the order m,
ie., S, < S for m > m. Thus, the Rényi entropy of order 2 — which we can explicitly
calculate with the replica trick — is a lower bound to the Shannon entropy S = 5;.

The definition of the classical Rényi entropies eq. can easily be generalized to
the quantum mechanical case of density matrices:

1
Sin(p) i= log (Tr{p™}). 5.22
() == ——log (Tr {5"}) (522)
Obviously, this definition can be used both for the joint entropy with paup and for the
individual entropies in the regions A and B with the reduced density matrices p4 and pg,
respectively. From these, the conditional entropy and mutual entropy can be calculated
with the relations depicted in Figure 5.2} e.g., the Rényi mutual information of order m

is — in analogy with eq. (5.13]) — given by

In(A: B) := Sp(pa) + Sm(pn) — Sm(pavs)- (5.23)

5.2 Replica Trick

The replica trick was used by Calabrese and Cardy in 2004 [81] in the context of conformal
field theories. The basic idea is to use multiple copies of the system, and ‘sew’ (or ‘glue’)
them together in the region A, which allows to obtain the trace of the reduced density
matrix p4 to some power m € {2,3,...}, as we will see shortly. Calabrese and Cardy
used this trick to calculate the von Neumann entropy from 9,, Tr {p}'}|,, ;-

In the context of (quantum) Monte Carlo methods, replicas were used for the first time
by Hastings et al. [84] to calculate the Rényi entropy of order two (or more general, m =

4 Indeed, we can use 1’'Hospital’s rule and rewrite w™ = exp(m logw, ) to obtain:

(5.20)

. 1 >, lexp(mlog(w,)) log(w, )] B
i, S = 7 Jimy T =~ 2 v log(m)

5 Rényi replaced the following postulate of the Shannon entropy with the weaker additivity condition
(5.2) for independent distributions [28]:

S({twl, (1 — t)wl, Wo, W3 . . }) = S({wl,wg, }) + wlS({t, (1 - t)}) (5.21)

This postulate can be interpreted as follows [26]: The complete process to determine a random variable
consists of two subprocesses: First a variable is chosen according to the probabilities {w1,ws,...}.
Then, if we got the result corresponding to w;, we make a second, independent decision between two
alternatives with probabilities ¢ and (1 —¢). The left hand side of eq. measures the information
gained by the whole process. The right hand side distinguishes the two subprocesses and measures
the gained information separately; the factor w; in the second term appears since the second decision
is only necessary with probability w;.
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{2,3,...}) with a so-called ‘swap operator’ in the valence bond basis at zero temperature.
Half a year later, Melko, Kallin, and Hastings [I] outlined the calculation of the mutual
information I,,,(A : B) at finite temperatures in the formulation of SSE. In the following,
we discuss this method in detail and apply it to the spatially anisotropic models.

The key achievement of the replica trick is the evaluation of Tr {p"}'} for m € {2,3,...}.
With the orthonormal bases {|a)} and {|8)} (see eq. (5.6)) and the definition of the
reduced density matrix p4 in eq. , we obtain:

Tr {7} =) (] (Z <51m|ﬁl>---2<ﬁm|ﬁ|ﬁm>) )

a 51 ﬁm
Z Pay,Bria2,81 * Paz,Bzias,B2 *** Poun,Bmiot,Bm - (5'24)

a1,B1;.--Qm,Bm

In the second line we have used the completeness of {|a)} in the Hilbert space of region
A where p4 is defined, see eq. . We can interpret this as m copies of the system
— i.e., m density matrices p — with special boundary conditions: In region B the k-th
density matrix is sandwiched between states [, i.e., we have a periodicity (with respect
to the imaginary time direction) within each copy. Clearly, this periodicity arises from the
partial trace in the definition of p4. In contrast, the copies are glued together in region A:
the final state of the first copy is the initial state of the second copy and so on. Thus, the
copies are not independent of each other, but they effectively interact. The outer trace is
over the Hilbert space corresponding to the region A (since p4 acts on this region only).
Thus, we have a periodicity in region A as well, but only over all copies of the system:
the final state of the last copy has to coincide (in region A) with the initial state of the
first copy. This boundary structure is depicted in Figure for m = 2.

To proceed, we separate the normalization, i.e., the partition function Z [T] = Tr {e=#%}
of the ‘normal’ system, from the density matrix p = e #"/Z [T]. We define a partition
function Z [A,m,T] := Try {(TrB {e_ﬁH})m} for the modified system of replicas as well
such that we have:

Tr{p}} = % (5.25)

S(A) = = log (Tr (33}) = ——— (log(Z [4,m.T)) ~mlog(Z[T])) . (5.26)

—m

Although the partition function is not directly available in Monte Carlo simulations (a
key point of the Metropolis algorithm is to use only the ratio of the weights such that the
normalization does not matter), there are ways to obtain it indirectly. We will discuss
a trick to directly evaluate the ratio of the partition functions in eq. in the next
section; but first we focus on the integration method outlined in Ref. [IJ.

This method simply uses the fact that the thermodynamic average of the energy is
related to the partition function by a derivative:

E=(H)= —%bg(Z), (5.27)

B
= log(Z[T]) = log(Z [T = oc]) — /0 A3 E(D). (5.28)
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Figure 5.4: Geometry and boundary conditions used in the replica trick — i.e., the eval-
uation of Z[A,m,T] = Try {TrB {e*ﬁH}}, see eq. — for m = 2. The
red shaded regions correspond to e #" and are expanded to operator strings
as in Figure [3.2} each of them is periodic in region B (the right four sites),
but not in region A. Instead, the operator strings are connected continuously
in region A as indicated by the gray shaded area. This leads to an operator
string m times as long as usual, with period mf in region A. Reproduced
from Ref. [80].

With this equation, we can evaluate the logarithms of the partition functions in eq.
with two separate Monte Carlo simulations: we run one simulations (with a fine grid of
temperature ranges) with the usual geometry for the evaluation of log(Z [T]), and a second
simulation with the modified geometry and boundary conditions depicted in Figure
for the evaluation of log(Z [A4, m, T)).

We start the integration at 5 = 0 since this is the only point where we know the value of
the partition function a priori. In general, one could also start the integration from other
points where the partition function (or Rényi entropy) is known, e.g., from a separate
calculation with the ratio trick, or in the ground state of a classical system (for which
the replica trick can also be used [85]). At infinite temperature all states are weighted
equally, e#" — 1. Thus, evaluating the partition functions involves simply counting the
number of states; in our case we have

log(Z [T = o0]) = log (21) = (|A| + | B|) log(2), (5.29)
a,B

log(Z [4,m. T = o)) = log (> (3 1)m> — (|A| + m |B|) log(2). (5.30)
a B

Here, |A| and |B| denote the number of sites in region A and its complement B, respec-
tively; the sum |A| 4+ |B| = N is the number of sites.

We now discuss the necessary modifications in the SSE algorithm to implement the
modified geometry with the replicas. For each replica we have to evaluate e #*, but in
this case the initial and final state in region A do not have to coincide. The mapping to
the classical configuration space can be done in complete analogy to section Thus,
we have m operator strings — one for each replica. As before, we fix the length of each
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operator string to some cutoff L. Recall that we fixed L with a constant factor times
the maximal appearing number of (non-identity) operators n during the thermalization.
While the number of (non-identity) operators n can fluctuate and needs not to be the
same in different replicas, it is not necessary to use different cut-offs L: due to the overall
periodicity in imaginary time, the replicas are equivalent and thus the distribution of
n is identical on the different replicas. Actually, we have just used one large operator
string of length m - L in the program code and identify the operator string of the replica
m € {1,2,...m} with the part of the L positions p € {(m —1)L,...,m L —1}. This
storage scheme reflects directly the fact that the replicas are connected in region A and
the ‘world lines’ are continuous in this region, see Figure [5.4]

Although it would basically suffice to store the initial state of region A only for the first
replica due to this continuity, we store the complete initial states for both regions for each
replica, i.e., all |ayz) and |B) for all m € {1,...,m}. The scaling of the computation time
is dominated by the length of the operator string and thus not significantly changed, the
additional memory requirements are nowadays not a problem — the overall SSE simulation
uses 30 to 200 megabytes — and the ratio trick discussed in the next section needs less
adjustments with this scheme.

The sampling of the diagonal update needs only small adjustments for the replica trick.
First, recall that we generate the propagated states on the fly during the iteration over
the propagation index. Of course, this procedure has to reflect the modified boundary
conditions of Figure 5.4} whenever the increase of the propagation index changes between
two replicas, we have to take care of the discontinuity of the states in region B. Further,
one has to take care with the acceptance probabilities in eq. : one may not use the
total number of non-identity operators n, but only the number within the corresponding
replica n, and also the cut-off L is not the overall length of the total operator string,
but of one replica only. This is necessary to reflect the fact that we expand e #* for each
replica separately.

Recall further that we connect the vertices in the operators string with links (depicted as
vertical lines in Figure [3.6(b))) before the loop updates for the off-diagonal sampling. For
the modified geometry of the replicas, it suffices to adjust the construction of these links.
Remarkably, the actual loop update can then be done as before, irrespective of whether
the deterministic loop update or directed loops are used. The necessary modifications
are straightforwardly taken from the modified topology of Figure [5.4; one simply has
to reflect the two different periodicities in the two regions: In region A the states (or
‘world lines’) are continuous and the vertices are linked over the complete operator string,
i.e., all replicas, exactly as before. In contrast, the periodicity within each replica in the
complement B is directly transfered to the links.

Note that also the flips of free spins, i.e., sites on which no operator acts, have to
be adjusted. This update is necessary for the sampling over the initial states. It only
concerns the first propagated state |a(p = 0)) in region A, but all the initial states of the
replicas |B(p = (m — 1)L)),m € {1,...,m} in region B. It requires some additional book
keeping for the replicas. For example it might happen that an operator acts on some site
in region B in the first replica of the system, but not in the second replica. In that case,
one should flip the spin in the initial state of the second replica (with probability % since
the weight does not change), but not in the initial state of the first replica.

The only observable we calculate in the replica system is the energy. To be more precise,
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we want to calculate —dzlog(Z [A, m,T]) in order to use eq. (5.28]). Note that this does
not coincide with the ‘energy’ in the sense of (), ,,, where the average (-) ,,, is taken
with the sampling of the replica system as described above, i.e.,

X TraqTr {e_BH}m_lTr e PHA
<A>A,m: A{ - Z[A,m,T]B{ }}

(5.31)

Instead, a straightforward calculation shows —dglog(Z [A,m,T]) = m (H), ;- In com-
plete analogy to eq. (3.31)) we simply have to count the numbers of (non-identity) opera-

tors:
d B ny+--+ ny, __/n
—%log(Z [A,m,T]) = — <T>A,m = <5>A7m. (5.32)

This quantity has to be used as the ‘energy’ for the integration in eq. , i.e., the
only observable used in the SSE simulation with the modified topology is the number of
(non-identity) operators in the complete operator string (over all replicas).

We finally give a short remark on the integration in eq. . Clearly, we have to
run SSE simulations on a fine grid of temperatures. We chose 3 as integration variable
since we start the integration at infinite temperature and make the grid uniform with
respect to 5. It lies in the nature of SSE that the resulting data points have statistical
errors. Due to these errors, Newton-Cotes formulas of high order do not perform better
than the ones of low order. In additional to the statistical errors, we have a systematic
error which stems from the finite grid in 8 used for the integration. Clearly, a finer
grid reduces the systematic error of the integration, but on the other hand this requires
longer CPU times for the simulations, and it also increases the statistical errors: The
integration is basically a sum; assuming statistically independent errors, the error of the
sum is basically a random walk in 1D. Thus, the statistical error of the integration grows
with the square root of the number of points used for the integrationﬁ. Assuming fixed
computer resources, i.e., a fixed CPU time, one has to balance between a fine grid, which
reduces the systematic error, and a rougher grid with more CPU time per data point to
reduce the statistical errors. To give a rough estimate, we used ~ 10° sweeps for each data
point and a grid gJ € {0.001,0.002, ...} to reach temperatures down to the order of 1.J,
and a rougher grid and more sweeps to reach lower temperatures. Further, we reduced
the systematic error a little bitﬂ with the following method: for each interval between two
(neighboring) data points, we use the six nearest data points for a least square fit to a
parabola; then we integrate the parabola on the corresponding interval. Note that the
error bars given in this work only reflect the statistical errors, not the systematic error
from the integration. They were obtained from a propagation of the bin averages with
the jackknife method discussed in the end of section [3.1]

Now we have discussed all necessary ingredients for the replica trick with the integration
method. A useful check of the implementation can be made by considering the two

6 However, this does not imply that the statistical error of the integration increases if a finer grid (with
more data points) is used (while the statistical error of a single point is kept fix): the integration is
normalized by the distance between two points in the grid. This follows the intuition that increasing
the total number of Monte Carlo sweeps should decrease the statistical error.

7 We checked this by comparison with ED data. While it definitively helps, the effect is by far not as
dramatic as the use of a finer grid in .
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extremal cases for the definition of the region A. First, we consider an empty region A = ().
In that case, the partial trace over the complement B is already the trace over the complete
Hilbert space. Consequently, the replicas are in fact just copies which are completely
independent of each other and we have py = Trg {p} =1l and Z[A=0,m,T] = (Z[T])™
(which implies S,,(A = @) = 0). Thus, we can relate the observable, eq. (5.32)), to the
average energy in the usual geometry, i.e., without replicas:

~ s (Z A m, T]) = <u> [T] = m (H) [T]. (5.33)
dg p A=bm

Here, we emphasized with the square brackets that the average is taken at the same

temperature.

This is different in the second extremal choice — namely that the region A includes
all sites and the complement B = () is empty. Pictorially, the geometry of Figure
reduces to a single operator string with the normal boundary conditions, i.e., period-
icity over the complete string, but m times longer than in the normal string at the
same temperature. More formally, the partial trace Trp {-} has no effect and we have
Z[B=0,m,T] = Tra{(Try {*})"} = Tr{e ™"} = Z[L]. In other words, we
can absorb the larger length of the operator string in a rescaling of the temperature.
Consequently, the analogous equation to eq. reads:

T

oz lam ) = —pioe (2| ) mmen |1 s

The Rényi entropy Sy is shown in Figure[5.5]for different regions A. The curves approach
constant values at high temperatures. Of course, this is no surprise since we constructed
them in such a way. The limits are readily evaluated with equations (5.26)) - (5.30)),

ST = 50) = B2 (141 4 m | BY) — m(14] + ) = 4] 1oa(2) (5.35)
When the system is cooled down, the entropy decreases monotonically to a minimum
value of approximately one bit, i.e., log(2) &~ 0.693. This value should be interpreted as
the logarithm log(€2) of the degeneracy of the ground state: the ground states is two fold
degenerate, the states are the two Néel states plus a few quantum fluctuations. In the
previous chapter, we have seen that the quantum fluctuations are very weak for A = 4,
i.e., the ground states have huge overlap with the corresponding classical Néel states,
but almost none with other states. In the limit 7" — 0, the operator e #(#~Fe) is just a
projection operator onto the ground state manifold. Consequently, the partition functions
for both the usual geometry Z [T'] and for the replicas Z [A, m, T basicallyf| take the value
o, i.e., the degeneracy in the ground state. Thus, by eq. all Rényi entropies are
given by log(€)y). Deviations from this value are caused by the quantum entanglement.
However, we will not discuss this here since the errors are significant at low temperatures:
As discussed above, the statistical errors increase with the interval [0, 5] of the integration;
additionally, both the partition functions diverge with 8 (compare the last footnote) such
that a cancellation error appears. The ratio trick discussed in the next section is better
suited to study the entanglement entropy in the limit of zero temperature.

8 This is correct up to the prefactor: Z[T] = Tr {e_fm} = e PP Ty {e_ﬁ(H_EgS-)}, and similarly
Z[A,m,T] = e ™PEBeTr 4 {(Trp {e M ~Fe)})m 1 The prefactors cancel in the calculation of the
Rényi entropies, see eq. (|5.26))
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Figure 5.5: Rényi entropy of second order for different shapes of region A on a 2D square
lattice of fixed length L = 6, A = 4. The different shapes are labeled as
in Figure with h = £ = 3. Note that S»(B = @) = S2(A U B) is the
joint entropy of the complete system. As a consistency check, S3(A = () has
been calculated as well which should vanish at any temperature (see discussion

above eq. (5.33)).
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Figure 5.6: Rényi mutual information of order 2 where the region A is one half (h = é
in Figure 5.1(a))) of the 2D square lattice with different length L; A = 4.
The lower panel shows the same data as the upper one, but divided by the
boundary length [0A| = 2L. The arrows in the lower panel indicate the critical

temperature 7T, and 27..
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The Rényi mutual information compares the Rényi entropies of the region A and its
complement B with the joint entropy, see eq. . In Figure , we thus show the
entropy of the complement as well with a dashed line for each shape of A. Note that
the complement of a region with the shape h x L depicted in Figure has the same
form with ' = L — h, i.e., it is identical for h = % Once the Rényi entropies have
been calculated, it is straightforward to take the difference to obtain the Rényi mutual
information (A : B) = S5(A)+ 92(B) — S(AUB). The result is depicted in Figure [5.6(a)|
for different system sizes.

At large temperatures, the mutual information decays as 7%: The infinite temperature
limits of the entropies cancel as one can check straightforwardly. Further, recall that
the energy decays as [ for large temperatures; and the integration foﬂ dB according to
eq. leads to the behavior with 82 = % When the system is cooled down, the
mutual information increases up to a maximum value at 7" &~ 3.J and decreases at lower
temperatures. Below that maximum, the mutual information rapidly drops to smaller
values. If we ignore the quantum entanglement at zero temperature for a moment, we see
that the classical, thermodynamic contribution of the entropies S,,(A) = log(£2y) from
the degeneracy of the ground state (valid in any (non-trivial) region A) leads to the same
value for the mutual information I,,(A) = log(€). However, the entanglement entropy
of the ground state follows the area law eq. ([5.9)); thus it will dominate over this constant
contribution for large systems.

More generally, the mutual information increases monotonically with the system size
(i.e., L) at any fixed temperature. We have constructed the mutual information in such a
way that the bulk contribution of the individual entropies S(A) and S(B) cancels with the
one of the joint entropy S(AUB) since we are interested in the correlations between the two
regions only. Consequently, we were able to derive the area law eq. , i.e., the leading
scaling with the system size is given by the surface area |0A| of the boundary between
the regions — in 2D clearly proportional to L. The region A may also have corners. The
number of corners, which we denote with n.(A), depends only on the shape, not on the
size of the region; thus we expect a constant part in the mutual information, which is
independent of L and proportional to n.(A). For example, the squares in Figure
have n.(h x h) = 4 corners. The strips in Figure have no corners, n.(h x L) = 0,
i.e., this shape avoids these sub-leading contributions. However, we have already seen
above that the symmetry breaking, i.e., the degeneracy of the ground state, gives rise to
a constant log(£2p), independent of L. On these general grounds, we expect the following
finite size scaling of the mutual information in 2D [86]:

In(A: B) = |0A] - ap + 1(A) - by + . (5.36)

The coefficients a,,, b,, and c¢,, for the different geometrical contributions are unknown
and in general depend on the temperature and the order m of the mutual information.
In Figure [5.6(b)] the rescaled mutual information I,,(A : B)/|0A] is shown such that the
curves approach the coefficient of the area law a,,[T] in the thermodynamic limit L — oc.

Remarkably, the finite size behavior of these curves changes direction twice, such that
two crossings occur between each pair of two curves; one of them near T, and another one
near 27,.. More generally, the crossing at higher temperatures occurs near m7,, as we will
discuss in the following along the lines of Ref. [85 [86]. Since the region A considered in
Figure |5.6(b)| has no corners, we can trace these crossings back to two sign changes in ¢,y,,
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which occur at T, and mT,. As we have discussed above, in the completely ordered phases,
T < T, the symmetry breaking leads to ¢,,(T" < T'¢) = log(€2y) > 0. As a consequence,
we see that the finite-L curves in Figure approach the thermodynamic limit from
above in this temperature regime.

In the regime T, < T' < mT, we observe the contrary behavior, so we expect that ¢, is
negative in this regime. To understand this, we first express the mutual information with
eq. (5.26]) in terms of the partition functions:

In(A:B) = %(log(z [A,m,T)]) + log(Z [B,m,T)) )
~mlog(Z [T]) ~ log(2 [AU B,m,T])). |

Recall that the operator strings in the replica geometry of Z[A,m,T| are connected
in region A, see Figure . This leads to an effective temperature % in region A
— for the derivation of eq. we have seen the extremal case Z[AUB,m,T| =
ZB=0m T =2 [%] —, while the unconnected copies in region B are at the tempera-
ture T'. From an algorithmic point of view, the temperature only enters in the acceptance
probabilities of (diagonal) operators, such that it determines the number of operators in
the operator string. The system orders when the average number of operators per site
reaches a certain level, since the operators lead to correlations of the neighboring sites
during the loop updates. Thus, the spins in region A are effectively at the temperature
% and order at higher temperatures due to the larger period in imaginary time direction.

To estimate the values of the partition functions in eq. , we ignoreﬂ their ‘un-
physical’, divergent part such that they just count the number of thermally accessible
states. Then we have Z[AU B,m,T] = Z [%] = )y in the ordered phase for T' < mT..
In the unordered phase, each of the N = |A| + | B| spins has o = 2 possible values, but a
finite correlation length ¢ effectively reduces the number of degrees of freedom to N/&P
in D dimensions, such that the partition function is Z [T] = log(¢/¢”). In the replica
geometry for the simulation of Z [A, m, T, the spins (anti)align in region A to one of the
Q) states. The sites of region B near the boundary in a shell of thickness ~ £ will feel this
ordering as well, which reduces the number of free degrees in region B to (|B|—|0A| £) /&P
in each of the m copies, such that Z [A,m,T] = Qgo™BI=I10AI) /6 Ag expected, the bulk

contributions cancel in the mutual information and we obtain [85]:
L(A:B) = L(log (Qoo-m(\B\*\aA\f)ﬁD) +log <Qoo-m(|A\*|aA\5)/~5D)

1—m
— mlog (JN/5D> — log (QO))

_ 1 (10g(90) _ % log(a)) . (5.38)

1—m

The term independent of L has a negative sign since m > 1, which explains the finite size
behavior of Figure [5.6(b)|in this temperature regime.

9 Formally, we achieve this by measuring all energies relative to the ground state energy: H — H — B ..
It is well known that such a constant shift does not influence the physical behavior of a system, as we
have seen above, the prefactors from this shift cancel.
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Figure 5.7: Shift of the crossing (near T.) between curves of length L and 2L in Fig-
ure [5.6(b)| as a function of 1/L. The red dashed line shows the critical tem-
perature obtained from the crossings of the Binder cumulant.

For temperatures above mT,, the spins in region A are disordered as well, but with a
different correlation ¢ := &£(T'/m) > &(T') larger than in region B. Note that for A = 4
the off-diagonal operators are strongly suppressed, and additionally not many operators
appear in the operator string, such that the spin state on a single site changes quite
rarely in the imaginary time direction. Thus, the above argument for the scaling with the
boundary is still valid. In analogy to above we obtain:

1
I,(A:B) = T (1Og <U|A|/<D+m<|B\—\aA\§)/sD) +log <U\B\/CD+m(|A|—|8AIE)/§D)
— mlog <JN/5D> — log (JN/<D> )
1 2m |0A| €
=T <— D log(o) | . (5.39)

For correlations ¢ smaller than the lattice constant a = 1 we should remove the ¢ in the
denominator of the exponents (since the correlations do not reduce the degrees of freedom
further), but not in the numerator. This leads to a decay in the same fashion as ¢ at large
temperatures, as one can expect from the definitions of the mutual information.

Clearly, these heuristic arguments are not valid close to a phase transition when & > L.
Thus, there are significant corrections to the above scaling form near 7T, and m7T, [36].
These corrections lead to a shift such that the crossings occur not exactly at T, as it
is the case for the Binder cumulant (cf. section [£.3.1). The crossings between curves
corresponding to L and 2L are shown in Figure 5.7] Unfortunately, we were not able to
obtain the crossings with the necessary accuracy and for large enough systems to make
a reliable extrapolation to L — oo possible. Comparison to literature [87] reveals a
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Figure 5.8: Rényi mutual information of order 2, divided by the boundary length |0A| =
2L, where the region A is one half (h = é in Figure ) of the 2D square
lattice with different length L. Panel @ shows the quantum XY model
for A = 0, which obeys a Kosterlitz-Thouless transition at the temperature
Trr = 0.3803(8) (indicated by the arrow) [88]. Panel [(b)] shows the SU(2)

symmetric Heisenberg model, A = 1.

systematic error — probably from the integration — which is small yet too large enough
that the extraction of the crossings is unreliable and prevents us from a detailed scaling
analysis at 7T..

Remarkably, one can observe similar crossings in the XY model at A = 0 [I], which
is depicted in Figure . In other words, the mutual information can detect the
Kosterlitz-Thouless transition, too — a transition to a quasi-long-range ordered phase
with a power law decay of correlations. While one can use the spin stiffness to determine
the transition temperature [88], is has no local order parameter. It is a big advantage of
the mutual information that it does not rely on the definition of an order parameter, but
can be used to detect nontrivial phase transitions, based on the very fundamental grounds
of information theory. However, the crossings seem to settle at some temperature above
the actual Kosterlitz-Thouless temperature, and the crossings at higher temperature are
weakly distinct and can only hardly be localized. Note that we observe crossings for
SU(2) symmetric couplings (i.e., A = 1) as well, see Figure [5.8(b)] But in that case the
(local) maximum in Ir(A : B)/|0A] strongly shifts — as well as the crossings themselves
— to lower temperatures with increasing L. Any way, the finite size dependence is clearly
to strong to allow a reliable extrapolation to the thermodynamic limit here.

The use of the replica trick in Monte Carlo simulations is not restricted to quantum
models, but has also been successfully applied to the Ising model and the classical XY
model by Taconis et al. [85]. They observed crossings in these models as well, and — since
much larger system sizes can be reached — even a reliable extrapolation L — oo of the
crossings is possible.

We have also calculated the mutual information on the spatially anisotropic lattices,
i.e., weakly coupled chains and dimers; results for J' = 0.5 are shown in Figure [5.9] All
in all, we observe a very similar behavior as in the spatially isotropic lattice, and quite
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clear crossings slightly above the corresponding 7, and below mT,.. This comes as no
great surprise since the anisotropic lattices have the same well-behaved order-disorder
transition; the arguments given above for the scaling in the case of a symmetry broken,
degenerate ground state still go through.

5.3 Ratio Trick

The ratio trick is based on the ideas of the replica trick discussed in the previous section;
it uses the same geometry with the replicas depicted in Figure in order to evaluate
Tr{p4} = Z[Am,T]/(Z[T)™ = Z[A,m,T]/Z[0,m,T]. However, the ratio of the
partition functions is evaluated directly such that no integration is necessary. In their
pioneering paper, Hastings et al. [84] used the SWAP operators, defined in the valence
bond basis at zero temperature, to evaluate this ratio. Humeniuk et al. [80] explained
how to calculate the ratio of the partition functions with general (quantum) Monte Carlo
simulations at finite temperatures. In any case, a naive evaluation of the ratio is not
successful: the ratio gets very small with increasing size of region A, which leads to
problems in the ergodicity and efficiency of the simulation; we will discuss the reasons for
this in detail later. These problems are cured by a simple trick [84]: one increases the
size of the region A in steps, only a few sites at once. Denoting increasing regions with
A; i€ {0,1,...,1} such that Ay = ) and A; = A, we can summarize this trick in the
following, trivial equation:

Z[AamvT] Z[A17m7T] _ Z[A17m7T] Z[A27m7T] Z[AbmaT]
Z0,m,T) — Z[Ag,m,T]  Z[Ag,m,T) Z[A,m,T] Z[A;_1,m,T|

(5.40)

Before we go into details why this trick is necessary and how it works, we discuss the
evaluation of the ratios R,,(A4;, A;_1) == Z[A;, m,T| /Z [A;_1,m,T] in SSE, following the
discussion of Ref. [80].

Recall that we discussed the mapping of the SSE to the classical configuration space C
which consists of the (initial) basis states |«) and the operator strings. A weight w, is
associated with each configuration v. For convenience, we change the notation slightly:
we use w, for the unnormalized weights and explicitly write the normalization with the
sum of the weights, i.e., the partition function Z = ) _,w,. Further, we also consider
configurations in which the operator string does not fulfill the boundary conditions and
simply define that they have weight 0. Similarly, the configuration space for the replica
geometry, which we denote with C,,(A), consists of the basis states {aq, fo, - - - ¥m, B } and
m operator strings with the corresponding boundary conditions as depicted in Figure
We can write

ZAmT|= > w) (5.41)
veCm (A)

The key idea of Humeniuk and Roscilde [80] was to use the extended ensemble space
Cm(A;) UCp(A;_q) for the evaluation of the ratio R,,(A;, A;—1). Note that we have an
one to one correspondence of the configurations v between the two configurations spaces
Cm(A4;) and C,,(A;—1) — at least when including the configurations with vanishing weight
due to wrong boundary conditions: we simply have to identify the initial basis states
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| ) | Bim) for the different regions with each other, which is straightforward since we use
the product basis over the single sites, see eq. (5.6)):

i) 18m) = [ lo) [T lesy = T low)- (5.42)

icA jeB i€AUB

This suggests to sample between the two configuration spaces with an update, which
changes the region from A; ; to A; via the identification of configurations. Such an
update can be performed during each Monte Carlo sweep in addition to the usual up-
dates. However, one should respect the detailed balance condition , which is sim-
plest done with the Metropolis scheme with acceptance probability P*(A;_; — A;) =
min (1, w/ /wy ), see eq. (3:20).

In our case of SSE, the ratio of these weights takes a particularly simple form: it is
eitheﬂ 1 or 0. The reason is simple: the update does not change the configuration, but
only the boundary condition, i.e., if a configuration v of initial states and operator strings
is compatible with the boundary conditions for both A; and A;_;, the weight does not
change during the update (otherwise, the configuration for the other size of A has weight
0). This means we can always perform the update, if the configuration is compatible with
the boundary conditions. To be specific, consider an update A;_; — A;, where the region
A is enlarged by the sites ¢ € A; N B;_1. A configuration is compatible with the boundary
conditions in both cases if and only if the initial states on these sites i € A; N B; 1 —
initially in the complement B; — coincide on all m replicas: only then the operator string
is continuous for the larger A;, see Figure [5.4l The same condition is necessary for the
opposite direction A; — A;_1; in this case to ensure the periodicity within the replicas in
region B.

The average time a (Markov chain) Monte Carlo algorithm spends in a configuration
v is proportional to the Weightlﬂ. Thus, the ratio of the partition functions is simply
the ratio of the times 74 (i.e., number of sweeps) the algorithm spends in each of the
configuration spaces C,,(A) [80]:

Ta >
7j4i—1 Crm (A;)UCm (As)

R, (A, Aisq) = < (5.43)

In fact, we do not even need to change between the two configurations spaces C,,(A;_1)
and C,,(A;), but it suffices to measure how often this would be possible in two separate
simulations, one in C,,(A;—1) and one in C,,(A4;). Therefore, we define the ‘observable’
X, (A) as 1 if the configuration v is compatible with the boundary conditions correspond-
ing to region A, and 0 otherwise. By definition, the weighted average over C,,(A) includes
only configurations v with X, (A) = 1 since otherwise the weight vanishes. Moreover,
only configurations compatible with (the boundary conditions of) both regions A; ; and

10 Strictly speaking, the weight in the denominator can also be 0, but since this weight corresponds to
the configuration before the update, the algorithm will never be in such a configuration and we do not
have to take care of that case.

1 More precisely, the number of sweeps 7, which the algorithm spends in configuration v divided by the
total number of sweeps 7 is the normalized weight.
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A, contribute to the average of X, (A;) over the configuration space Cp,(A;1):

1 .
(Xo(Ai))e,a, 1) = 2T m T > wi X, (A) (5.44)
’ ’ Vecm(Aifl)
1 A XE(Ai_l; Az)
= WX (Al )X (4;) = = %0——T—=.
Z [Ai_l’ m, T] yecr%i_l) v ( 1) ( ) Z [Ai_l, m’ T]

Due to the one to one correspondence of the configuration spaces C,,(A;—1) and C,,(A4;),
and since the corresponding weights are equal if compatible with the boundary conditions,
waXZ,(Ai,l)X,,(Ai) = wiiX,(A;i_1)X,(A;), we obtain the same sum X>(4;; A; 1) =
XZ(A;_1; A;) also in the converse direction:

_ 1 A1 . X§<Ai;Ai—1)
(Xo(Aic1))e, ) = Z[ A m T D WX (A) = 2 A T] (5.45)

Thus, the sums cancel in the ratio of the averages and only the normalizations, i.e., the
partition functions, remain:

Z[A;,m,T| (Xu(4i))e (Ai_1)
A A )= = i . A4
Rm( e 1) Z[Ai,l,m,T] <XV(A2'71>>Cm(A¢) (5 6)

With the above framework at hand we can understand the problem with the naive
ansatz to calculate the ratio of the partition functions between regions which differ a
lot, i.e., directly between Ay = () and another large region A; = A. Such a simulation
would immediately give the Rényi entropy S,,(A) = == log(R,,(A4,0)). But we can also
invert this equation to obtain the scaling of the ratios: R,,(4,0) = exp((1 —m)S,,(A)).
Assuming an area law in 2D, S,,(A) o L, we see that the ratio is exponentially small in L;
the scaling of S, (A) with the bulk at finite temperatures makes it even worse. This means
that, if we allow to switch between the two configurations, the algorithm will spend only
very few Monte Carlos sweeps in the configuration space C,,(A), but will almost always
be in the space C,,(A = ). This leads to very long autocorrelations for the measurement
of the ratio, which becomes even more clear in the formulation with the X,,: Obviously,
since X, takes only the values 0 and 1, the average is in the interval [0, 1]. Thus, as one
can see from the scaling argument, at least the average in the nominator of eq. must
be small. In other words, there are only very few states compatible with the boundary
conditions for different regions — this is also intuitively clear from the condition that the
initial states of the replicas have to coincide on the sites by which the region A changes,
i.e., for Ay = () on the complete region A. A small average of X means that during the
simulation X has to be 0 for a long time before the next 1 may appear, which obviously
leads large a autocorrelation and thus large statistical errorﬁ. Note that this problem
may even appear if the ratio R,,(A, () is not large, e.g., for non-critical 1D systems in the
ground state where the entropy is independent of L: the canceling sum X> may still be
much smaller than the partition functions, such that both expectation values of X, are
small.

12 This transfers directly to the algorithm in the extended phase space C,, (0, m,T)UC,, (A, m,T), since
X measures the probability for the update changing the region A in one Monte Carlo sweep.
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Figure 5.10: Scheme for increment of region A on a 4 x 4 lattice: For an increment of just
one site in each step, A; contains the sites marked with 1,..., 1.

It is also clear from these considerations that the intermediate steps of the increment
trick cure the problem. We use different schemes to increase the region A, depending on
wether we are interested in shapes hx L or hx h; they are depicted in Figure[5.10, However,
this makes O (|A|) = O (N) separate simulations necessary for each temperature, i.e., the
computational cost increases dramatically. On the other hand, the ratio trick does not
require the fine grid in the temperature which is necessary for the integration discussed
in the previous section. Especially to reach to reach low temperatures, in particular
the ground state entropies, the ratio trick may thus perform better than the integration
method discussed above. As mentioned above, one may also combine the ratio trick with
the integration method: one can use the results of the ratio trick as starting point for the
integration. However, we have not done it for this thesis due to time restrictions.

Error due to non-ergodicity

Unfortunately, we are faced with another problem at low temperatures in the ordered
phase: our algorithm is not ergodic for large A. In the correct thermodynamic average,
each of the two degenerate ground states |gs.; 1) and |gs.; ] ) is equally probable for " — 0.
But our algorithm spontaneously chooses one of them, exactly as a single physical system
would do. We argued in the beginning of chapter 4] that the missing ergodicity does not
influence most variables due to the symmetry between the ground states. But as we have
seen, the symmetry breaking leads to additive constants in the entropies, i.e., we obtain
wrong results for the entropies in the ordered phase where the algorithm gets non-ergodic.

Suppose we simulate two independent replicas of the system for A = (). In that case,
both replicas are actually independent of each other. Since we do not apply a magnetic
field, both of them will have the first spin point up or down with 50%. Analytically, we
obtain immediately the correct thermodynamic average (X, (A =1)). (4_q = 0.5 since
the spins on site 1 are parallel in two out of four equally probable cases. But in a single
SSE simulation the sign of the staggered magnetization M; in each of the replicas basically
is fixed due to the missing ergodicity. Quantum fluctuations may flip the spin on site 1
during the simulation with some probability p which, however, is quite small for A = 4,
p ~ 1.5%. We obtain exactly this value from a single SSE simulation for X, (A = {1}) if
the sign of M, differs in the replicas; otherwise — if the signs are equal — we obtain 1 — p.
In the average of many simulations we would obtain the correct value 0.5. This single
simulation of X, (A = {1}) for A = ) leads to the largest error due to the non-ergodicity.

If A is non-empty, the two replicas are not independent any more and the exact value can
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not be obtained from such simple arguments. Note that configurations with different signs
of M, on the two replicas have much smaller weight: they require either parallel spins
along the boundary of A, or quantum fluctuations (i.e., off-diagonal operators) within
the complete region A. These configurations correspond to cross terms in the square of
pa=3less 1) (gs; M+ 5 lgss 4 (gss 4.

Although it basically might be possible to calculate the relative factor of weights be-
tween configuration with different or equal sign of M, in the replicas and manually add an
update for ergodicity, we will here choose a different way: We calculate the entanglement
entropy of a single state |gs.; 1) only. Therefore, we ensure that the sign of M, is the same
on all replicas, i.e., we bias our simulation by setting the initial state to the same classical
Néel state in all replicas and start the simulation at low temperatures in the ordered
phase. The results of such a biased calculation are shown in Figure . It is clear,
that we can not capture the additive constant log(£2y) = log(2) due to the degeneracy of
the ground state. However, we basically capture the scaling of the entropy with different
sizes and shapes of the region A —up to contributions from cross terms between the differ-
ent states. The upper figure Figure|5.11(a)|shows the entropy for the intermediate regions
also. The step structure for the red curve and the plateau for black curve arise from the
shapes of the A;: the jumps in the red curve occur when we increase the boundary lengths
by adding a single site to a rectangular shape. Similarly, the outliers of the plateau of
the black curve correspond to the rectangular shapes h x L with boundary lengths 2L,
while the regions of the plateau have boundary lengths 2L + 1. When A fills the entire
lattice, there is no boundary any more; the entanglement entropy of a single state is then
0, as one can see immediately from the definition. Indeed, we obtain that result within
the error-bars which also confirms that the temperature was chosen low enough — thanks
to the large energy gap, 7' = 0.5J was sufficiently low. Note also that the errors increase
as expected with the region size. We have also performed a perturbation theory for large
A; the result eq. is an area law, which compares very well to our simulations, as it

is shown in Figure [5.11(b)|
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Figure 5.11: Scaling of the Rényi entropy at 7' = 0.5 (i.e., due to the gap mostly in

the ground state), A = 4 on a 2D square lattice of 8 x 8 sites, obtained
with the ratio trick and with a bias fixing the sign of M, see main text.
We increased the A; by just one site in each step, following the scheme
indicated in Figure [5.10} In the lower panel, only the points corresponding
to rectangular shapes h x h and h x L for A are shown versus h. The dotted
blue line shows the result of the perturbation theory calculation in appendix
[D] for the boundary lengths of the h x h regions, but withouth the additive
constant log(2) from the degeneracy of the ground state.



6 Singlet and Triplet Projectors

In their experiments with ultra-cold quantum gases, Greif et al. [2] project on the singlet
(S) and triplet (Tp) states on particular bonds with a clever detection scheme in order
to measure the spin correlations. In other words, they measure the expectation values
of projection operators 15;? and f’bTO In a general setup, we define the singlet and triplet
states for any two neighboring sites ¢ and j, i.e., for any bond b = (i, j):

[Tids) = [ity)
\/5 )

[Tids) + Nils)

S51,7) = :
1S54, 5) 2

Note that a local projection operator — e.g., onto a singlet f’bs = |S54,4) (S;1, 7|, or
analogous onto triplets Ty and 1%, respectively — is the identity operator on all other sites
but ¢ and j; it projects only in the local Hilbert space spanned by the two sites. Clearly,
the expectation value <f’5>, i.e., the fraction of singlets on bond (i, j), may depend on the
bond in a spatially anisotropic lattice. For example for the geometry of coupled dimers
depicted in Figure 2.2(b)] Greif et al. [2] measured the projections on the strong bonds
only, i.e., on the dimers. In a separate measurement of the projections along weak bonds
parallel to the dimers, the observed fraction of singlets was as high as the fraction of
triplets: along the weak bonds the spins were not correlated.

With these measurements in mind, we wondered whether the singlet and triplet projec-
tors on neighboring sites can be used to detect a phase transition between the ordered and
disordered phase. Do they show critical behavior at a phase transition? Do singularities
occur at 1,7 We address these questions in this chapter. However, we emphasize that the
results of our model calculations can not directly be transfered to the experiment of Greif
et al. [2]. First of all, the experiment is described by the Hubbard model such that there
is a competition between spin and charge excitations, while we restrict ourselves to the
Heisenberg model. Secondly, the experiment was done in three dimensions, while we use a
2D lattice. Last but not least, the spin interaction in the experiment is SU(2) symmetric,
while we use an anisotropic coupling A = 4 as in the previous chapters in order to have
the finite temperature transitions. Numerical calculations with direct comparison to the
experiment of Greif et al. are available in the literature: Sciolla et al. [40] compared to
DMRG results in 1D, and Imriska et al. [41] performed a dynamical cluster approximation
in 3D. However, they do not discuss the criticality of the projectors.

6.1 SSE Estimators for Singlet and Triplet Projectors

The projection operators are off-diagonal since the states on which they project — the
singlet S and triplet T — are not in the product basis of the local spins. Explicitly, we

95
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can simply multiply their definitions from eq. out:
Py =174, 7) (S 4,41 = S (114) (N = [14) (] = [40) (0] + [41) (411), (6.2)

() (R ) (T ) (] + 1) (411)- (6.3)

N | —
N —

= |Tos 4,5} (T4, j| =

Thus, one can not simply apply eq. - ) to calculate their expectation values. Fortu-
nately, the projectors are closely related to the bond operators H, = Hj *8 — ’HOffd in terms

of which we formulated the SSE. Taking simple linear combinations of eq. (6.2]) and (6.3)),
we obtain:

Py + PR = [t0) (1 + 141 (111, (6.4)
Pl — Py = 1)) (1] + [11) (1] = H°ffd (6.5)

The latter combination is the off-diagonal operator H™ = % (S S;+ 57 S;r) on the
bond b = (i, j), while the former combination is a part of 428 namely the part acting
on anti-parallel spins. Recall that we separately sample the off-diagonal and diagonal
actions of H, on different states with different vertices, see Table [3.1] The generalization
of eq. given in appendix [A| shows that counting the number of vertices in the
operator string during an SSE simulation gives — up to a factor g — the corresponding
expectation values, e.g.,

(mei=t.j=0) . (60)

SSE

(P 114D (141) = QU7 10 (11 (1 ) =

€R

|

where ndlag (¢ =1,7 =l) is the number of vertices on bond b in the operator string which
correspond to the matrix elements (1| Hdlag [1}). This leads to the following estimator
for Py + Plo:

dlag _ dlag —

<<N| H?‘ag [14) + (411 thag |w>)

This estimator involves counting all diagonal operators acting on anti-parallel spins of
bond b. The normalization with § and the weights of these vertices can be evaluated
post-simulation.

Care has to be taken with the sign of the off-diagonal operators: since H;, = ”Hgiag—'Hz’ffd,
we have

55 BT\ _ _ZHgﬁd _ 2<nOHd>SSE
<Pb Pb>_< = _+—M . (6.8)

We immediately see that there are more singlets than triplets since ng™ > 0, in agreement
with our physical intuition as the energy of singlets is lower than the one of triplets. We
evaluate the two estimators eq. and during SSE simulations and calculate the
expectation values of the singlet and triplet projectors post-simulation.



6.1 SSE Estimators for Singlet and '[riplet Projectors 97

Since we will often use the two linear combinations of the singlet and triplet projectors,
we denote them by (the notation will be clear in a moment):

pov . PS4 PTo, 0y := P — BT (6.9)

Moreover, we identify them as proper physical observables: Since the singlet and triplet
states are orthogonal, the sum lf’zp is itself a projector of rank two — as one can see from
eq. (6.4), it projects onto the space where the spins are anti-parallel in the S?*-basis; hence
we chose the notation with ‘ap’ for ‘anti-parallel’. Thus, it is closely related to the nearest
neighbor correlators 57.57:

P =2 G — 5;5;) : (6.10)

On the other hand, the difference of the singlet and triplet projectors (which itself is not
a projector) measures the quantum fluctuations (= notation @), i.e., the spin correlation
in the transverse - and y-directions:

s 2HpM™

Q=——7—="2 (SHS; +5;7SF) = —4(57S7 + 5/SY) . (6.11)

For SU(2) symmetric couplings, A = 1, the expectation values <Sf5f> = <S§’Sly> =
<SfS]‘T‘ > clearly coincide and thus both f’zp and Q, (and consequently also f’f and f’f”)
are completely determined by a single correlator <5_‘; . 52> = %<Sij> [40, 41]. However,
for the symmetry broken couplings, A # 1, they are clearly independent of each other.

Since ISZP is diagonal in our basis, we could basically also use the simple estimator given
in eq. . However, the estimator has the advantage that it averages over the
propagated states such that the statistical noise is reduced, and the necessary counting
is cheap and easy to implement. An additional estimator for the temperature derivative
of such estimators is given in eq. (A.7)) in appendix |A| Nevertheless, a ‘usual’ estimator of
the nearest neighbor spin correlations can be used as a cross-check.

Up to now we have written down the projectors for a single bond. We can reduce the
statistical noise further with a spatial average over all bonds for which we expect the same
results due to spatial symmetrieﬂ. For example, for the weakly coupled chains depicted
in Figure 2.2(a), we distinguish between the strong bonds with coupling strength J and
the weak bonds with coupling strength J’ connecting the chains.

The results for the singlet and triplet projectors f’f and f’? on an isotropic square
lattice are depicted in Figure and compared to the expectation values for a single
dimer of two sites, which we discussed in section [2.4 It is eye-catching that even the
finite size curves 15;? and lsto basically keep themselves in a constant distance; in other
words, Qb is almost constant over the shown temperature range, as one can see in the
bottom panel @ Note, however, that at infinite temperatures all states are equally likely

and thus both Py and f’bTO approach %1, ie., lf’zp — % and Qb — 0. But the energy scale

L In experiments, the measurement changes the states, such that one can not simultaneously measure
the projectors on two bonds sharing a site. In our SSE simulations, this is not a problem. However,
one should be aware that one does not measure the simultaneous action of the projectors <P1P2 . >

— which is ill-defined in the sense that the order matters — but the sum ), <15b>.
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Figure 6.1: Singlet and triplet projectors on an isotropic 2D square lattice, A = 4. The
thick, dotted curves show the expectation values of the projectors on a sin-
gle dimer, see section [2.4. For each observable, different line styles indicate
different lengths L € {4,8,12,16}, revealing the finite size dependence.
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Figure 6.2: Derivative of <152p> with respect to the temperature T, on a 2D square lattice,
A = 4, similar to Figure . The inset shows the temperature derivative
of <Qb> in the same temperature regime. The (relative) statistical errors in
the inset are much larger such that the curves do not look smooth.

on which these limits are approached is large: Ep, — Eg = %J = 2.5J. It is not a

big surprise that the values of f’bs and f’gb deviate strongly from the calculation with a
single dimer in the ordered phase: we expect the spins on two neighboring sites to be
in the states |[f)) or |[1), but not in the superposition given by the singlet and triplet
states. Indeed, we find that the fraction of anti-aligned spins <152p> is almost 1 at low
temperatures, only 1.04(2)% of neighboring spins have the same sign of S* — caused by
quantum fluctuations. As we have seen above , the quantum fluctuations — i.e., spin flips
in the S* basis in the imaginary time direction — are measured by Qb; it takes the value
<Qb> = 8.33(1)% in the ground state, which is quite low due to the large A = 4.

6.2 Critical Behavior of Projectors at Phase Transitions

Remarkably, we indeed observe some kind of ‘critical behavior’ in the projectors, most
strikingly a strong finite size dependence in the temperature regime around 7,.. The major-
ity of the observed finite size dependence arises from pzp. Clearly, the projection operators
are bounded, so the ‘most singular’ behavior we can expect is a divergent derivative. The
temperature derivative of <15Zp> is shown in Figure ﬁ Indeed, the curves do not con-
verge with increasing L, but seem to diverge. However, note that the divergence is very
weak compared to the power law observed e.g., for the susceptibility, cf. Figure [4.2(b)
We argue in the following that we basically observe the same divergence in Figure [6.2] as
we do for the specific heat in Figure [£.4] which happens to be logarithmically divergent
— i.e., the power law exponent o = 0 vanishes — in the universality class of the 2D Ising
model. Moreover, the projectors are directly related to the energy.
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Figure 6.3: Collapse of the data 8T<152p> shown in Figure . The parameters T, = 2.234.J
and v = 1 have been fixed, as well as the scaling with the logarithm; the only
used fit-parameter is ¢ = —0.1235(2). Rescaling the y-axis with a power law
instead of the logarithm does not lead to a collapse.

For the SSE mapping in section [3.2] we have extensively used the fact that our Hamil-
tonian H = >, H; splits into terms H, describing the interaction of neighboring sites.
By definition, the singlet S and the three triplets Tj, T, and T_ are the eigenstates of the
bond operator H,. In particular, these states form an orthonormal eigenbasis on the local
Hilbert space of the two neighboring sites of b, which is (by construction) common for
‘H, and all four projectors 135 , f’bTo, lstJr, and ISZ‘ onto these eigenstates — and arbitrary
linear combinations of them, e.g., f’:p and Q. Even more, we can write H,, as a linear

combination of the projectors:

Hy, = EsPS + En PP + B P + Ep P (6.12)
E 1 A . R .
= ﬁb = Fb Z </7L[b> = Fg <PI§> + ETO <PZO> + ET+ <PZ+> + Er <PZL> . (613)

b

This shows rigorously that any singularity in the energy appears in at least one of the
projections. In other words, at least one of the projections must behave singularly at the
critical temperature.

Note that the sum of the four projectors is the identity, 1 = f’f + f’bTO + I:’bT* + I:’ZL =

PZ* + pr, =1- f’?p. Since the two triplets Ty are degenerate, we can go even further
and nail the singularity of the energy down to the combinations P;” and Q,:

E Es+ E A Es - FE A .
L _Bstbry <p2p> 4 28T T <Qb> + Erp, <1 _ pzp>
Ny 2 2

-2 ()4 (o) o
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In the last step, we plugged in the eigenenergies of the bond operator H; (given in Ta-
ble — the previous arguments were quite generic and apply to other models as well.

We conclude that the temperature derivative of <l5§p> depicted in Figure diverges
in the same manner as the derivative of the energy, i.e., the specific heat. In particular,
we can apply the machinery of finite size scaling near the critical temperature given in
section 4.3} For example, we can collapse the finite length data, which is depicted in
Figure As mentioned above, the specific heat of the 2D Ising model does not diverge
with a power law, but logarithmically [89]:

Cy

~ = Aolog(L) + ®(7,€) = Aglog(L) + ®(rL7). (6.15)

Here, Ag = % (log (1 + \/5))2 ~ 0.4945 is a constant, ¢ is a scaling function (which can
explicitly be given for the 2D Ising model [89]), and we ignore sub-leading contributions.
We found the collapse of 8T<I32p> assuming the same scaling form, but a different prefactor
¢ instead of Ay and another scaling function ®. The best collapse was obtained for
¢ = —0.1235(2)/J. According to eq. (6.14), the singular behavior of Cy (i.e., the prefactor
of the divergence) has to split between 8T<P p> and 8T<Qb> by comparison we obtain
(with Ny/N = 2) Ay = —JAc — Jd. where ¢ is the corresponding prefactor in the
divergence of 8T<Qb>. Within error bars, this relation holds for ¢ = 0, which suggests

that 8T<Qb> does not diverge at all. However, the inset of Figure gives numerical
evidence that ¢ is a small positive number. Nevertheless, it is an order of magnitude
smaller than ¢ such that the statistical errors are too large to extract ¢’ precisely.

Further, the minimum of 8T<f’§p> moves towards T, with increasing L in exactly the
same fashion as the maximum of the specific heat does. This is depicted in Figure
Note that the minimum of the derivative 6T<152p> corresponds to an inflection point of
the projections themselves. However, the extraction of these inflection points gives worse
results than the minima of the derivative, see Figure 6.4, This may be related to the fact
that we fitted the results to a third degree polynomial in both cases.

Susceptibilities

Above, we have seen the close relation between the projectors and the energy and con-
cluded that they share the same singular behavior at the critical temperature. In other
words, we have rigorously answered the question whether the projectors have singular be-
havior at T, with yes. Nevertheless, we go on and study in additinon spatial correlations of
them between different bonds. However, we restrict ourselves to the linear combinations
1521) and Q.

Although the projectors on a bond b share the eigenbasis with H,;, they do not commute
with the total Hamiltonian. Therefore, we measure the correlations with the generalized

susceptibilities (see eq. (3.58))):
s S @5 [ (amB)ar —(4) (5)

L8 = — — T—(A)(B). 6.16

o] B ob|,_, H+bB 6 ( )

Since the projectors are basically parts of the Hamiltonian, the susceptibility boils down

to a connected correlator for numbers of vertices in the operator string, see eq. (B.13)) in

appendix [B]
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Figure 6.4: Finite size scaling of the minima of 8T<152p> and the inflection points of <152p>,
each extracted by a fit to a polynomial of third degree. Due to time restrictions
we did not fully propagate the statistical errors (but used gnuplot); the error
bars seem to be too small: clearly, the inflection points of 8T<152p> and the

minima of <Qb> should coincide. For comparison, the maxima of the specific
heat and the crossing of the Binder cumulant are shown as well, see Figure @
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0.01

0.001

~

Figure 6.5: Spatial correlation of projectors P;*, i.e., Xper pav /B on a 16 x 16 2D square
I b/

lattice, A = 4, where the bonds b = (1,2) and 0 = (1 4+ z,2 + z) are both
parallel to the z-axis and b’ is shifted by x sites (in z-direction) relative to
b. Note the logarithmic scale for the colors; statistical errors are less than
5x 1074

The correlation of projectors f’zp on different bonds is shown in Figure Due to the
periodic boundary conditions — which allows an average over the positions of b reducing
the statistical errors — the correlations are symmetric around z = % = §; the other half
is not shown. We clearly see long-range correlations around the critical temperature,
strongest slightly above T, due to the finite system size. The decay with the distance
right at the critical temperature is shown in Figure in detail. We observe a power law,
yet with a much faster decay than the longitudinal two-point spin correlations. Note that
each of pzp involves the correlations on two neighboring sites (see eq. (6.10])) such that
the susceptibility is a four-site correlator (the constant shift cancels):

XP&P"PaISI z z 2z QZ z Q2 z Q7
% = 4 [(SF(T)S: (1) Sty — (S787) (Sksp)] - (6.17)

Thus, it is not a big surprise that the susceptibility of 152" decays much faster (as a function
of distance) than the two-point correlations. In the 2D Ising model, this correlation
function decays as r~2 with the distance r = |k — i| between the bonds, which compares
well with our results.

We have not shown the data for x = 0 in Figure but they are shown separately
in Figure In the high temperature limit, we have e™#" — 1 such that Xpsw pov /B —

<(f’2p)2> - <f’2p>2 reduces to the connected correlator over all states. Since P¥ is a

projector, (p2p>2 = lszp, the connected correlator does not vanish at infinite temperature,

but approaches a constant value % — (%)2 = }1. On the other hand, Qb is not a projector,
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Figure 6.6: Decay of susceptibilities xp 5/ with increasing distance between the bonds,
on an L x L 2D square lattice, A=4,T=224J =~ T,. Note the logarithmic
axes, such that power laws appear as straight lines. For comparison the lon-
gitudinal two-point spin correlations are shown as well, see Figure [4.5. The
green line shows a fit to a power law for intermediate distances 3 < x < 8 of
the L = 28 data, yielding the exponent 2.05(3) which compares well to the
expected value 2.
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Xp.p/B [J]

Figure 6.7: Susceptibilities xp p /B on an L x L 2D square lattice, A = 4: locally on
a single bond, P = P (red) and P = @, (black), or for the global sums
P =3, P (blue) and P = N%,Zb Qs (purple), see eq. (6.18). For each of
them, different line styles indicate different lengths L € {4, 8,12, 16}, revealing
the finite size dependence. The inset shows the global susceptibility Xpap pav /B
near the critical temperature for L = 4,8, ...,28,32,40 from bottom to top.
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but we have (Q)? = (P§)? 4 (P*)2 = P¥ such that at high temperatures X0,.0,/8 =
% -0 = % However, this clearly implies that the susceptibilities themselves vanish
proportionally to 5 at high temperatures.

Due to the energy gap, the system is effectively only in the ground state over a wide

temperature range in the ordered phase. While Xpaw pav vanishes exponentially fast as
expected in a gapped system, we find that XQb;Qb//B is linear with T', ie., xg, 9, 18 @
constant in the ground state. This can be understood from the fact that applying Q twice
in a row does not destroy the Néel state, while a single application of Q on the Néel state
flips the spins on both sites such that the spins of the adjacent bonds have the same signs.
In the picture of the SSE operator string, we mostly find the vertices of Qp — ie., H,
see eq. — in pairs following each other. Single vertices are much less probable.

It is remarkable that the phase transition — a phenomenon requiring the thermody-
namic limit and characterized by divergent correlations — manifests itself with a divergent
derivative in the local projectors on a single bond. To capture the correlations of the
projectors on different bonds in a single quantity, we define ‘global’ susceptibilities

1

1
Xbp = N XS P (S0 Po) T, Z Xp, b, (6.18)
bt/

We normalize with the number of bonds N, = )", 1 such that we obtain the local sus-
ceptibility xp, p, if there are no spatial correlations, i.e., Xp,p, X Opp. For spatially
anisotropic systems we take the sum over equivalent bonds only (stating explicitly which
ones) and normalize with their number, respectively.

The global susceptibilities are shown in Figure[6.7/in addition to their local counterparts.
The curves for the local and global susceptibility of Qy lie almost on top of each other.
In other words, there are — at least for the considered system sizes — almost no spatial
correlations between different bonds for Qb. The largest nevertheless small difference
between the curves is found near the critical temperature. In contrast, the local and
global susceptibility of Pap differ dramatically at intermediate temperatures: as we have
seen in Figure[6.5] the projectors develop relevant spatial correlations near T,. Once more,
we find the same logarithmic divergence as for the specific heat Cy = Bx3 »: it contains
all the terms present in the Xpa, pap — yet with a different (global) prefactor, and beside
further terms from the other projectors lg,b:u + ISZ’*

We can also relate this divergence to the decay of the local susceptiblities Xpar prp shown
in Figure [6.6 due to translation symmetry only the distance of the bonds matters and
one of the sums in eq. cancels against Nlb In the thermodynamic limit, we can
further replace the remaining sum with an integral over the distance r between the bonds
(using the lattice constant a = 1 as an ultraviolet cutoff):

L
Xpp = xPoPy = / dr 277 xp p o< log(L) (6.19)

b a ~——

ocr—2
Here, the factor 27r stems from the volume element in two dimensions. Further, we

ignored details in the borders of the integral (we integrated over a disc instead of a
square), as they do not matter for the scaling in the thermodynamic limit.
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6.3 1D-2D-Crossover

In the previous section we have seen a close connection between the energy and the
projections on a spatially isotropic 2D square lattice. The argument in the beginning of
section shows that at least some of the projectors have the same critical behavior at
T, as the energy; yet it does not specify which one — we found only very weak divergencies
for Q In the presence of spatial anisotropies we expect that the projections on different
bonds are not the same, which raises the question how the singularity splits over the
different types of bonds.

In this section, we focus on the projections in the 1D-2D-crossover of the coupled
chains depicted in Figure , which we discussed in section . Clearly, this geometry
consists of only two groups of equivalent bonds: the ones within the chains with the strong
coupling strength J = 1, and the weak bonds of strength J' < J coupling the chains.

The expectation values <15Zp> and <Qb> for bonds of each of these two groups are
shown in Figure for different coupling strengths J’ between the chains. As expected,
the projections on the different bonds are very similar for J' = 0.9 and close to the
isotropic 2D square lattice, see Figure . With decreasing J' towards the 1D limit,
the projections on the two groups of bonds behave differently.

The quantum fluctuations measured by P = FH;™ even show a different monotonic
behavior: they get stronger within the chains towards the 1D limit, while they decrease on
the bonds between the chains at the same time. To understand the monotonic behavior, we
consider quantum fluctuations as virtual processes on the Néel state where two neighboring
spins of a certain bond are flipped for a short (imaginary) time — this is close to what we
find in our SSE simulations. By definition, the kinetic energy H™ of a weak bond scales
with J', but the energy of the intermediate virtual state has a term proportional to J due
to the intra-chain coupling. Thus, virtual processes along weak bonds get suppressed for
small J', i.e., there are less quantum fluctuations along the weak bonds for small J’. On
the other hand, we keep the kinetic energy gained for flips within the chains constant,
while the energy of the virtual state decreases with smaller J’; thus, such virtual processes
are more probable, i.e., there are more quantum fluctuations within the chains. Further,
we find a local maximum in <Qb> around the critical temperature, which is present but
very weakly pronounced for any J’ and on all bonds. It can be seen clearest for small .J/
on the strong bonds.

The curves of <152p> have the same monotonic behavior with J’ on the different bonds;
yet they differ for small J’ as well. At intermediate to large temperatures, we find much
stronger nearest-neighbor correlations along the chains than in-between them; the inter-
chain coupling becomes relevant at much lower temperatures, <I:’2p > at these bonds is
close to the high-temperature value % down to temperatures T' ~ 1.5J for J' = 0.1. We
conclude that for small J' the phase transition to long-range order is mainly driven by
the onset of correlations between the chains, as we have already argued in section

The global susceptibilities of the two groups of bonds are depicted in Figure[6.9] First,
note a tremble of the curves —i.e., large statistical errors — at high temperatures, especially
for J' = 0.1. These large errors appear since the number of vertices in the operator string,
especially on the weak bonds, is quite small such that the discrete nature of the numbers
gets relevant; it takes many Monte Carlo sweeps to approximate the exact continuous
distribution. The high and low temperature limits of all curves coincide and are the same
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(b) on a weak bond of the inter-chain coupling J' < J

Figure 6.8: Local projections pgp and Qb for coupled chains on an L X L square lat-
tice (see Figure R.2(a)), A = 4. Different colors indicate different J' €
{0.1,0.3,0.5,0.9}. For each of them, different line styles indicate different
lengths L € {8,12,16}, revealing the finite size dependence. We marked the
ordered phase of J' = 0.1 for (, on a weak bond with error bars to emphasize
problems caused by missing ergodicity, see Figure Elsewhere the errors
are much smaller.
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Figure 6.9: Global susceptibility of PP for coupled chains on an L x L square lattice,

A = 4. Here, the sums in eq. run either over all strong bonds (top),
Different colors indicate different J' €
{0.1,0.3,0.5,0.9}. For each of them, different line styles indicate different
lengths L € {8,12,16}, revealing the finite size dependence. We marked the
ordered phase of J' = 0.1 with error bars to emphasize problems caused by
missing ergodicity, see the discussion of Figure [£.13] Further statistical errors
are visible as a tremble of the curves at high temperatures, especially for small
J' in the bottom panel, see main text.

or over all weak bonds (bottom).
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as in the isotropic 2D lattice, see Figure However, compared to Figure [6.7, the peak
around 7T, is much less pronounced in the limit J" — 1 (which is the same in the top
and bottom panel), since we only consider half of the bonds and thus do not capture the
correlation between bonds in x- and y-direction here.

In Figure , i.e., for the strong bonds within the chains, the peaks around 7, get
much smaller with decreasing J’ and vanish almost completely for J’ = 0.1.J. In that case,
the spins order to a large amount within the chains even above the critical temperature
(see the discussion in section . But this order is only driven by local alignment,
which is subtracted in the connected correlation functions and thus not captured by the
susceptibility. In contrast, the peaks in Figure grow larger towards the 1D limit,
which confirms above picture that the phase transition to the ordered phase is driven by
the correlations in y-direction.
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6.4 Coupled Dimers

Finally, we consider the coupled dimers depicted in Figure [2.2(b)| as a second example for
spatially anisotropic lattices. As we have discussed and seen in section [£.5] the critical
temperature T, vanishes for finite J' & 0.1J; there is a quantum phase transition in
addition to the finite temperature transitions for J' > J..

This geometry has three groups of equivalent bonds: (i) the strong bonds of coupling
strength J = 1 which form the dimers, (ii) the weak bonds of coupling strength J' < J
parallel to the dimers, and (iii) the weak bonds of coupling strength J" < J perpendicular
to the dimers. However, we expect very similar results for the groups and , thus

we consider onlﬁ the groups [(i)] and in this work.

In Figure[6.11} the projecetions <P p> and <Qb> are shown, for bonds of the first group
in panel and for bonds of the second group in @ Of course, the limit J" — 1
corresponds to the 2D square lattice as before. Further, the value of <Qb> on the weak
bonds decreases for smaller J" as well, which can be understood with the same argument
of virtual processes given above, yet with a slight modification: in this case we do not
start from a Néel state. However, two spins belonging to a dimer are always (up to less
than 2%) anti-aligned at low temperatures, as one can clearly see in the top panel @
A weak bond connects between two dimers. If the spins of a weak bond are parallel, a
virtual process flipping those two spins is not possible. If they are anti-parallel, the spin
flip is possible; but — as before — the intermediate state has a high energy on the order of
J since it involves parallel spins on the two dimers connected by the weak bond. Thus,
in both cases the quantum fluctuations are suppressed on the weak bonds.

On the strong bonds — i.e., the dimers — the quantum fluctuations <f’zp> get stronger
with decreasing J': the ground state for J' = 0 is a product state of singlets on the dimers;
thus both ISZP = P5+ 151?0 and Q, = P5 — ISbTO are (almost) 1 in the ground state for small
J'. For J = 0.1 = J., we find that Qb ~ 0.9 on the dimers. It drops rapidly if J’ is
increased further, and we observe local maxima around the critical temperate as for the
coupled chains in the previous section.

It is straightforward to calculate the projections in the trial state |\Ilmal> defined in

eq. (4.30). We obtain:

viall B " 1 on strong bonds,.J, = J,
% 1| par ‘\Ijt 1> = f bonds. T — 7 (6.20)
Gisnz on weak bonds, J, = J',
2 t bonds, J, = J
<\Ijtr1a1 ‘\Ijtrlal> 1+s2 on strong bondas, b_ /’ (621)
0 on weak bonds, J, = J'.

The arrows in Figure indicate these results for the s minimizing the trial state energy
for a given coupling J’, i.e., for the best candidate for the ground state, see the discussion
of Figure . The trial state fails for Q) on the weak bonds — it ignores this part of the
Hamiltonian. However, it describes the drop of both Q on the strong bonds and PP on
the weak bonds surprisingly well.

We find that <152p> on the dimers is nearly on top of the curve for a single dimer at all
temperatures even for inter-dimer couplings as large as J' = 0.2 > J.. In other words, the
projections f’?p on the strong bonds are in no way singular at T, for small J'. Instead, we
find the strong finite size dependence indicating a divergent derivative in the curves <152p>
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(b) on a weak bond J' < J parallel to the dimers

Figure 6.10: Local projections P and Q for coupled dimers on an L x L square lat-
tice (see Figure [2.2(b)), A = 4. Different colors indicate different J' €
{0.1,0.2,0.3,0.5,0.9}. For each of them, different line styles indicate differ-
ent lengths L € {8,12,16}, revealing the finite size dependence. The thick,
dotted curves show the limit J’ — 0, i.e., completely decoupled dimers.
The arrows at the y-axis indicate the results for the trial state ‘\I/mal> (see
eq. and ) where the parameter s was chosen to minimze the
energy for given J' (with the same color key as the lines).
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on the weak bonds — similar as for the 1D-2D-crossover of the previous section. These
curves show a strong increase at the critical temperatures.

As in the previous section, the global susceptibilities Xpap pap depicted in Figure
confirm that the phase transition is driven by the correlations of the weak bonds. Even
for J' = 0.9, close to the isotropic 2D square lattice, the peak of the susceptibility on
the weak bonds is much smaller than the peak on the strong bondsﬂ. On the dimers, the
‘peak’ is hardly visible for J" = 0.5 and vanishes completely on the other J'. We argue
in the same manner as before: The phase transition is driven by the weak bonds, the
spins on the dimers are (pairwise) anti-aligned even at temperatures above T.. Slightly
above T, we have thus many fluctuations on the dimers, but few fluctuations between the
dimers. At the phase transition, the correlations diverge and the fluctuations within the
dimers get suppressed due to the weak bonds connecting the dimers, such that long-range
order develops. Indeed, we find that the peaks of the susceptibilities for the weak bonds
in Figure grow for decreasing J’ — until we find no finite temperature transition
any more at J' = 0.1 =~ J..

2 The two groups of bonds |(i)|and are equivalent for J' = J — in contrast to the group of bonds
in the y-direction. Thus, the curves in the top and bottom panel of Figure indeed coincide for
J=J=1
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Figure 6.11: Global susceptibility of PP for coupled dimers on an L x L square lattice,

A = 4. The sums in eq. run either over all strong bonds (top), or over
all weak bonds parallel to the dimers (bottom). Different colors indicate
different J' € {0.1,0.2,0.3,0.5,0.9}. For each of them, different line styles
indicate different lengths L € {8,12, 16}, revealing the finite size dependence.
Like in Figure statistical errors cause a tremble of the curves at high
temperature, especially on the weak bonds for small .J'.



7 Summary

In the introduction, we gave an overview on the realization of magnetism in experiments
with ultracold atoms. We motivated the isotropic Heisenberg model as an effective Hamil-
tonian for the low-energy physics of the Hubbard model in the Mott insulating phase.
Since the isotropic Heisenberg model has no finite temperature phase transition in two
dimension according to the Mermin-Wagner theorem, we studied the X X Z-model for
A =4.

We have successfully implemented the stochastic series expansion from scratch, with
both deterministic loop updates for SU(2) symmetric couplings and the more general
directed loop updates for the X X Z-model. In chapter [3| we reviewed the theoretical
aspects how and why this quantum Monte Carlo method works and commented on some
practical issues of the implementation.

In chapter [ we discussed the finite temperature phase transition to the antiferromag-
netic ordered phase in the two dimensional X X Z-model for A = 4. We found that our
algorithm is not ergodic in the ordered phase, but we argued that we nevertheless obtain
correct results for (most of ) the considered observables. We discussed the divergence of the
correlation lengths (and other quantities) as the critical temperature is approached and
used finite size scaling to extract T, with various methods. The best results are obtained
from a data collapse of the Binder cumulant, which yields 7T, = 2.2343(2).J. As expected,
we found the critical exponents of the universality class of the 2D Ising model. We ex-
amined the phase diagram of the 1D-2D-crossover and found good qualitative agreement
with the Ising model. For weakly coupled dimers, we found a quantum phase transition
between a valence bond crystal with singlets on the dimers and antiferromagnetic Néel
order, when the weak bonds have a coupling strength J. ~ 0.10(2)J. We discussed the
quantum phase transition with a trial state approximating the true ground state and
compared it to our numerical results from SSE simulations.

In chapter |5, we discussed the concept of entropy and mutual information. We imple-
mented the replica trick to obtain the Rényi entropies, reproduced crossings close to T,
and 27, in the Rényi mutual information of second order from Ref. [I] and found them
also in for the spatially anisotropic geometries of coupled chains or dimers. As an al-
ternative to the thermodynamic integration, we discussed the ratio trick and calculated
the entanglement entropy in the ground state. Since our numerical simulations are not
ergodic, we did not obtain the constant log(2) stemming from spontaneous symmetry
breaking. Nevertheless, the numerical results agree with the area law scaling which we
obtained by a separate perturbation theory calculation starting from the Ising model.

In chapter [6] we examined projectors onto singlet and triplet states on certain bonds,
as well as the sum and difference pzp and Qb, which we identified as the projector on anti-
parallel spin states and the off-diagonal spin-flip term of the Hamiltonian which causes the
quantum fluctuations. We illustrated a close relation of the projections and the energy,
which proves rigorously that at least one of the projectors has the same singular behavior
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at T, as the energy. Indeed, we find numerical evidence that the derivatives of both ﬁgp
and Qb diverge logarithmically with the system size, i.e., in the same way as the specific
heat. However, the prefactor of this divergence is an order of magnitude smaller for Qy.
We considered also spatial correlations measured by generalized susceptibilities. We find
strong (connected) correlations of 1521) near the critical temperature, where they decay with
a power law in the distance. The global susceptibility for pap diverges logarithmically as
the specific heat, too. In the spatially anisotropic geometries, we found that the phase
transition is driven by the correlations of the weaker bonds; we found the cleanest signs
of the phase transition in pzp on weak bonds. The peaks at T, observed in the global
susceptibility of ISZP grow on the weak bonds when their strength J' is decreased. In
contrast, the peaks vanish almost completely on the strong bonds.



A SSE Estimators for parts of the
Hamiltonian

We assume a general Hamiltonian of the form H = const — ), Hj, where we sample each
of the parts Hj; as own vertices in the operator string, i.e., each Hj, o< |ay) (ax| has just
a single non-vanishing matrix element. To get estimators for (H;), we use a generating
functional Z [{f;}], where Z [{8r = 5}] coincides with the usual partition function:

0
57 s (2 [(5)

A straightforward generalization of section leads to (cf. eq. (3.29)):

Z[(5)] = ZZZ {0l TT At M o) (A2

(Hi) =

for Z{B} :=Tr {exp(— Zﬁka)} . (A1)

Br=8

n=0 |a)
- Z Z Z ] (H(ﬁk)nk> (] HHk(p) la) . (A.3)
n=0 |a) Sn k p

Here, ny = Zp Ok(p),w is the number of vertices in the operator string corresponding to
Hy, such that ), ny = n. Taking the derivative is straightforward. We obtain:

(Hi) = <nk> = (M) = const — % v (A.4)

R

Moreover, we can calculate another estimator for the temperature derivative:

% (M) = Z Z S 2 i ol [T i o) (A.5)

n=0 |a) Sn

:<%>—<%><%>

0
H ngn) — AT
) = — () — () (1+ (). (A7)
Using a separate estimator for the temperature derivative is basically possible for any
observable and usually leads to less statistical noise than estimating it from separate

simulations at (slightly) different temperatures.
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B Derivation of Formulas for
Generalized Susceptibilities

In the following we derive an estimator in the SSE framework for the generalized suscep-
tiblity

<A>H+bé . (B.1)

Using the definition of the thermodynamic average (-) we have

0
XiB = o

b=0

i fo o 1)

Xip = % =5 with Z(b) = Tr {e- -8 (B.2)
-2ty P g ) o
. /0 ’ (AnB)ydr = (A)(B)  with A(r) = e™Ae ™, (B.4)

The last equation is the Kubo formula. We will first focus on A and B diagonal in the
chosen S# basis. Now we basically need to repeat the steps of section and Taylor-
expand both appearing exponentials:

<A(7)B(0)> =Y (ale M ATH B ) (B.5)

|a)

o o0 ot -

ZZZ w,rWM@m (B.6)
la) 7

=0 m=0

We can reorder the sums over i and m by relabeling (n,m) := (m + 71, m), where we
restrict the sum over m to numbers 0, ..., n. Then we can identify n as the total operator
string length. With the shorthand for the matrix elements A, := (a(p)| A |a(p)) we have

< > Z Z Z 'm|m < ‘ HnimA/Hmé ‘O‘> (B.7)

n mom m—1
P) A a(p)
—ZZZZ T |HH A ) Ble) (B3)
la) n=0 S, m=0 A, p=0 Bo
- (B —T)"~mr™ pl
= -~ A DBy). B.
<7;) (=)l g om e (B9)
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In the last line we introduced the weighted average of the SSE by comparison to eq. (3.30)).
The integral over 7 can be performed with a repeated integration by parts and yields

m!(n —m)! gt

) B.1
n! n+1 (B.10)

B
/ (B—Tm)""mrmdr =
0

Thus, the combinatorial prefactors cancel to = +1 We can further average over the propa-

gated states as in eq. - and split the sum » " _ — Zm o F0mn , such that we arrive

/05<A< )B(0)) dr = nﬂ <<ZA)<ZB>+§::AB> (B.11)

p=0

A similar calculation can be carried out for A = H¢ and B = ’HZ In this case care has
to be taken during the introduction of the operator string: we use n — 2 operators for the
weight and 2 as observables themselves. Since m labels the power of H between A and
B, it runs only from 0 to n — 2 and the analog to eq. is

n—2 n 2—-m_ m ,,|
A T nl
<A > <Zo (n — 2 —m)lm! gr 2 Oa(m+1),a05(m+1),69(0) 4> 5b(0),l§> (B.12)

The Kronecker deltas make sure that the considered operators /1 and B are at the places

=0 and p =m+1. As before we can average over p. Then involves counting for
any position p of B the number of operators A at any other posmon p' # p. In analogy
to the diagonal operators we derive [23| [52]

1
Xoug i = E <( — 4, aébb b> — (ng) <nb> (B.13)

As a check we can relate the specific heat to the susceptibility with A=B="%:

Cv = %;—[j = Bxun = BZ ZXHg,Hg (B.14)

ab ab
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C Energy of the Trial State for Coupled
Dimers

In this appendix we calculate the energy E'#l(s) := (Wiial| ¢ |@trial) /N for the trial

state given in eq. (£.30] as:

wtrd) = = (I1sks) = s i) (C.1)

dlm};[zy
= I 1Gdns)  with [(7)s) = b} — slht). (C2)

dimers (i,j)

Here, we write the Hamiltonian in the following form:

H= > JHi,;+ Y. JHy with (C.3)
dimers (i,j) non—dimers (%,5)
Hij =5 L (S7SF+55S7) + ASESE (C.4)

We consider first the part of the Hamiltonian H;; where ¢ and j belong to the same
dimer. We obtain:

. : 1
(U iy [ = s (69351 Py 0, 5): ) (C.5)
1 _
= T [h (s TS ) — s | 5785 et o
A ((tabsl SES7 k) + 5* (bts] 785 ats)) |
- A
T +532 4 (G7)

This part has two extrema at s = £1. It favors the singlet state at s = +1 over the triplet
(s =—1).

Next, we consider a weak bond (j, k) between two dimers (i, j) and (k,[). Note that
the weak bonds in the considered geometry connect always a left spin in one dimer with
a right spin in the other dimer (where ”left” and ”right” refer to the position within the
dimer), see Figure . The off-diagonal part of the bond vanishes: the action of single
S} or S; leads to parallel spins on the dimer (i, j) (or vanishes immediately), which has
no overlap with the original trial state itself. We have:

m<(@'J)(k75);8|5552I(i,j)(k’, 1);s), (C.8)
(6, 3) (K, D) 8) = [Tadtada) + 87 [Ltidat) — s [Pabidat) — s Latytid) s (C.9)

>
. . A 1 54 82 82 A 1-— 52 2
rial rial
<\I’t |’Hj,k‘\Ilt > m (_Z_Z+Z+Z) _Z (1 32) ) (C.lO)

<\Ijtrial| Hj,k ‘\Iltrial> —
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This part has two maxima at s = +1 and one minimum at s = 0.
The unit cell of the lattice consists of one dimer (i.e., two sites and a strong bond) and
three weak bonds. The total energy per site is thus

. \Ijtrial H |\I,trial> J s A 3JA /1— 52 2

) = & S (T B . 11
(s) N 2(1+32+4) 2 4(1+32) (C.11)
This result is shown for different J' (and A = 4) in Figure A straightforward

calculation gives the derivative:

OE(s) 1—s* [(J 9
= — —(1 —6J'As | . C.12
(95 (1 + 52)3 2( + S ) S ( )
Beside the two zeros at s = 41, there may exist two further zeros at
3J'A 3J/AN\? J .
— + —1 for J > — = jiral C.13
T ( 7 ) T T3 T e (C-13)
The energy E'™?l(s) is always maximal at s = —1. For J < J"al only s = 1 is the single

minimum. Above J™el two equivalent (see above) minima exists — one for the negative
sign in eq. (C.13) (s- < 1) and one for the positive sign (s; = <= > 1). The minima
move continuously away from s = 1, but over a very short range of J' they move quite
far.

Staggered Magnetization For completeness, we also calculate the staggered magneti-
zation of the trial state. We find:

6057 1,3)(5) = 555 106.9)60) = 5 1) = s (=3 ) ), (14
<qjtrial m, |\Ijtria1> _ %Z : i > ((,9)(s)| 057 (3, 5) (s)) = % 11; (C.15)

For M? = 3. > 0iS;$;S7 we need to distinguish whether i and j belong to the same

dimer. On a single dimer, the spins are anti-aligned for any s:

((2,5)(5)] 65570355 11, 5)(s)) = {(3, 3)(s)] (€57)" I(3, 5)(5)) =

For ¢ and j on different dimers, we find:

(G R) G D) 6576555 GG D) = 3 (145 = 25) = 2 (1= )7 (C)

For each i, there are two spins j on the same dimer as ¢ and N — 2 spins on another dimer.
All in all, we have for the square staggered magnetization the following expression:

trial 2 trial\ __ 1 1 11+82 1 1(1_82)2
(e v >_NZ<N 2 ety 2 qavep) (O

(1+5%). (C.16)

|

i j€Edimer 4 jédimer ¢
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D Perturbation Theory for large A

In this appendix, we apply standard perturbation theory to the ground state of the (spa-
tially isotropic) Heisenberg Hamiltonian with anisotropic couplings for large A, aiming
at the Rényi entanglement entropy at zero temperature. We expand around A = oo cor-
responding to the classical Ising model such that € := % < 1 is a small parameter. With
the normalization used before, the energies diverge in the limit A — oo, thus we measure
all energies in terms of JA = 1 instead of J in this appendix. We split the Hamiltonian

as (cf. eq. (2.19)):

Ho 11
A= K5O (TS HSIST) 4 S7S; = Ho+ ey (D.1)
N (4,5) (4,9)
i Ho

The ground states of H, are the classical Néel states |gs.%; 1) = [ti1...) and |gs.%; ) =
[114 ...). The first excited states are obtained by flipping a single spin on site i relative
to the Néel states, which we denote with |i;1) and [i;]), respectively. They have an
excitation energy 5, where z is the number of next neighbors. For simplicity, we restrict
ourselves here to 2D square lattices of size L x L = N with periodic boundary conditions
such that z = 4 (and N* = ¥ = 2N). However, these excitations are in the 5% = 1 sector
and H; commutes with S%; thus, these excitations do not change the ground states to
first order in perturbation theory. Consequently, we consider the next excitations where
a pair of spins on neighboring sites is flipped; which we denote with |i,j;1) and |i, j; ).
On the 2D square lattice, they have an excitation energy of gJ A = 3 above the ground
state. Note that these excitations are the only states created by a single application of
H1 on the classical Néel states, thus we have to first order in e:

1) = ) + 1)+ 0/() = s 1) + X i L NG
gs 4,351

= |gs. ,T>——Z|H 7). (D2)

Here, we have assumed that the system has more than 4 sites such that (i, j; 1| Hi |gs.; |) =
0. An analogous equation holds for |gs.;|). Note that |gs.;7T) is not normalized, instead
we have

2

N = (gsiflegss 1) = L+ Nz (D.3)

The density matrix at zero temperature is a mixture between the two degenerate ground
states:

pN? = Igs ) (gs:; TH !gs 1) (gs; 4. (D.4)
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For the second Rényi entropy Sy(A) = —log(p?%) of a region A, we need the reduced
density matrix py = Trp {p}. First, we focus on |gs.; 1) (gs.; 7| and simplify notation by
leaving away 7T, which indicates the degeneracy of the ground state. We denote the states
in region A with a subindex A, e.g., |gs.) , is the classical Néel state in region A such
that Trp {|gs.”) (gs.]} = |gs.%) 4 (gs.°] ;- We obtain:

2
Trp {|gs.) (gs.|} = Trp |gs.0> <gs_0| _ %Z (|gs,0> (i, j| + h.c.) + % Z li,7) (k, |
(1,5) (3,9),(kl)

— |gs.0>A <gs.0’A — % Z (‘gs.0> (i, 7] + h.c.)

<i7j>A

€ o
-+ % <Nlb:)» ‘gs.0> <gS_O‘ =+ Z |'l,j>A <’l,j‘A (D5)
<i7j>A
+ Z |2 4 2]y + Z ‘i>A<k‘A>'
<i7j>8A <i7j>aA <k7.j>8A 1175,7

Here, (i, j) , indicates any pair of two neighboring sites in A and (i, j),, means that 7 is in
A and jin B, i.e., the last sum contains corner terms and the second last sum corresponds
to boundary terms. N% = > () L 18 the number of bonds within region B. Note that
the sum proportional to € in the first line is purely off-diagonal such that it produces no
boundary term. To proceed, we have to calculate the square p%. The boundary terms in
the last line will then be of order €* — there are no cross terms with lower orders —, and

we omit them:

(Trp {|gs.) (gs.|})* = <1 + N%%) |gs.%) , (8s.°] , — % Z (|gs.%) , (i dl4 + huc.)

(4.3) A
2 2
+ NZ;,_(; |g5.%) 4 (&8.°] , + % Z 6,54 (05l + O (7). (D.6)
(4:9) A

Finally, we take the trace over the remaining states. The terms proportional to € vanish
since they are off-diagonal. One can easily see that the terms proportional to € — which
we omitted — are off-diagonal as well, such that the result is actually correct up to €*:

62

2 62
%) + 2Nj% + O (')

T { (T s 1) g 1)} = (14

2
=1+ 2(Np+ Ni) = +0 (). (D.7)

Including the normalization eq. (D.3)), we obtain the Rényi entropy corresponding to one
of the two ground states:

& (%) —loe (Tr{(TrB {\gif 4¢> <gs.,¢|}>2})

2
€
% (Niup — Ni — N) +0 (). (D.8)

—_N?b
_NBA

=2




124 D Perturbation Theory for large A

In the last step, we have expanded the logarithm around 1 for small €. As expected, we
obtain an area law; the entanglement entropy comes from the bonds between A and B.
However, the prefactor is quite small; for A = 4 is is just ﬁ.

If we assume that the region A is large enough such the states |7, 7, 1), and |7,7,]) 4
have no overlap (i.e., , the region A is larger than four sites), the degenercy 2y = 2
of the ground state leads only to an additive constant: in that case there appear no
cross terms in the square of the reduced density matrix, p4 = (Trp {|gs.; 1) (gs.; 1|})?/4 +
(Trp {|gs.; ) (gs.; 1|})?/4. Clearly, the traces are identical for 1 and |, such that we obtain:

2
Sy (P2) = log(2) + f_SNgA +0 (Y. (D.9)
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